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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xing Chen In order to explore the functions of glycosylation of k-Casein (k-CN) in bovine milk, unglycosylated (UG) and

twice glycosylated (2G) forms of k-CN B were purified by selective precipitation followed by anion exchange

Keywords: chromatography from k-CN BB milk and tested for their amyloid fibril formation and morphology, oligomer-

Genetic variant isation states and protein structure. The diameter of self-assembled k-CN B aggregates of both glyco-form were

Slirfcan bled shown for the first time to be in the same 26.0-28.7 nm range for a 1 mg mL ! solution. The presence of two
elf-assemble

bound glycans in the protein structure of 2G x-CN B led to a greater increase in the maximum amyloid fibril
formation rate with increasing protein concentration and a difference in both length (82.0 + 29.9 vs 50.3 + 13.7
nm) and width (8.6 + 2.1 vs 13.9 + 2.5 nm) for fibril morphology compared to UG k-CN B. The present results
suggest that amyloid fibril formation proceeds at a slow but steady rate via the self-assembly of dissociated,
monomeric k-CN B proteins at concentrations of 0.22-0.44 mg mL ™. However amyloid fibril formation proceeds
more rapidly via the assembly of either aggregated k-CN present in a micelle-like form or dissociated monomeric
k-CN, packed into reorganised formational structures above the critical micellar concentration to form fibrils of
differing width. The degree of glycosylation has no effect on the polarity of the adjacent environment, nor non-
covalent and disulphide interactions between protein molecules when in the native form. Yet glycosylation can
influence protein folding patterns of k-CN B leading to a reduced tryptophan intrinsic fluorescence intensity for
2G compared to UG k-CN B. These results demonstrate that glycosylation plays an important role in the mod-
ulation of aggregation states of k-CN and contributes to a better understanding of the role of glycosylation in the
formation of amyloid fibrils from intrinsically disordered proteins.

Micelle-like aggregate
Protein aggregation

1. Introduction

Amyloid fibrils are ordered, unbranched and insoluble protein
structures (Wetzel, 2013), formed by the lateral hydrogen bonding of
peptides and proteins to form an elongated p-sheet secondary pleated
structure (Dobson, 2003) that tend to be around 10 nm in diameter and
can grow into the micrometer range (Segers-Nolten et al., 2011).
Currently, more than 35 human proteins have been identified with po-
tential to form amyloid-like fibrils (Sipe et al., 2016), with amyloid fibril
formation discovered to be a generic property of most polypeptides
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under certain conditions (Dobson, 2003). The mechanism behind amy-
loid fibril formation and substances that decrease or prevent this process
have gained much interest in recent years as amyloidosis, a physiolog-
ical condition associated with the development of amyloid fibrils, is
classified as the root of over 30 human diseases including type 2 diabetes
and some neurodegenerative diseases e.g. Alzheimer’s, Parkinson’s and
Huntington (Chiti and Dobson, 2006; Wetzel, 2013). Moreover,
amyloid-like fibril formation has been recently recognised to adversely
affect the food processability and shelf life of food products, i.e. age
gelation in ultra-high temperature treated bovine milk (Raynes et al.,
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2018). Although it is critical to uncover the mechanism and factors that
naturally regulate fibril formation to find solutions to prevent or control
protein aggregation in both the medical and food production sectors, it
is not yet fully understood.

Bovine milk contains a heterogeneous protein mix which largely
(approx. 90% w/w) consists of six major milk proteins identified as og;-
casein (051-CN), ogz-casein (og2-CN), B-casein (B-CN), kx-CN, a-lactal-
bumin, and f-lactoglobulin. Caseins form a supramolecular structure
termed a ‘casein micelle’ to transport calcium and phosphate to the
neonate (Holt et al., 2013), and x-CN is widely recognised as the protein
which creates the outer layer of the micelle and provides steric and
electrostatic repulsion between micelles to prevent aggregation (De
Kruif, 1998; Horne, 2003; Walstra, 1999; Waugh, 1958).

k-CN is 169 amino acids in length, containing one tryptophan residue
and belongs to the intrinsically disordered protein family that lacks an
ordered tertiary structure (Farrell et al., 2004; Farrell et al., 2003). There
are 14 x-CN genetic variants that have been identified so far and the
amino acid sequence for the k-CN variants reported herein are described
in Hewa Nadugala et al. (2022). The x-CN A and B variants are the
predominant genetic variants of dairy cattle. The x-CN A and B allele of
A and B genetic variants can be present as homozygous (AA or BB) or
heterozygous (AB). k-CN B differs from k-CN A at position 136 and 148
with a non-polar isoleucine instead of an uncharged polar threonine at
position 136 and a non-polar alanine instead of the negatively charge
aspartic acid at position 148 (Farrell et al., 2004; Mercier et al., 1973).
k-CN is the only bovine casein which contains both phosphorylation and
glycosylation as posttranslational modifications (O’Riordan et al., 2014)
which further contributes to the heterogeneity of x-CN. There are four
potential phosphorylation sites at Ser'?’, Thr'*5, Ser'*® and Ser!'®®
(Hernandez-Hernandez et al., 2011; Holland et al., 2006) and five po-
tential O-glycosylation sites at Thr'2!, Thr'®! Thr'®3, Thr'*? and Thr!'®®
(Nwosu et al., 2010) confirmed in k-CN.

Protein glycosylation occurs in the Golgi apparatus and endoplasmic
reticulum of the mammary cells via various glycosyltransferases
(O’Riordan et al., 2014). There are two forms of glycosylation of pro-
teins in bovine milk. These are O-linked glycosylation, in which a glycan
attached to the hydroxyl oxygen of the protein’s amino acid side chains
and N-linked glycosylation, in which amide side chains of the protein’s
amino acids carriy the glycans (O'Riordan et al., 2014). While the ma-
jority of the glycans are tetrasaccharides containing galactose, N-ace-
tylgalactosamine and N-acetylneuraminic acid, monosaccharide,
disaccharide and trisaccharide glycan forms are also found (Saito and
Itoh, 1992). The degree of glycosylation, or number of attached glycans,
is known to affect technologically and economically important func-
tional properties of milk, such as total protein content, casein micelle
size and rennetability (Bonfatti et al., 2014; Jensen et al., 2012, 2015).
The role of glycosylation of k-casein (k-CN), a major milk protein, in
cow’s milk is currently unknown, although glycosylation is thought to
assist in the correct folding of proteins, secretion of proteins in their
active confirmation, protecting proteins from digestion, as well as
facilitating  receptor-ligand interactions, communication and
host-pathogen interactions (O’Riordan et al., 2014).

Purified x-CN in its native form tends to form intermolecular disul-
phide bonds that may oligomerise into multimers, ranging from dimers
to decamers (Rasmussen et al., 1992). These multimers tends to asso-
ciate further via non-covalent interactions and form micelle-like
aggregate oligomers (Farrell et al., 1996) beyond its critical micelle
concentration of 0.5 mg mL ! (Ecroyd et al., 2010).

Susceptibility of a peptide or protein to form amyloid fibrils varies
with its amino acid sequence, net charge, hydrophobicity and stability of
the secondary structure (Sunde et al., 1997). While some models have
been proposed i.e. the domain swapping model (Schlunegger et al.,
1997) and polar zipper model (Perutz et al., 1994) to explain the amy-
loid fibril formation process, there are no commonly agreed mecha-
nisms. Generally, the amyloid fibril formation reaction is believed to be
initiated with a lag phase (in vitro) followed by a rapid growth phase

Current Research in Food Science 6 (2023) 100433

(Chiti and Dobson, 2006; Hamada and Dobson, 2002; Krebs et al., 2004).
This lag phase is commonly identified as the nucleation stage which
creates colloidal assembly afterwards (Wetzel, 2013). While a lag phase
is common for amyloid fibril formation for most proteins, it is not
observed for k-CN due to being an intrinsically disordered proteins that
does not need to unfold prior (Ecroyd et al., 2008).

Glycosylation is hypothesised to regulate amyloid fibril formation in
intrinsically disordered proteins as it can influence the net charge, size,
hydrophobicity and protein-protein interactions of a protein (Broncel
et al., 2010; Schedin-Weiss et al., 2014). In this study, the role of
glycosylation in amyloid fibril formation was investigated using cow’s
milk of known x-CN genetic variants (k-CN BB) purified to isolate the
unglycosylated (UG) k-CN B and twice glycosylated (2G) k-CN B forms.
To the authors knowledge, this study is the first to investigate the effect
of glycosylation on amyloid fibril formation mechanisms in native k-CN
B, excluding the effect of amino acid sequence differences that can be
imposed through genetic variants. Moreover, the size of self-assembled
native k-CN B aggregates is reported for the first time.

2. Material and methods
2.1. Materials

2.1.1. Milk

Morning milk samples (2L) were collected and pooled from two in-
dividual Australian Holstein Friesian cows of known k-CN genetics and
housed at the Agriculture Victoria Research Centre (Ellinbank, Victoria,
Australia; latitude 38°14'S, longitude 145°56'E). Samples were kept cool
on ice during transportation (approx. 3 hrs.) and stored under refriger-
ated conditions at 4 °C once back at the laboratory for processing the
following day.

2.1.2. Chemicals

All chemicals were analytical grade or higher grade than analytical
grade, purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
stated.

2.2. Methods

2.2.1. Milk treatment

Firstly, milk fat was separated from the serum phase via centrifu-
gation (3000xg for 30 min at 3 °C) using a Beckman Coulter J6-MI
Centrifuge (Gladesville, Australia). The resulting fat layer was manu-
ally lifted from the surface, and the serum filtered through glass wool at
4 °C. The milk serum was subsequently heated (20 °C) and remaining
milk fat visible on the surface removed using vacuum suction. Sodium
azide (0.02% (w/w)) was added to the serum to prevent microbial
growth.

2.2.2. Protein purification

Primary protein purification was performed according to the method
of Hill (1963) on two separate occasions (P1 and P2), with some minor
adjustments. In short, the casein fraction was removed from the milk
serum using a process of acid precipitation where the serum was acidi-
fied to the isoelectric point of casein (pH 4.6) using 4M HCL. The pre-
cipitate (curd) was collected, washed using deionised water and
compressed using a nylon cloth. The compressed curd was suspended in
deionised water (3 L) and the pH adjusted to 7.0 using 4M NaOH and
stirred using a high-speed mixer (Ultraturrax T25, ex. IKA© Labor-
technik, Germany) set at approx. 9000 RPM overnight under refriger-
ated conditions (4 °C). The process of precipitation and resuspension
was repeated a further two times on each occasion, with deionised water
(1.3 L) used in the last step.

An aliquot of 4 M CaCl; was added to the final casein suspension to
reach a molarity of 0.266 M to precipitate the calcium-sensitive caseins
(i.e. ag1-CN, as2-CN and pB-CN). After keeping the sample solution at 4 °C
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for 1 h, the suspension was gradually heated to 35 °C in a water bath and
centrifuged using a Beckman Coulter J6-MI Centrifuge (4000 g for 15
min at room temperature) equipped with a JS-4.2 Rotor. The superna-
tant was separated and dialysed against 40 L of deionised water using a
10 kDa molecular weight cutoff (MWCO) cellulose dialysis membrane
(Spectrum city, NJ, USA) to remove calcium, chloride and sodium ions
added to the milk through the purification steps. The dialysed samples
were frozen to —80 °C and freeze-dried using a VirTis Genesis freeze
dryer (SP Industries, PA, USA) to concentrate purified fractions by
removing excess moisture without denaturing protein. The freeze-dried
sample was subsequently stored at —22 °C awaiting secondary
processing.

Kappa-casein glycovariants were separated and collected using anion
exchange chromatography according to the protocol developed by
Vreeman et al. (1986). An AKTA PURE fast protein liquid chromatog-
raphy system (FPLC) (GE Healthcare Biosciences, Uppsala, Sweden)
equipped with a F9-C fraction collector and operated using the UNI-
CORN™ software package was used. An aliquot of freeze dried primary
purified sample (500 mg) was dissolved in Solvent A (3.3 M urea, 20 mM
Tris base, 20 mM DL-dithiothreitol, pH 8.0) to unfold and increase the
net negative charge of the proteins and filtered through a 0.45 pm filter
before loaded on to a HiPrep™ Q High Performance 16/10 (20 mL)
column (GE Healthcare, Uppsala, Sweden) packed with Q-sepharose
resin (Global Life Sciences Solutions, MA, USA). Solvent A with 1 M NaCl
was used as the wash buffer (Solvent B) in a ratio of 100:00, 79:21, 0:100
and 100:00 of Solvent A to B at 1.0 mL min~! to gradually increase
conductivity of the column, which led to the release of bound protein
based on net negative charge.

Fractions corresponding to peaks of interest were collected and
verified. 20 mM DL-dithiothreitol was added to the verified fractions to
inhibit disulphide bond formation, and subsequently dialysed individ-
ually using 10 kDa MWCO cellulose dialysis cassettes (Thermo Fisher
Scientific, MA, USA) against deionised water (40 L) at 4 °C. Dialysis
buffer changing frequency was 1h, 5h and overnight. Dialysed samples
were frozen (—80 °C), freeze dried and stored (—22 °C) as described
earlier. Secondary purification was performed on three separate occa-
sions (once using P1 primary purified sample and twice from P2) to
generate three sample sets (n = 3).

2.2.3. Fraction verification

Reverse phase-HPLC was used to identify genetic variants and
confirm purity of the collected fractions as described previously (Bobe
et al., 1998; Bonfatti et al., 2008; Bordin et al., 2001). In short, a
reversed-phase C-18 column (250 x 4.6 mm) with 300 A pore diameter
and 5 pm particle size (Jupiter®, Phenomenex Inc, CA, USA) was used in
a Dionex UltiMate 3000 chromatographic system (Thermo Fisher Sci-
entific, MA USA), with the following linear gradient of Solvent C and D
respectively: 29.7-37.0% (25 min), 37.0-45.0% (23 min), 45.0-62.4%
(2 min), and 62.4%-29.7% (5 min) at a flow-rate of 0.700 mL min’l;
where Solvent C is composed of 0.1% trifluoroacetic acid in ultrapure
water and Solvent D of 9.9% water and 0.1% TFA in acetonitrile. The
column temperature was kept at 40 °C.

Electrospray ionisation quadruple time-of-flight mass spectrometry
(ESI-Q-TOF-MS) was carried out on an UltiMate 3000 HPLC system
(Thermo Fisher Scientific) coupled to a MaXis II Q-TOF mass spec-
trometer (Bruker Daltonics, MA USA) to identify the degree of glyco-
sylation. In short, the purified samples (1 mg mL™!) in H,0 were diluted
with 0.1% formic acid and loaded onto a 50 x 4.6 mm, 5 pM particle
size, 300 A pore size Agilent PLRP-S column (Agilent) pre-equilibrated
with 0.1% formic acid. The protein was eluted from the column at a
flow rate of 250 pL min ! by applying a linear 30 min gradient from 0 to
80% mobile phase B (mobile phase A: 0.1% (v/v) formic acid; mobile
phase B: 90% (v/v) acetonitrile/0.1% (v/v) formic acid) and ionised
using an Apollo II electron spray ion source (Bruker Daltonics) with
nebulizer pressure set at 1.8 Bar and dry gas maintained at 220 °C at a
flow rate of 8L min~". High-resolution LC-MS data were analysed using
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the Intact Mass parsimonious charge-state deconvolution algorithm
(Bern et al., 2018). Casein genetic variants and the number of glycosy-
lated and phosphorylated residues were identified based on the molec-
ular weights reported by Day et al. (2015); Vincent et al. (2016).

2.2.4. Sample preparation for the further experiments

Approximately 5 mg of each glycovariant sample was suspended in
sodium phosphate buffer (1 mL, 50 mM, pH 6.7) and allowed to solu-
bilize overnight at 4 °C. After filtering through a 0.2 pm filter, the
protein concentration was confirmed using a ND-1000 UV-Vis spectro-
photometer from NanoDrop Technologies (Wilmington, DE) at 280 nm
according to the method of Raynes et al. (2017).

2.2.5. Kappa casein self-assembled micelle-like aggregate size
determination

The hydrodynamic diameter (Dy) of the self-assembled rehydrated
k-CN glycovariant aggregates were measured at room temperature via
dynamic light scattering using a Zetasizer Nano ZS (Malvern In-
struments, Malvern, UK) according to the method of Raynes et al.
(2015). In short, samples were diluted to 1 mg mL™! using sodium
phosphate buffer (50 mM, pH 6.7), filtered through a 0.2 pM syringe
filter (Pall Corp., Hauppauge, NY) and analysed in a 1 cm path-length
quartz cuvette (Hellma Analytics, Miillheim, Germany) using a fixed
detector angle of 173°. The refractive index was set as 1.45 for protein
and 1.33 for the solvent phase. The measurement duration was set to
automatic and each sample was measured in triplicate on three separate
occasions.

2.2.6. Tryptophan intrinsic fluorescence determination for changes in
protein structure

Kappa-casein B was solubilized in sodium phosphate buffer (50 mM,
pH 6.7) to a concentration of 3.5 mg mL™'. An aliquot (100 pL) of each
sample was added to a 96 well flat bottom, non-binding surface black
polystyrene microplate (Corning Incorporated, NY, USA) and the tryp-
tophan fluorescence monitored using a Varioskan Flash microplate
reader (Thermo Fisher Scientific, MA, USA). Emission spectra were
individually recorded over a wavelength range of 310 nm-450 nm in 1
nm initials (100 ms scan ) at an excitation wavelength of 280 nm.
Analysis was performed in duplicate for each sample prepared on three
separate occasions. Blanks corresponding to the buffer were subtracted
to remove background fluorescence. No indicator was used in this
analysis.

2.2.7. Transmission electron microscopy

Kappa casein B was solubilized in a sodium phosphate buffer (50 mL,
pH 6.7) to a concentration of 0.35 mg mL~L. Microscopy images of
solubilized k-CN B before and after 24 h incubation at 37 °C were
captured using transmission electron microscopy (TEM) according to the
method of Raynes et al. (2017). In short, to make the carbon film hy-
drophilic, carbon-coated grids (EMSCF200H-CU-TH, ProSciTech) were
glow discharged with a Pelco EasiGlow Glow Discharge unit. A drop (2
pL) of sample was applied to an upturned grid held in anti-capillary
forceps, over moist filter paper, and allowed to adsorb for 1 min.
Excess liquid was removed with Whatman 541 filter paper before
inverting the grid for 30 s onto a drop (30 pL) of phosphotungstic acid
stain (2%, pH 6.9) on Parafilm. The grid was removed, and the stain was
wiped away with filter paper before viewing under the microscope. The
samples were examined with a Tecnai 12 Transmission Electron Mi-
croscope (FEI, Eindhoven, The Netherlands) at 120 KV. Images were
captured at various magnifications with an FEI Eagle 4kx4k CCD camera
and AnalySIS v3.2 camera control software (Olympus). Each grid was
systematically examined and a minimum of 5 images captured at a va-
riety of magnifications between 20 and 60,000x to ensure a represen-
tative view of the sample. The diameter of the x-CN B aggregates, and
the length and width of the resulting amyloid fibrils were measured
using ImageJ software package (National Institutes of Health, US).
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2.2.8. Amyloid fibril formation kinetic determination

The rate of amyloid fibril formation was determined according to the
method of Raynes et al. (2017) utilizing an in situ thioflavin T spectro-
scopic binding assay. A stock solution for each sample was prepared (3.5
mg mL™!) using a sodium phosphate buffer (50 mM, pH 6.7), diluted
further to create a 5x dilution series of 1.75, 0.88, 0.44, 0.22,0.11 and
0.05 mg mL~. Thioflavin T was added to each sample to a final con-
centration of 2.5 pM and amyloid fibril formation monitored by
measuring the increase in fluorescence of thioflavin T with excitation
and emission wavelengths of 450 and 485 nm, respectively. Readings
were collected every 10 min for 16 h at 37 °C using a FLUOstar OPTIMA
microplate reader (BMG LABTECH, Mount Eliza, AU). Analysis was
performed in duplicate for each sample prepared on three separate oc-
casions. Background correction was performed using a florescent
reading from a well containing reagents but no sample. The maximum
fibril formation rate was measured as the maximum change in thioflavin
florescent intensity over a 60 min period for each protein concentration.
Data was normalised to the highest maximum fibril formation rate for
each data set to directly compare across all assays.

2.2.9. Statistical analysis

The experiment was conducted in triplicate using three independent
sample sets and analysis was performed in at least duplicate on each
occasion. Results are reported as the average =+ the standard deviation.
One-way Analysis of variance (ANOVA) was performed using a Minitab
statistical software package 19.2020.1 (Minitab Ltd, Coventry, UK) to
evaluate the self-assembled micelle-like aggregate size, data generated
through the intrinsic fluorescence assay and compare aggregate diam-
eter, amyloid fibril length and width observed in TEM images. The level
of significance was considered at p < 0.05.

3. Results
3.1. Protein purification

A process of precipitation was used to separate the casein and whey
proteins of the skimmed milk serum, followed by the selective purifi-
cation of k-CN from other caseins present in the milk. Secondary puri-
fication via FPLC was conducted to remove impurities and fractionate
the k-CN extract on the basis of net charge, thereby the degree of
glycosylation. The identity of the x-CN variant and purity of the

2Gk-CNB

\
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collected fractions was determined using RP-HPLC (Fig. 1), whereas the
degree of glycosylation for each collected fraction was identified using
ESI-Q-TOF-MS, allowing the selection of fractions of interest for the
current study, namely the UG and 2G k-CN B fractions. The Observed
masses of each sample were compared with theoretical molecular
masses reported by Day et al. (2015) and Vincent et al. (2016). Reported
mass fragments of 2G k-CN B with 20,941.5 Da and 20,899.0 Da, were
identified as k-CN B (2P) + 2x glycans and k-CN B (1P) + 2x glycans,
respectively where the major peak of UG k-CN B with 19,002.9 Da was
identified as x-CN B (1P) (Table 1). The purity of the UG k-CN
freeze-dried fractions (on a peak area basis) were 74 + 3% across P1 and
P2, and the corresponding purity of the 2G k-CN fractions were 81 + 2%,
respectively. The remaining portion of each UG x-CN B samples con-
sisted of small amounts (less than 3%) of glycosylated x-CN B and
approximately 20% of other caseins while the remaining portion of each
2G k-CN B samples consisted of approximately 5% unglycosylated k-CN
B, 14% of other glycosylated k-CN B forms and approximately 3% of
other caseins.

3.2. Self-assembled micelle-like aggregate size

Table 2 shows the average Dy, of the UG and 2G k-CN B micelle-like
self-assembled aggregates. The average Dy, was the same for both the UG
and 2G k-CN B structures, i.e. 27.2 + 1.5 and 26.9 + 0.9 nm respec-
tively, indicating that the glycosylation of k-CN and subsequent

Table 1

The molecular mass of purified twice glycosylated (2G) and unglycosylated (UG)
k-casein B (k-CN B) glycovariants analysed by liquid chromatography-mass
spectrometry (LC-MS). The corresponded reversed phase-HPLC chromatogram
can be found in Fig. 1.

Glycosylation Observed mass Theoretical mass Possible

level (Da) (Da) Posttranslational
Modifications

2G x-CN B 20,899.0 20,900 k-CN B (1P) + 2x
glycans *

UG x-CN B 19,002.9 19,002 k-CN B (1P) *

@ Casein genetic variant and the number of glycosylated and phosphorylated
(P) residues were identified based on the molecular weight reported by Day et al.
(2015).

Commercial

milk

K-CN

Absorbance at 214 nm (AU)

Standard

K-CN B 2G

K-CN B UG

8.5 13.5 18.5 23.5

28.5 335 38.5

Time (min)

Fig. 1. Example reversed-phase high performance liquid chromatography (RP-HPLC) spectra of twice glycosylated (2G) and unglycosylated (UG) k-casein B (k-CN B)
used to identify peaks generated through ion exchange. Absorbance is reported as absorbance units (AU).
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Table 2

Hydrodynamic diameter (D) and the tryptophan intrinsic fluorescence assay
Amax and Inay for purified twice glycosylated (2G) and unglycosylated (UG)
k-casein B (k-CN B) glycovariants. Results are the average of three independent
sample sets + the standard deviation. Values within a column that do not share a
common superscript letter are significantly different (p < 0.05).

Glycosylation Dy, (nm) Polydispersity Amax (nm) Normalised Iax
level Index (AU)
2G k-CN B 26.9 + 0.36 + 0.05 327.7 £ 70.1+8.1°%
09° 4.0*%
UG x-CN B 27.2 + 0.18 + 0.04 330.0 + 100°
152 35%

Amax - wavelength of maximum fluorescence intensity, Iy - maximum fluo-
rescence intensity.

inclusion of two bound glycan groups does not influence the overall
diameter of its oligomeric quaternary structure. To the best of the au-
thors’ knowledge, this is the first time reporting the Dy, of self-assembled
and purified glycosylated and un-glycosylated k-CN aggregates in the

Before incubation

UG k-CNB

2Gk-CN B
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literature. The size of self-assembled aggregates formed from a different
casein protein ($-CN) are noted to be in a similar range (Raynes et al.
(2015).

3.3. Tryptophan intrinsic fluorescence emission spectra

The intrinsic fluorescence of aromatic amino acids residues are
sensitive to the protein’s microenvironment such as polarity and protein
folding (Gorinstein et al., 2000; Hellmann and Schneider, 2019). Dif-
ferences in the maximum fluorescence intensity (Imax) and wavelength
of maximum fluorescence intensity (1mqx) are used to characterise the
structural and functional properties of proteins (Vivian and Callis,
2001). Table 2 shows the average Amqx and Inax of UG and 2G k-CN B in
their native state. The average Apmq. was the same for both the UG and 2G
k-CN B, i.e. 330.0 & 3.5 and 327.7 + 4.0 nm respectively, indicating no
difference in environment when exposing the tryptophan residues of
either protein to the experimental buffer. This reflects that the level of
glycosylation does not influence the polarity of the tryptophan’s resi-
due’s molecular environment, supported by the dynamic light scattering

After 24 h incubation at 37 °C

T —100 nm

Fig. 2. Transmission electron micrographs of unglycosylated (UG, a and b) and twice glycosylated (2G, c and d) k-casein B (x-CN B) before incubation (a and c) and
after incubation for 24 h at 37 °C (b and d). Scale bars represents 100 nm magnification. The blue arrow is used to identify an amyloid fibril on image d. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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results (Dy) which show similar sized self-assembled aggregates at the
quaternary structure level (Table 2). Moreover, the An,y indicates that
both UG and 2G x-CN B exhibit an average level of hydrophobicity,
where emission maximums from 310 to 350 nm tend to represent the
range for very hydrophobic to very polar environments (Hellmann and
Schneider, 2019). A decrease in fluorescence intensity was observed
between the spectra of 2G compared to UG x-CN B, where 2G k-CN B
consistently presents a significantly lower I,y compared to UG x-CN B,
related to the unfolding of the protein, i.e. opening of the structure due
to the inclusion of the negatively charged glycan molecules (Gorinstein
et al., 2000).

3.4. Transmission electron microscopy

Fig. 2 (a,b) shows the TEM images of UG and 2G x-CN B self-
assembled aggregates captured prior to incubation. The average aggre-
gate size for UG and 2G x-CN B measured using ImageJ software was
13.4 + 2.6 and 13.5 + 2.2 nm, respectively (Table 3). Similar to the
dynamic light scattering results shown in Table 2, the average diameter
of aggregates for both the UG and 2G k-CN B structures was the same as
each other, albeit consistently smaller in magnitude than that measured
in buffer due to the dehydrated and shrunken nature of the samples
processed for TEM imaging. This agrees with Leonil et al. (2008) who
observed the same trend for purified x-CN in their TEM experiment,
reporting that both glycosylated and unglycosylated x-CN formed
spherical aggregates around 10-12 nm in diameter, again indicating
that glycosylation level does not seem to affect the packing of k-CN in
self-assembled aggregated oligomeric forms.

Fig. 2 (c,d) shows the TEM images of the UG and 2G k-CN B captured
after incubation (24 h, 37 °C) and subsequent amyloid fibril formation.
Fibril formation is clearly evident in both samples with the formation of
linear aggregate as small as 17.0 nm and as large as 167.5 nm in length.
The average length and width of the amyloid fibrils was different be-
tween the UG (50.4 + 15.1 nm in length and 15.4 + 3.7 nm in width)
and 2G (85.7 + 28.4 nm in length and 8.2 + 2.0 nm in width) k-CN B
structures, with 2G k-CN B noted to more closely resemble typical am-
yloid fibrils reported in the literature, i.e. long, straight, thin and un-
branched structures of approximately 10 nm in width that can grow up
to several micrometers in length (Rambaran and Serpell, 2008; Seger-
s-Nolten et al., 2011). In comparison, the amyloid fibrils formed in the
incubated UG k-CN B sample appear visibly shorter and wider. While
there is little change in the dimension of higher-order structures of UG
k-CN B, there is a significant difference between the diameter and width
of aggregates and amyloid fibrils of 2G k-CN B. This indicates that fibril
formation of UG k-CN B might occur via direct assembly of oligomeric
aggregates while fibril formation of 2G k-CN B most likely occurs via a
different mechanism.

3.5. Thioflavin T spectroscopic assay

Thioflavin T is a fluorescent dye that is widely used to monitor the

Table 3

Diameter of self-assembled micelle-like aggregates of purified twice glycosy-
lated (2G) and unglycosylated (UG) k-casein B (k-CN B) glycovariants before
incubation, and amyloid fibril length and width after 24 h incubation at 37 °C
calculated from TEM images (Fig. 2). Results represent the average size of the
non-heat-treated aggregates or incubated fibrils measured across 5-7images per
sample + the standard deviation. Values within a column that do not share a
common superscript lowercase letter are significantly different (p < 0.05).
Values within a row that do not share a common superscript uppercase letter are
significantly different (p < 0.05).

Glycosylation Diameter of Amyloid fibril Amyloid fibril
level aggregates (nm) length (nm) width (nm)
2G x-CN B 13.5 £ 2228 85.7 + 28.4 *¢ 82+2.0%
UG x-CN B 134 £26** 50.4 + 15.1 B 15.4 +3.7 ™A
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formation of amyloid fibrils as it specifically binds to p-sheet structures
and shows fluorescence upon binding (Hudson et al., 2009). The fluo-
rescence intensity of a series of UG and 2G k-CN B solutions of
decreasing protein concentration was measured to investigate amyloid
fibril formation kinetics. The in situ thioflavin T fluorescence intensity
results indicate that amyloid fibril formation occurred for protein con-
centrations of 0.22 (2G x-CN B) or 0.44 (UG x-CN B) mg mL ! and above
and almost plateaued thioflavin T fluorescence intensity over more than
12- hr suggest that formed amyloid fibrils are stable and this assemble
behaviour is not reversing over time (data not shown). The reaction
proceeds immediately upon introduction of the x-CN substrate to the
thioflavin T dye and concurrent temperature increased to 37 °C (Fig. 3).
No incubation or lag phase in formation was visible, confirming the
findings of others for x-CN (Ecroyd et al., 2008) and other intrinsically
disordered proteins. Moreover, protein concentration dependent dif-
ferences in initial fluorescence were noted for both UG and 2G x-CN B, in
agreement with Ecroyd et al. (2008), Farrell et al. (2003) and Thorn
et al. (2005). These concentration dependent differences in thioflavin T
fluorescence were observed to continue over time for both UG and 2G
k-CN B, however the rate of increase reduced and almost plateaued for
2G x-CN B across all protein concentrations from around the 360 min
point onwards, indicating that a rate limiting step for fibril formation
was reached based on substrate availability as shown by Ecroyd et al.
(2008). In comparison, amyloid fibril formation was observed to pro-
ceed at a slow but consistent rate across the entirety of the 16-hr incu-
bation assay for UG k-CN B protein concentrations of 0.44 mg mL~! and
above (Fig. 3).

The maximum amyloid fibril formation rate of UG and 2G k-CN B asa
function of protein concentration is shown in Fig. 4, indicating that the
increase in fibril formation rate is linear with respect to k-CN B con-
centration. This is consistent with Ecroyd et al. (2010), who found a
similar trend at lower protein concentrations. The relative increase in
the maximum amyloid fibril formation rate with protein content was
significantly higher in 2G compared to UG k-CN B for concentrations
above the critical micelle concentration, (i.e. > 0.5 mg mL’l).

4. Discussion

It is known that k-CN has a tendency to assemble into amyloid fibrils,
similar to most other unfolded proteins, however follows alternative
aggregation pathway to safely and efficiently transport nutritious milk
to the neonate without amyloid fibril formation, which may otherwise
aggregate and block the mammary ducts (Holt et al., 2013; Leonil et al.,
2008). The major finding of this study was that amyloid fibril formation
was significantly higher in 2G kx-CN B, while fibril formation rate of UG
k-CN B appears to be significantly lower.

The current study has utilised native, unreduced x-CN while most
other studies designed to examine k-CN amyloid fibril formation have
used reduced carboxymethylated forms of x-CN (Ecroyd et al., 2008;
Leonil et al., 2008). Moreover, one purified genetic variant of k-CN
(x-CN B) (Fig. 5) is utilised herein, and the current study compares one
single glycosylation form to another glycosylation form (i.e. UG
compared to 2G). This has allowed for the effect of glycosylation to be
studied in isolation, without the influence of other variables, such as
changes in polarity and net charge introduced when multiple genetic
variants are present.

The maximum amyloid fibril formation rate for 2G and UG k-CN as a
function of protein concentration is shown in Fig. 4c. The results
demonstrate that isolated k-CN, regardless of the glyco-form, is capable
of forming amyloid fibrils at a concentration of 0.22-0.44 mg mL-L,
which is below the critical micelle concentration of x-CN, previously
reported as 0.5 mg mL-1 (Ecroyd et al., 2010). This shows that disso-
ciated forms of k-CN are able to elongate and form a linear f-sheet
secondary fibril structure at lower concentrations, albeit at a much
slower rate. However, noting that amyloid fibril formation did not occur
in the very low protein concentration systems (i.e. 0.05 and 0.11 mg
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Fig. 3. Duplicate analysis for thioflavin T fluorescence intensity (AU) of (left top) twice glycosylated (2G) and (right top) unglycosylated (UG) k-casein B of
increasing concentration (0.05-3.50 mg mL ") over time (min) on one of the three occasions. Bottom images present the same analysis, zoomed in on the y-axis to

better demonstrate fibril formation for the lower concentration samples.
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Fig. 4. Maximum amyloid fibril formation rate of twice glycosylated (2G) and
unglycosylated (UG) k-casein B (k-CN B) as a function of protein concentration.
* Shows significantly difference (p < 0.05) based on one-way Analysis of
variance (ANOVA) conducted using three independent and normalised sample
sets and at least duplicate analysis on each occasion.

mL-1). Amyloid fibril formation below the critical micelle concentration
of x-CN is in agreement with Ecroyd et al. (2010), who also observed the
formation of amyloid fibrils from disassociated forms of k-CN. However,
protein concentrations below 0.25 mg mL-1 were not examined in their
work and a lower level cut off for fibril formation was subsequently not
established.

A similar increase in the maximum formation rate for both glyco-
forms with protein content below the critical micelle concentration,
indicates that glycan attachment has no effect on amyloid fibril forma-
tion in 2G and UG «-CN when present in a dissociated and un-aggregated
form (Fig. 4). However, the relative increase in the maximum amyloid
fibril formation rate of k-CN 2G was markedly higher than that of x-CN
UG for solutions prepared at a concentration of 0.88 mg mL-1 and above.
This indicates that differences in the organisation or packing of the
different k-CN self-assembled aggregates with and without attached
glycans led to significant differences in the rate of amyloid fibril for-
mation above the critical micelle concentration, demonstrating that
glycosylation increases amyloid fibril formation susceptibility of k-CN
when existing as self-assembled micelle-like aggregates. This is in
disagreement with Leonil et al. (2008) who reported a higher fibril
formation rate for UG k-CN compared to glycosylated k-CN, after
studying amyloid fibril formation of carboxymethylated k-CN. This
might be a result of conformation difference attributed to the inclusion
of non-separated k-CN (i.e. both B and A genetic variants likely present)
in the work of Leonil et al. (2008) compared to the study herein that is
specific for k-CN B, indicating that amyloid fibril formation kinetics may
differ for x-CN A and have an overriding effect in non-separated x-CN
systems. Another potential explanation for the disparate outcomes is a
difference in the number of disulphide bonds caused by the presence or
absence of a carboxymethyl group in the x-CN structure. Carbox-
ymethylation modifies the amino acid side chains that can develop
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Fig. 5. Potential modification in k-casein
B. This schematic summarises the potential
glycosylation sites (T), phosphorylation
sites (S), disulphide bond sites (C) and
amino acid substitution (I and A) compared
1 to the x-CN A genetic variant. The dark

2R

blue colour represents para-CN and the
light blue colour represents the casein-
omacropeptide segments of the k-CN B. The
rennet cleavage site is located between the
105 and 106 amino acid residues. Full

165

amino acid sequence and amino acid sequence of other k-CN genetic variants can be found in Hewa Nadugala et al. (2022). Numbers represent the amino acid residue
position in the sequence. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

disulphide bonds, i.e., cysteine in this case (Hirs, 1967). A significantly
higher amyloid fibril formation rate in 2G k-CN B compared to UG when
above the critical micelle concentration, suggests that UG x-CN B has a
higher energy barrier to overcome in order to enable the conversation of
oligomeric state of x-CN to dissociated state. It indicates that the
increased net negative charge of the protein due to the addition of two
bound glycan molecules, results in weaker non-covalent interaction and
disulphide bonds between k-CN molecules which increases the pro-
pensity of releasing disassociated protein forms resulting in a higher
tendency to form fibrils.

It is known that glycosylation has an effect on casein micelle size,
receptor-ligand interactions, host-pathogen interactions and emulsifi-
cation of the milk (Bijl et al., 2014; Kreuf} et al., 2009; O’Riordan et al.,
2014). Most of these properties are linked with high charge density and
hydrophilicity of glycans (Holt et al., 2013), and those properties are
important to the functional roles of the milk. Results of the current study
shows that glycosylated k-CN B has a significantly higher rate of amyloid
fibril formation than unglycosylated x-CN B. Although glycosylated
k-CN B may play a role in the functional properties of milk, it seems
equally important to transport milk to the neonate without the forma-
tion of amyloid fibrils. The results indicate that unglycosylated k-CN B
has a role in the balance between the functional role of k-CN B and its
stability. This might be the reason why UG k-CN B shows significantly
lower amyloid fibril formation compared to 2G k-CN B under the same
condition. This indicates that UG k-CN B may play a governing role in
the control of amyloid fibril formation, limiting the overall reaction rate
by balancing the glycosylated to unglycosylated k-CN ratio in cow’s
milk. There might be a chaperon action in UG k-CN B, however, more
investigation is needed to make a conclusion.

Though the resulting difference in Imax of glycosylated and ungly-
cosylated k-CN indicates changes in secondary structures of tested pro-
teins (Gorinstein et al., 2000; Hellmann and Schneider, 2019), the same
average Amqy indicates that secondary structure difference does not in-
fluence the polarity of the tryptophan’s adjacent environment (Gor-
instein et al., 2000; Hellmann and Schneider, 2019). Moreover, Dh of
both UG «-CN and 2G k-CN at 1 mg mL-1 were shown to be the same at
room temperature, indicating that differences in the intermolecular in-
teractions due to glycosylation had no effect at low temperatures.
However, differences in amyloid fibril formation rates between
glyco-forms incubated at 37 °C indicate that the changes in intermo-
lecular interactions due to glycosylation can lead to differences when
under stress conditions, i.e., when exposed to higher temperatures
where the fibril formation reaction is moving to a lower free energy state
and where proteins are stabilised in the form of amyloid fibrils.

The TEM micrographs show that both UG and 2G x-CN B are present
as curly and rugged surface linear aggregates, which aligns with Chun
et al. (2012) who observed thicker fibrils with a rugged surface using
unreduced forms of k-CN, while Ecroyd et al. (2008), Ecroyd et al.
(2010), Leonil et al. (2008), and Pan and Zhong (2015) observed sub-
stantially longer fibrils with a smooth surface using reduced forms of
k-CN. Although disulphide bond reduction does not significantly affect
the secondary and tertiary structure of k-CN (Farrell et al., 2003), it is

believed that the ability of k-CN to form oligomers, and the subsequent
propensity for amyloid fibril formation, is influenced by changes in the
number of disulphide bonds links of cysteine 11 and cysteine 88 (Hewa
Nadugala et al., 2022; Rasmussen et al., 1992). This indicates that
B-sheet assembly might be different with the presence or absence of
disulphide bonds during fibril formation. Also, longer fibrils might be a
result of different endpoints of the fibril formation reaction (Leonil et al.,
2008). However, it is necessary to consider other factors that may in-
fluence the fibril formation reaction, for example, the initial concen-
tration of k-CN, the reaction temperature and pH (Thorn et al., 2014). In
addition, our results indicate a possible difference in p-sheet packing
between UG «-CN B and 2G x-CN B. TEM results show that amyloid fi-
brils formed in the 2G x-CN B sample incubated at 37 °C appear nar-
rower than UG k-CN B incubated at 37°, possibly due to the relatively
higher negative charge of 2G x-CN B allowing a closer packing of the
B-sheets or relating to the possible dissociation and repacking of
aggregated proteins into a different and narrower confirmation, as
suggested by Ecroyd et al. (2008). Moreover, the amyloid fibrils of the
2G «k-CN B sample appear relatively longer than those of the UG k-CN B,
sample, which might be due to the relatively faster amyloid formation
rate of the 2G x-CN B, hence longer fibrils were achieved at the point
where the reaction was ceased. In UG k-CN B, the diameter of oligomeric
aggregates before incubation was similar to the width of amyloid fibrils
after incubation, indicating that there is likely a link between fB-sheet
packing in the unglycosylated form of k-CN B and the individual olig-
omeric aggregates.

The results of this study demonstrate that the rate of amyloid fibril
formation and the morphology of fibrils differ between UG x-CN B and
2G k-CN B, implying that the presence or absence of glycans can alter the
fibril formation reaction, while amyloid fibril formation rates appear to
be significantly higher in 2G k-CN B compared to UG k-CN B. Moreover,
morphology studies indicate that there may be differences in the
mechanism for fibril formation with glycosylation level. Therefore, the
results of the study suggest that unglycosylated k-CN plays an important
role in stabilising x-CN, while allowing more reactive and relatively
unstable glycosylated k-CN to maintain the functional properties of the
k-CN.

5. Conclusions

Results show that amyloid fibril formation can occur at concentra-
tions below the critical micelle concentration of x-CN B, indicating that
disassociated forms are likely the fibril formation precursors for k-CN B
at low protein concentrations. However, fibril formation was not
observed in very dilute protein solutions, for example the 0.11 and 0.05
mg mL ™! samples prepared using 2G x-CN B and 0.22, 0.11 and 0.05 mg
mL™! for UG k-CN B. There was no significant size difference between
the micelle-like self-assembled aggregate of UG and 2G k-CN B at room
temperature, indicating that glycan attachment does not influence the
oligomeric arrangement of k-CN B. Though there was no difference in
the wavelength of maximum fluorescence intensity (4mqy), a difference
in maximum fluorescence intensity (Inax) indicates that glycan
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attachment influences the secondary or quaternary conformation of
native k-CN B. Both UG and 2G k-CN B were able to form amyloid fibrils
at 37 °C under moderate ionic strength and natural pH, however the
increase in amyloid fibril formation rate with protein concentration was
significantly higher for 2G x-CN B compared to UG k-CN B, indicating
that glycan attachment influences the susceptibility of k-CN B to form
fibrils. It is suggested the ratio of the glycosylated k-CN B to unglyco-
sylated k-CN B plays an important role in balancing the functional role
for safe delivery of the milk from mother to neonate. The present results
may also indicate differences in -sheet packing between the two glyco-
forms, and more experiments employing techniques such as nuclear
magnetic resonance spectroscopy, circular dichroism spectroscopy and
fourier transform infrared spectroscopy can be conducted to further
explore molecular packing differences with glycan attachment.
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