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Caseins are mammalian milk proteins that are commonly utilized in food industries due to their various
nutritional and functional properties. Among various caseins, viz. ds;-, ds2-, B- and k-casein, B-casein
acts as a natural emulsifier and foam stabilizer as well as a molecular chaperone. However, these
properties get significantly altered during food processing, which raises concerns about the food quality.
Recently, there has been an increasing interest in using chaperone-like molecules to restrict the
aggregation of food proteins. Here we show that k-casein, which coexists with B-casein in milk micelles,
exhibits its chaperonic activity and can effectively inhibit calcium ion-induced amorphous aggregation of
B-casein in a dose-dependent manner. Using turbidity assays, dynamic light scattering, and electron
microscopy, we demonstrate that inter-protein complexes comprising B- and k-caseins are formed that
preclude the binding of calcium ions (Ca®*) to B-casein. This further impedes the multivalent
interactions between f-casein polypeptides, thus inhibiting inter-casein interactions required for
spontaneous Ca®*-induced B-casein self-assembly. We also report the disintegration of pre-formed
B-casein aggregates upon the addition of k-casein, which may have implications in devising strategies
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1. Introduction

Protein aggregation ensues upon the spontaneous self-
assembly of misfolded/partially-unfolded proteins into ordered
fibrillar amyloids and/or disordered amorphous aggregates due
to conformational perturbations in the native protein as a
consequence of chemical or thermal or oxidative stresses,
mutational effects, exposure to toxic agents, unfavorable pro-
tein-protein interactions, etc.' Nevertheless, cells employ
both intra- and extracellular molecular chaperones that play a
significant role in maintaining the cellular protein homeosta-
sis, ensure that proteins fold correctly and also prevent protein
misfolding and aggregation.® The molecular chaperones are
mainly classified into two categories, namely, foldase- and
holdase chaperones. The foldases are ATP-dependent chaper-
ones that ascertain correct folding of proteins, whereas the
holdases are non-ATP-dependent chaperones that inhibit both
fibrillar and amorphous aggregation of proteins by forming
high molecular weight complexes, stabilizing the partially-
folded intermediates, and preventing the undesirable “mis-
interactions” within aggregation-competent species.’®'" The
foldases and holdases function together in a synergistic man-
ner to maintain cellular proteostasis and avoid the accrual of
any toxic species related to protein aggregation. However, any
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for regulating the assembly and disassembly processes of 3-casein and other food proteins.

dysfunction of chaperones leads to aberrant folding of proteins
and accumulation of toxic intermediates, resulting in protein
aggregation that leads to various pathologies. Although the
uncontrolled self-assembly of proteins is implicated in a variety
of neurodegenerative disorders and systemic diseases, several
studies have indicated the involvement of protein aggregates in
the pharmaceutical industry as well as in food processing and
food formulation industries.'*™* While food protein aggregates
play beneficial roles during gelation, stabilizing foams and
emulsions, they may also lead to undesired alteration of the
microstructure of protein-rich foods during food processing and
storage, leading to changes in the nutritional, techno-functional,
and organoleptic properties.''* Consequently, the digestion and
absorption of food proteins are significantly affected."'® There-
fore, there is a pressing need to devise and design strategic
targeted inhibitors that can impede and/or reverse food protein
aggregation.

Caseins are intrinsically disordered proteins (IDPs), found
in mammalian milk, which are also known as secreted calcium
phosphate-binding phosphoproteins (SCPPs)."”° Bovine milk
is rich in ~80% caseins that comprise four different casein
polypeptides, namely, os;-, 0s,-, f- and k-casein at molar ratios
of 4:1:4:1, respectively, as detected by capillary zone
electrophoresis®! and high-performance liquid chromatography
(HPLC).>*> The extracellular caseins exhibit sequence-diversity
and “multiple proteoforms”>* owing to varying extents of post-
translational modifications (PTMs) such as O-glycosylation in
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k-casein and phosphorylation in og;-, as,-, and B-caseins. The
preponderance of proline (P) and glutamine (Q)-rich sequences
promote a polyproline-II (PP-II) conformation in caseins, ren-
dering them as hydrophilic IDPs that facilitate binding between
the conformationally-dynamic polypeptide chains and calcium
phosphate (CaP) nanoclusters, leading to casein micelles. The
highly-hydrated micelles are polydisperse and form fuzzy com-
plexes mediated by multivalent inter-casein interactions encom-
passing short linear sequence motifs (SLiMs) such as CaP-SLiM,
basic SLiM, hydrophobic and order promoting-SLiM, and
zipper-SLiM.""?%?*  Moreover, og;-, dgy-, and P-caseins are
known to be calcium-sensitive caseins since they can be pre-
cipitated by lower concentrations of calcium salts. In contrast,
k-casein is known to be a calcium-insensitive casein since it
remains soluble in the presence of low calcium salt concentra-
tions and does not form precipitates. Recent studies using a
multivalent binding model have shown that the casein micelles
adopt a ““coat-core structure,” wherein the caseins bound to CaP
nanoclusters occur in the core, and the free, unbound caseins
occur both in the core and the coat.>* According to the multi-
valent binding model, k-casein is present both in the core and
the coat of the micelles, in contrast to the traditional hydro-
phobic colloid model, and almost equal proportions of os;-, -
and k-caseins were calculated to be present in the coat of the
micelles.'”*®2* All of these bovine caseins reportedly form cross
B-sheet-rich amyloid fibrils under conducive solution condi-
tions and therefore, studies have suggested that amyloid for-
mation is a generic property of the casein polypeptides.**™°
Caseins exhibit a wide range of applications in food systems as
well as in non-food systems, many of which utilize their unique
aggregation properties. The aggregation behavior of casein is
relevant in various multidisciplinary domains, such as the food,
material science and nanotechnology, biomedical and pharma-
ceutical industries, along with functional food engineering.
Elucidating the casein aggregation mechanisms and devising
potential preventive strategies to combat casein aggregation
may assist materials scientists, biotechnologists, engineers, and
industrialists.'”?'* However, the caseins also behave as
holdase-type, ATP-independent molecular chaperones, similar
to intracellular sHsps such as o-crystallin and extracellular
clusterin, and exhibit promiscuity by binding to a diverse range
of proteins and inhibiting their aggregation.'>'®'%3* Although
the caseins share dynamical and functional similarities with
sHsps and clusterin, they do not share any structural simila-
rities with these molecular chaperones. Caseins have been
shown to inhibit, with variable efficiencies, the chemical, ther-
mal, and light stress-induced unfolding and prevent amorphous
and/or amyloid aggregation of globular proteins such as, DTT-
reduced insulin, o-lactalbumin, B-lactoglobulin, insulin, lyso-
zyme, alcohol dehydrogenase, catalase, amyloid f-peptide,
etc.'>17:23:2635740 Almost all of these studies demonstrated
the inhibitory efficacies of ag- and f-caseins, wherein, the
chaperone-like activity was primarily attributed to og,- and
B-caseins due to their preponderance in bovine milk. While it
has been suggested that the chaperonic activity of caseins
may be primarily attributed to the free caseins (viz. ogq-, PB-
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and k-caseins) present in the micellar coat, that can exchange
more quickly between the serum and micelle compared to the
CaP-bound caseins present in the core of the micelles,*® reports
on the chaperonic activity of k-casein appear to be extremely
scarce despite its predominance in the micellar coat. Addition-
ally, the amyloid fibrillation propensities of ag,- and k-caseins
were demonstrated to be higher compared to their chaperonic
activities,”* and the fibril formation from these caseins was
effectively suppressed by og,- and B-caseins.? It has also been
reported that a bi-chaperone system involving both B-casein
and a-crystallin suppresses insulin aggregation by exhibiting
“synergistic chaperonic operation” facilitated via electrostatic
interactions between the polar-charged domains of the
chaperones.*> However, a few recent reports indicated that
the chaperonic B-casein formed amorphous aggregates upon
the addition of calcium chloride (CaCl,) under physiological
conditions.*>** Therefore, in this study, we explored the cha-
peronic action of k-casein towards the amorphous aggregation
of B-casein triggered by divalent calcium ions using light
scattering and microscopic techniques. Additionally, we inves-
tigated sodium chloride (NaCl)-induced dissolution of pre-
formed B-casein aggregates that allowed us to gain deeper
insights into the plausible inhibitory measures and their mode
of chaperonic activity in preventing B-casein aggregation.

2. Results and discussion

2.1. Sodium chloride (NaCl)-induced dissolution of
preformed f-casein amorphous aggregates

Recently, we demonstrated that Ca®>* ion-induced B-casein aggre-
gation under physiological conditions is governed by binding of
the Ca®>" ions to a CaP-SLiM in P-casein that facilitates the
formation of inter-casein linkages and multivalent interactions
mediated by neutral, polar and charged residues, between the
B-casein polypeptides.** The contribution of hydrophobic inter-
actions during the self-assembly was suggested to be negligible
compared to B-casein-CaCl, interactions. Additionally, we have
demonstrated that Ca>* ion-induced B-casein aggregation can be
abolished upon the addition of sodium chloride (NaCl; pre-
added) due to electrostatic screening of the polypeptides that
precludes the binding between calcium ions and the phosphory-
lated serine residues of the protein and hence, impedes the
pivotal step towards protein self-assembly.** Next, we asked
whether multivalent interactions encompassing neutral, polar,
and charged residues between the B-casein polypeptides are
indeed critical for the self-assembly. To address this issue, we
added 150 mM NaCl (post-addition) to the preformed Ca**-
induced B-casein aggregates and monitored the changes in the
turbidity of the aggregates’ solution visually (Fig. 1la). We
observed that the solution turbidity decreased rapidly upon the
addition of 150 mM NacCl and became clear, presumably due to
the dissolution of the p-casein aggregates. To verify our proposi-
tion, we performed time-dependent dynamic light scattering
(DLS) experiments that allowed us to watch the changes in the
hydrodynamic diameters (D,) of the protein samples in a

Phys. Chem. Chem. Phys., 2025, 27, 24620-24628 | 24621


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02431e

Open Access Article. Published on 21 Onkololeessa 2025. Downloaded on 09/06/2026 4:14:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

(a)

!H
+ Nacl (150 mm) | |l

p-casein ——————"—) |B-casein
W oHes 37°C ’-
|

.
Aggregates Soluble Oligomers

Turbid Solution Clear Solution

wba 1 2 3 4 5 6 7 8 9

(c)

250

100

View Article Online

Paper

(b)

p-Cas oligomers

" B-Cas
ooo;b aggregates
° A A

Volume %

Native f-Cas monomer

1 10 100 1000
Hydrodynamic diameter (nm)

Fig. 1 Disruption of Ca?*-induced B-casein aggregates formed at pH 6.8, 37 °C upon the addition of 150 mM sodium chloride (NaCl) to the preformed
aggregates. (a) Disappearance of the solution turbidity, observed visually, resulting in a clear solution. (b) Hydrodynamic diameter of the native B-casein
(black) and B-casein aggregates (red) formed after 3 h of incubation in the presence of 2.5 mM CaCl,, pH 6.8, 37 °C, monitored using dynamic light
scattering (DLS), depicted by a stack-plot representation. A significant reduction in the hydrodynamic diameter of B-casein aggregates, upon the addition
of 150 mM NacCl (shown by a green dashed arrow), indicates dissolution of the aggregates leading to aggregation-incompetent, soluble oligomers
(green). (c) Native-PAGE analyses of native B-casein monomer (lane 2), Ca®*-induced p-casein aggregates formed at ~ 37 °C (lanes 3 and 7) and upon the
addition of 150 mM NaCl (post-addition approach) into the preformed B-casein aggregates after 3 h of incubation (lanes 5 and 9) (S: supernatant,

P: pellet).

temporal manner. We conjectured that a reduction in the overall
hydrodynamic size could be directly correlated to the dissolution
of aggregates upon the addition of NaCl. As expected, the
monomeric B-casein (D: ~7 nm; Fig. 1b) formed large-sized
aggregates (~200 nm; Fig. 1b) upon the addition of CacCl, at pH
6.8, 37 °C which corroborates the previous report.** Upon the
addition of 150 mM NaCl to the preformed aggregates, we
observed an immediate decrease in the hydrodynamic diameter
from ~200 nm to ~12 nm, suggesting a rapid disruption of -
casein aggregates to smaller, soluble oligomers (Fig. 1b) resulting
in a clear solution. We also performed native-PAGE experiments
(Fig. 1c) to examine the disaggregation of preformed Ca*'-
induced B-casein aggregates upon the addition of 150 mM NacCl.
Analyses of the B-casein aggregates’ samples revealed that both
the supernatant and the pellet largely comprised B-casein mono-
mers and high molecular weight aggregates, respectively. Upon
the addition of NaCl to the pre-formed aggregates, we observed
B-casein monomer bands primarily in the supernatant (Fig. 1c).
We could not detect any high molecular weight protein aggre-
gates in the pellet, which reaffirmed NaCl-induced disruption of
the B-casein amorphous aggregates. The results are in accordance
with the turbidity assay (Fig. 1a) and the DLS measurements

24622 | Phys. Chem. Chem. Phys., 2025, 27, 24620-24628

(Fig. 1b). Therefore, based on these findings, we inferred that the
addition of NaCl disrupted the multivalent interactions between
the intrinsically disordered B-casein chains due to electrostatic
screening of the charged residues in p-casein. This electrostatic
shielding probably induced charge redistribution, which further
diminished the possibility of inter-casein interactions.***® There-
fore, it was evident that multivalent interactions encompassing
neutral, polar, and charged residues between the B-casein poly-
peptides are indeed essential for Ca** ion-induced B-casein self-
association. Recently, it has been shown that NaCl can disrupt
globular protein-based amorphous aggregates, which leads to an
apparent refolding of the protein to its native state.”” However, to
the best of our knowledge, such an observation on the salt-
induced disintegration of preformed IDP-based aggregates, is
reported here for the first time, and it may offer a novel way to
control the self-assembly and disassembly of B-casein.

2.2. Conformational characteristics and charge patterning of
B- and x-caseins

In the casein micelles, since B-casein coexists with other case-
ins, viz. og1-, ds,-, and k-caseins that act as molecular chaper-
ones for each other, we next set out to examine whether

This journal is © the Owner Societies 2025
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Kk-casein exhibits chaperonic activity towards the Ca>" ion-induced
self-assembly of intrinsically-disordered P-casein (Fig. 2a) that
leads to amorphous aggregates under physiological conditions.
k-Casein comprises 169 amino acid residues (Fig. 2b) wherein the
preponderance of prolines (P) and glutamines (Q) renders the
protein to be intrinsically disordered, as evident from its far UV-CD
spectrum (Fig. 2b and 3a),*® that is similar to B-casein (Fig. 2a and
3a). Analyses of the charge distribution on both B- and k-caseins,
using the classification of intrinsically disordered ensemble rela-
tionships (CIDER) algorithm,***° revealed that B-casein comprises
clusters of positively- and negatively-charged residues, coexisting at
specific positions, along the polypeptide chain with a predomi-
nance of negative charges at the N-terminus (Fig. 3b) as was also
reported earlier.** On the other hand, x-casein exhibited charged
residues distributed almost uniformly along the entire chain
length. However, the negatively-charged residues were mostly
populated at the C-terminus, whereas the positively-charged resi-
dues were located at the N-terminus and mostly in the middle of
the polypeptide chain (Fig. 3c). Therefore, based on the charge
patterning of both B- and k-caseins, we hypothesized that these
proteins can interact electrostatically whereby, the positively-
charged residues of k-casein may induce charge compensation at
the N-terminus of B-casein. Consequently, the binding of Ca>* ions
to B-casein (via CaP-SLiM) will be impeded, leading to the inhibi-
tion of Ca*"-induced protein amorphous assembly.

2.3. Monomerization of k-casein for investigating its
chaperonic activity in inhibiting Ca*>*-induced p-casein
amorphous assembly

Prior to validating our hypothesis, we monomerized x-casein
to decipher the inter-protein interactions between B- and
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K-caseins at the molecular level. Since x-casein rapidly forms
micelles mediated via intermolecular disulfide bonds owing to
the two cysteine residues present within the protein, we che-
mically modified the cysteines using a well-known protocol***
that yielded reduced- and carboxymethylated (RCM) k-casein
(for details, please see the SI). Such chemical modification is
expected to result in predominantly monomeric k-casein (i.e.
RCM «-casein), irrespective of its concentration and throughout
the timescale of our experiments, during its interactions with
the monomeric B-casein (10 pM used in this study). Moreover,
to study the chaperonic activity of RCM k-casein towards Ca>*-
induced PB-casein amorphous aggregation, we implemented a
two-pronged methodology, namely, pre-addition and post-
addition of RCM «k-casein (for details, please see the SI) as
described in the following sections.

2.4. Probing into the chaperonic activity of monomeric
k-casein (pre-added) by turbidity assays

Herein, we describe the results obtained from the turbidity
assays that serve as quick indicators of protein aggregation. At
first, we examined the changes in the solution turbidity visually.
For our pre-addition-based experiments (for details, please see
the SI), we added monomeric RCM k-casein into pH 6.8,
imidazole-HCI buffer followed by 2.5 mM CaCl, and f-casein
at room temperature (~25 °C) and the reaction mixture was
incubated at 37 °C. Previous reports**** have indicated that B-
casein formed large-sized, amorphous aggregates, upon the
addition of CaCl, at pH 6.8, 37 °C, resulting in a turbid solution.
Therefore, as expected, we also obtained similar results in the
absence of k-casein (Fig. 3d). However, in the presence of
monomeric k-casein, we found that the [-casein solution

(@
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Fig. 2

(a) Structure of B-casein (UniProt ID: P02666; signal peptide deleted) predicted by AlphaFold (average pLDDT score: 61 wherein, pLDDT implies

confidence of prediction) along with the amino acid sequence of B-casein. (b) Structure of k-casein (UniProt ID: PO2668; signal peptide removed)
predicted by AlphaFold (average pLDDT score: 54) accompanied by its amino acid sequence. A pLDDT score between 50-70 is generally obtained for
conformationally-dynamic intrinsically disordered proteins (IDPs), resulting in a low prediction accuracy. The positively- and negatively-charged amino
acid residues in both the structures and the sequences are represented in blue and red, respectively, and tryptophan residues are shown in pink
(underlined).
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Fig. 3 (a) Far UV-CD spectra of reduced and carboxymethylated (RCM) native k-casein and B-casein monomers. (b) and (c) The net charge per residue
(NCPR) analyses, depicting the charge distribution profiles of (b) B-casein and (c) k-casein. Fig. 3b was reprinted from our previous publication (ref. 44),
Copyright (2025), with permission from Elsevier. (d) Schematic representation of the changes in B-casein solution turbidity upon the addition of CaCl,,
monitored visually, in the absence and in the presence of RCM «k-casein at 37 °C. The cuvettes depicted here for the clear solution are the same.
(e) Monitoring quantitative changes in the solution turbidity (optical density (O.D) measured at 350 nm) of Ca*-induced B-casein (10 pM) aggregation at
37 °C in the absence (black) and in the presence of variable concentrations of RCM k-casein (pre-addition), viz., 10 uM (red), 20 puM (olive), 40 uM (blue),
50 puM (pink), and 100 pM (brown). (f) Bar-plot representation of the decrease (black dashed arrow) in the solution turbidity, collected after 2 h, in the

absence and in the presence of RCM k-casein in a dose-dependent manner.

remained clear at 37 °C (Fig. 3d) even for prolonged hours
(=3 h) of incubation in the presence of CaCl,. This suggested a
plausible hindrance to the binding of calcium ions to B-casein,
mediated by x-casein monomers due to inter-casein electro-
static interactions, leading to an inhibition of Ca*"-induced
amorphous assembly of f-casein.

To gain further insights into the presumed chaperonic
activity of k-casein in inhibiting B-casein aggregation, we next
determined the changes in the solution turbidity quantitatively
(optical density measurements at 350 nm) of the reaction
mixture at 37 °C in the presence of variable concentrations of
RCM «k-casein (pre-addition-based experiments; Fig. 3e).>> Such
concentration-dependent experiments allowed us to ascertain
the optimum concentration of monomeric k-casein required
for exhibiting its chaperone-like activity. The molar ratios of -
casein : RCM k-casein were chosen as 1:1, 1:2, 1:4, 1:5, and
1:10, wherein the concentration of f-casein was fixed at 10 uM
and that of k-casein monomer was varied (10-100 pM). In the
absence of k-casein, the solution turbidity at 37 °C was quite
high owing to the formation of Ca®>" ion-induced PB-casein
aggregates. In the presence of monomeric x-casein, the turbid-
ity reduced substantially (~30% at 1:1 molar ratio) and there-
after, progressively (up to ~40%; at >1:5 molar ratio) as a
function of increasing concentration of k-casein (Fig. 3e and f).
Therefore, the results from the turbidity assays suggested that
(i) the >1:4 molar ratio of monomeric k-casein was optimal for
its chaperonic activity, and (ii) electrostatic shielding of the

24624 | Phys. Chem. Chem. Phys., 2025, 27, 24620-24628

B-casein polypeptide by k-casein, mediated via polar, oppositely-
charged residues, prevented Ca** ions from binding to the
phosphorylated serines (CaP-SLiM) of B-casein. Moreover, an
overall reduction in the solution turbidity, upon the pre-
addition of RCM k-casein, indicated a decrease in the extent
of B-casein aggregation and presumably, a reduction in the size
of the aggregates. This could be attributed to the formation of a
fuzzy coat by the C-terminal region of k-casein, which acted as a
steric and an electrostatic barrier.® Consequently, the amor-
phous aggregation of B-casein, triggered by calcium ions, was
significantly diminished. We next directed our efforts to directly
witness the inhibitory action of monomeric k-casein on f-casein
aggregation as described in the following section.

2.5. Examining the chaperonic activity of monomeric k-casein
(pre-added) by DLS measurements and TEM imaging

To examine the chaperone-like activity of monomeric k-casein
in preventing Ca*>"-induced B-casein aggregation, we monitored
temporal changes in the overall size of the protein sample as
well as the nanoscopic morphologies using the dynamic light
scattering (DLS) technique in conjunction with TEM imaging
(Fig. 4a-g). These experiments enabled us to directly witness the
changes in the hydrodynamic diameters (Fig. 4b, d and f) and
the morphological characteristics (Fig. 4a, ¢, e and g) of the
aggregation reaction mixture of B-casein, in the absence (Fig. 4a)
and in the presence (Fig. 4c, e and g) of k-casein monomers, in a
time-dependent and dose-dependent (k-casein) manner. Prior

This journal is © the Owner Societies 2025
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Fig. 4 (a) Morphology of the Ca®*-induced B-casein aggregates, formed at 37 °C in the absence of reduced and carboxymethylated (RCM) k-casein,
obtained using transmission electron microscopy (TEM). Scale bar: 100 nm. (b)—(g) Alterations in the hydrodynamic diameters (b), (d) and (f), measured by
dynamic light scattering (DLS), and nanoscopic morphologies (c), (e) and (g), obtained using transmission electron microscopy (TEM), of CaCl,-induced
B-casein aggregates/oligomers formed, at 37 °C, in the presence of RCM «k-casein (pre-addition) at varied molar ratios of B-casein:x-casein, viz., (b) and
(c)1:1(ie., 10 uM of B- and k-casein each), (d) and (e) 1:4 (i.e., 10 uM of B- and 40 uM of RCM «-casein), and (f) and (g) 1: 10 (i.e., 10 uM of B- and 100 pM
of RCM k-casein). In all of the hydrodynamic diameter-based stack-plot representations, native B-casein monomer is depicted by a black line and the
same light scattering data of the native B-casein have been plotted in all of the DLS data (b), (d) and (f) shown here. In all of the TEM images (c), (e) and (g),
scale bar: 200 nm. (h) Hydrodynamic diameter of the native B-casein (black) and B-casein aggregates (red) formed after 3 h of incubation. Disintegration
of the preformed B-casein amorphous aggregates (shown by green dashed arrow) into oligomers (blue) upon the addition of 40 uM RCM k-casein (post-
addition). () TEM image of the B-casein sample following the post-addition of RCM k-casein and (j) its respective histogram depicting the size-

distribution of the disintegrated B-casein aggregates. Scale bar: 50 nm.

to setting up the aggregation reactions, we measured the
hydrodynamic diameters of both monomeric RCM k-casein (at
various concentrations, viz. 10, 40, and 100 uM) and B-casein
(10 pM) separately. RCM k-casein showed a hydrodynamic diameter
(D) of ~7-10 nm (Fig. 4b, d, f and Fig. S1a, b), indicating that it
indeed remained monomeric irrespective of its concentration.
However, during several repetitions of the same experiments, we
did observe RCM «k-casein oligomers (Dp: ~15 nm) at 100 uM
protein concentration (Fig. S1a and c). This could be attributed
to the propensity of RCM «x-casein to undergo oligomerization at
37 °C. On the other hand, monomeric B-casein showed a
hydrodynamic diameter of ~7 nm (Fig. 4b, d and f) as expected,
and both of these values were in accordance with the previous
reports.*****®> Upon initiating the aggregation by adding
2.5 mM CaCl, at pH 6.8, 37 °C to B-casein solution, we observed
that B-casein formed larger aggregates (~200 nm; Fig. 1b and 4a),
in the absence of k-casein monomers, as reported earlier.**
However, in the presence of pre-added RCM «k-casein at varied
molar ratios (viz. 1:1, 1:4, and 1:10), we observed the following
(Fig. 4b, d and f): (i) the formation of soluble, aggregation-
incompetent oligomers whose average hydrodynamic sizes were
~22 nm (Fig. 4b), ~18 nm (Fig. 4d), and a bimodal distribution of
both ~10 and ~18 nm (Fig. 4f and Fig. S1d) at P-casein:
k-casein molar ratios of 1:1, 1:4, and 1:10, respectively, and
(ii) the absence of any large-sized (=100 nm) B-casein aggregates

This journal is © the Owner Societies 2025

in the reaction mixture. These findings suggested that the
pre-added k-casein monomers suppressed Ca®>" ion-induced
B-casein aggregation completely and led to the formation of
largely p-casein oligomers. However, the possibility of the
formation of a B-casein-k-casein inter-protein complex, due to
an effective shielding of the B-casein polypeptide chain by the
K-casein monomers, cannot be ruled out that can further inhibit
the binding of calcium ions to B-casein CaP-SLiMs, hence,
inhibiting B-casein aggregation. To verify our proposition, we
carried out several control experiments with RCM k-casein (10
and 100 pM) at pH 6.8, 37 °C (Fig. Ste, f and Fig. S2). In the first
set of controls, we added 2.5 mM CacCl, to monomeric k-casein
in the absence of B-casein and monitored the time-dependent
changes in k-casein hydrodynamic diameter. At 10 pM k-casein,
we observed two distinct populations of species with hydrody-
namic diameters (Dy,) of ~7 and ~22 nm (Fig. S1e) that could
be attributed to monomeric and oligomeric RCM «k-casein, respec-
tively. Interestingly, the species with similar D, ~ 22 nm were also
observed upon the addition of calcium ions to a solution contain-
ing 1:1 molar ratio of B-casein (10 pM) and RCM k-casein (10 pM)
(Fig. 4b). On the other hand, at 100 uM k-casein, we observed
species with primarily Dy, ~18 nm (Fig. S1f) that corroborated with
results obtained at a 1:10 molar ratio of fB-casein (10 uM) and
RCM «k-casein (100 pM) (Fig. 4f) upon addition of calcium ions. In
the second set of controls, we co-incubated - and x-caseins at pH
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6.8, 37 °C, in the absence of calcium ions, and monitored the
changes in hydrodynamic size of the protein mixture as a function
of time. Both a 1:1 and 1:10 mixture of B-casein (D, ~ 7 nm) and
RCM «-casein (D, ~ 7-10 nm) indicated the presence of species
with D;, ~ 14-18 nm throughout the timescale of our experiment
that could be assigned to an inter-protein complex (Fig. S2a and b).
Therefore, taken together, we inferred that the addition of Ca>'-
ions into a mixture of B-casein and k-casein plausibly led to the
formation of k-casein oligomers owing to ion condensation on the
protein backbone. Additionally, in the presence of RCM «k-casein,
B-casein probably exists as monomers and participates in the inter-
protein complex formation that impedes the binding of calcium
ions to B-casein inhibiting its self-assembly. These observations
corroborated our results obtained from the turbidity assays that
depicted a dose-dependent reduction in the solution turbidity
upon the pre-addition of k-casein into p-casein solution indicating
a reduction in the extent of P-casein aggregation. As mentioned
earlier, the plausible formation of a fuzzy coat by the C-terminal
region of k-casein, which acted as a steric and an electrostatic
barrier presumably suppressed the aggregation propensity of
B-casein.

Next, we investigated the nanoscopic morphologies of the
aggregation reaction mixture, in the presence of pre-added
RCM k-casein at varied molar ratios (viz. 1:1, 1:4, and 1:10)
by TEM imaging (Fig. 4c, e and g). At a 1:1 molar ratio of
B-casein: k-casein, we observed a few spherical aggregates
(Fig. 4c) whose number as well as size reduced significantly at
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a 1:4 molar ratio (Fig. 4e) indicating the presence of primarily
oligomers. At a 1:10 molar ratio, we did not observe any
protein oligomers/aggregates (Fig. 4g), indicating a complete
suppression of B-casein aggregation by RCM «k-casein. Taken
together, our turbidity assays, DLS measurements, and TEM
imaging validated our hypothesis that monomeric k-casein acts
as a chaperone and effectively inhibits the Ca**-induced aggre-
gation of B-casein, driven via electrostatic screening of the
phosphorylated serine residues (CaP-SLiM) of B-casein, that
restricted the binding of calcium ions.”® Consequently, the
multivalent interactions between the f-casein chains pivotal
for the self-assembly were hindered. Additionally, the predo-
minance of PP-II conformations in both B- and k-caseins,
plausibly promotes the formation of sticky intermolecular
contacts between the two polypeptides leading to the formation
of an inter-protein complex, and hence, diminishes the pro-
pensity towards Ca®"-induced self-assembly. The effectiveness
of the inhibitory activity of monomeric RCM «k-casein was also
found to be dose-dependent. This is in accordance with the
proposed role of k-casein in stabilizing the casein micelles in
milk.”?

2.6. Dissolution of preformed Ca**-induced p-casein
aggregates by monomeric k-casein (post-added)

Next, we asked whether the addition of RCM «-casein to pre-
formed Ca®*-induced B-casein aggregates (post-addition approach)
could disintegrate the amorphous aggregates, similar to that

B-casein E 0.24 B-casein 332 =
monomers| o aggregates 3
. + k-cas e 33
= 5 0.20 f
g - x-cas g 3 B-casein mono
E ; §§ + k-cas + CaCl,
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the absence and presence of reduced and carboxymethylated (RCM) k-
casein. A two-pronged approach was adopted for the addition of k-casein;

pre-addition approach depicts adding RCM k-casein at the onset of B-casein aggregation, which prevented the formation of large aggregates. In the
post-addition approach, RCM k-casein was added to the preformed B-casein aggregates, which led to a dissolution of the aggregates into oligomers.

The cuvettes shown here are the same as that shown in Fig. 3d (above).
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observed with post-addition of NaCl (Fig. 1). For these experi-
ments, we monitored P-casein aggregation in the presence of
calcium ions by measuring the changes in the hydrodynamic size
of the protein at pH 6.8, and 37 °C (Fig. 4h). After 3 hours, we
added monomeric k-casein to the preformed aggregates and the
hydrodynamic size shifted from ~200 nm to ~20 nm almost
instantaneously (Fig. 4h) depicting the dissolution of aggregates
concomitant with the formation of smaller oligomeric species
whose size remained almost constant as a function of time. This
was further ascertained from the morphological characteristics of
the disintegrated B-casein aggregates by utilizing transmission
electron microscopy (Fig. 4i, j and Fig. S3a, b) upon the addition
of monomeric RCM k-casein into the pre-formed Ca**-induced p-
casein aggregates. Overall, it was clearly evident that the mono-
meric k-casein disrupted the preformed B-casein aggregates effec-
tively under physiological conditions.

3. Conclusions

In summary (Fig. 5), using turbidity assays, the light scattering
technique, and electron microscopy, we demonstrated that mono-
meric k-casein exhibits its chaperonic activity and inhibits calcium
ion-induced B-casein amorphous aggregation under physiological
conditions. Based on the charge patterning of both the IDPs, we
propose that the inhibitory action is attributed to the electrostatic
interactions (e.g. between arginine/lysine/histidine-aspartate/glu-
tamate) between B- and k-caseins, as well as an effective shielding
of the phosphorylated serines (CaP-SLiM) of B-casein by k-casein,
that serve as putative binding sites of divalent calcium ions.
Impediment of the CaP-SLiM further restricts the binding of
calcium ions, which effectively hinders the formation of inter-
casein bridges, and multivalent interactions between the p-casein
polypeptides required for B-casein self-assembly as evident from
the turbidity assays, DLS measurements, and TEM images. More-
over, the presence of P, Q-rich sequences in both - and k-caseins,
comprising preponderant PP-II secondary structures, presumably
facilitates the formation of sticky intermolecular contacts between
the polypeptides that further enables the formation of inter-
protein complexes and hence, reduces/abolishes the aggregation
propensity of B-casein. Additionally, we show for the first time, to
the best of our knowledge, that sodium chloride (NaCl) and
monomeric k-casein triggered the dissolution of preformed f-
casein amorphous aggregates resulting in off-pathway, soluble
oligomers. Since B-casein has potential widespread applications
owing to their nutritional and functional values in the food sector
and food chaperones are fundamentally recruited in the food
matrices, we believe that the findings from this study will have
implications in devising strategies for regulating the self-assembly
and disassembly processes of B-casein and other food proteins.

4. Materials and methods

To monitor the calcium-induced aggregation of B-casein (pH
6.8, 10 mM imidazole-HCI buffer) in the presence of reduced
and carboxymethylated (RCM) k-casein, the pB-casein stock

This journal is © the Owner Societies 2025
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solution was diluted to a final protein concentration of
10 pM. The aggregation was investigated by a two-pronged
approach, namely, pre-addition and post-addition of RCM «-
casein. The aggregation kinetics were monitored at 37 °C using
turbidity assays and dynamic light scattering. The changes in
the nanoscopic morphologies of B-casein aggregates were
examined using TEM. For all the experimental and other
technical details, please refer to the SI.
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