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Casein micelles are extracellular polydisperse assemblies of unstructured
casein proteins. Caseins are the major component of milk. Within casein
micelles, casein molecules are stabilised by binding to calcium phosphate nan-
oclusters and, by acting as molecular chaperones, through multivalent interac-
tions. In the light of such interactions, we discuss whether casein micelles can
be considered as extracellular condensates formed by liquid—liquid phase sep-
aration. We analyse the sequence, structure and interactions of caseins in
comparison with proteins forming intracellular condensates. Furthermore, we
review the similarities between caseins and small heat-shock proteins whose
chaperone activity is linked to phase separation of proteins. By bringing these
observations together, we describe a regulatory mechanism for protein con-
densates, as exemplified by casein micelles.

Keywords: biomolecular condensate; casein; casein micelle; liquid-liquid
phase separation; molecular chaperone; multivalent interactions;
nanocluster; protein aggregation

Introduction: caseins and casein micelles

In mammalian milk, caseins are the predominant pro-
teins, for example, making up about 80% of the pro-
tein content in cow milk. Caseins are best known for
their hyper-expression in mammary tissue, where they
have a role in the prevention of pathological calcifica-
tion and amyloidosis, but they have a wide tissue dis-
tribution and a range of biological functions beside
nutrition. Caseins are secreted calcium- or calcium
phosphate-binding phosphoproteins (SCPPs). There
are four main cow caseins: og; (40%), asy (12%), B
(36%) and « (11%), with their approximate percentage
composition given in brackets. Caseins are secreted
proteins with N-terminal signal sequences of 15 resi-
dues for ag, ag, and B, and 21 residues for k-casein.

Abbreviations

Mature caseins have a molecular mass of 19-25 kDa,
with little sequence similarity but similar amino acid
compositions. All four main caseins have P,Q-rich
polar tract sequences (i.e. sequences of mainly polar
but uncharged residues [1,2]). Three of the caseins
(os1, sy and B) have phosphorylated, calcium phos-
phate (CaP)-binding short linear sequence motifs
(CaP-SLiMs) such as 15-pSLpSpSpSEE-21 of B-casein,
where pS is phosphoserine (residue numbers are given
for the mature proteins after proteolytical cleavage of
the signal peptide). The fourth, x-casein, has a polar
tract in the N-terminal half with a soluble-mucin-like
C-terminal region [3]. The amino acid composition of
caseins, particularly P,Q-rich regions, predisposes them

CaP, calcium phosphate; DPR, droplet-promoting region; LARKS, low-complexity aromatic-rich kinked segments; OPN, osteopontin; SCPP,
secreted calcium- or calcium phosphate-binding phosphoprotein; SLiM, short linear motif.
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to adopt the polyproline-II secondary structure as
observed experimentally for B- and k-casein [4]. Con-
sistent with this type of structure, and on the basis of
their amino acid sequence and composition, caseins
are predicted to be intrinsically disordered [5-7], as
summarised in fig. 4c of [6]. Experimentally, there is
evidence for an open and unfolded conformation for
caseins [3,6]. Overall, caseins are polar proteins; for
the same net charge, caseins exhibit an average
hydrophobicity lower than that of the great majority
of globular proteins [8].

In common with many intrinsically disordered pro-
teins, caseins have a propensity to associate to form
homotypic and heterotypic assemblies [6,9]. Their
hydration, conformational flexibility and dynamics are
largely retained upon self-assembly. In milk, most
caseins are bound to nanoclusters of amorphous CaP
and associate through protein—protein interactions to
form stable, polydisperse, heterogeneous and amor-
phous particles known as casein micelles. Typically,
a casein micelle has a spherical shape with a radius
of approximately 70 nm containing around 10 000
casein molecules. Because of their size, casein micelles
scatter visible light in all directions leading to the
white appearance of milk, even after the removal of
fat globules.

The application to caseins of the concepts developed
for intrinsically disordered proteins has led to a
detailed and multivalent binding model of casein
micelles that accounts accurately for their size, sub-
structure, polydispersity and composition [3,6,10-14].
According to these studies, about 70% of the casein
molecules within casein micelles are bound directly to
the CaP nanoclusters through their CaP-SLiMs,
whereas the rest are considered to be free of direct
linkages. As a result, casein—casein interactions in the
casein micelles are formed by multivalent, heteroge-
neous interactions among bound and free caseins
(Fig. 1 [L1]).

Many intrinsically disordered proteins, when at high
concentrations, can form highly ordered amyloid fibrils
in which the polypeptide chains are arranged in a cross
B-sheet array. Amyloid fibril formation by peptides
and proteins is associated with a wide range of human
disorders including Alzheimer’s and Parkinson’s dis-
eases [15,16]. In vitro, solutions of purified cow k-
casein or ogy-casein readily form amyloid fibrils under
physiological conditions [17-19], whereas the other
two purified caseins require harsher conditions to do
so [20]. Given the intrinsic tendency of caseins to form
amyloid fibrils, it is remarkable that the action of case-
ins as molecular chaperones prevents fibril formation
from occurring within the casein micelles [21,22].

Casein micelles as extracellular condensates

Fig. 1. Schematic illustration of the core-coat structure of a typical
casein micelle [11]. The black dots represent CaP nanoclusters.
The green lines represent casein molecules bound to CaP nan-
oclusters via highly phosphorylated sequences (CaP-SLiMs). Bound
casein proteins are found in the core of the micelle, while free
caseins (brown lines) are present in both the core and the coat of
the micelle. As the hydrated and disordered caseins interact with
each other via many transient, multivalent interactions, casein
micelles are dynamic entities. Reproduced from [11].

In addition to their native and amyloid states, it has
been recently demonstrated that most intracellular pro-
teins can naturally populate a dense liquid condensate,
termed the droplet state [23], which is formed by a lig-
uid-liquid phase separation process. Liquid-liquid
phase separation can give rise to non-membrane-
bound cellular compartments, termed membraneless
organelles [24,25]. Here, we discuss how casein associa-
tion, in particular within extracellular casein micelles,
may occur by a similar liquid-liquid phase separation
process to form a dispersed droplet state with compa-
rable properties to intracellular membraneless orga-
nelles.

Liquid-liquid phase separation and
membraneless organelles

Phase separation of proteins and nucleic acids leads to
the formation of membraneless organelles, also termed
liquid droplets or biomolecular condensates, in the
nucleus and cytoplasm of cells [23,25-27]. Membrane-
less organelles include well-known cellular organelles,
such as nucleoli, paraspeckles, Cajal bodies, PML bod-
ies, P-bodies and stress granules. Many membraneless
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Casein micelles as extracellular condensates

organelles have been discovered recently, suggesting
that others are yet to be identified [28]. The formation
of membraneless organelles enables the cell to main-
tain a readily accessible source of protein components
when needed for the maintenance of cellular home-
ostasis, including under conditions of cellular stress.
As an example, stress granules assemble RNA and
molecular chaperones under cellular stress, probably
as a means of protecting RNA molecules [29-31].

Multivalent interactions between
intrinsically disordered proteins and
the formation of membraneless
organelles

The dense, liquid-like state within membraneless orga-
nelles requires many binding configurations of the
component proteins, which is achieved by multiple
interaction motifs, a phenomenon known as multiva-
lency [32]. Multivalency is exemplified by the interac-
tions between the amino acid residues in low-
complexity protein regions, that is, ones with amino
acid composition differing from that of globular pro-
teins [23,25]. Low-complexity regions are characterised
by a high abundance of uncharged, polar amino acids
such as Asn, Gln, Tyr and Ser, along with Gly. Low-
complexity regions of a protein mediate phase separa-
tion to produce the droplet state, which can in turn
progress to amyloid fibril formation [23,33].

Intrinsically disordered proteins can interact with
each other via multivalent interactions (Fig. 2), for
example, via SLiMs [5,6,34-37]. These interactions
may be established using multiple contact sites, which
can exchange with each other in the bound complex
[38]. Fuzziness is a feature of these complexes as their
conformations and interaction properties can adapt to
the cellular context and thus can change with cellular
conditions [9,39]. The association of the intrinsically
disordered caseins, for example, to form casein
micelles, can take place via multiple contact sites of
different sequence motifs and thus can be described by
multivalency [11,14]. Along these lines, the interactions
between the caseins within the casein micelle are multi-
valent and involve SLiMs. The four caseins contain
numerous SLiMs of at least four types: CaP-binding,
basic, hydrophobic and order-promoting (HO) and
amyloid-forming steric zippers (Fig. 2), as outlined in
our previous publications [6,11,12].

The dynamic and disordered nature of caseins, along
with their multivalent interactions, enable caseins
within micelles (particularly the ‘free caseins’ that are
not involved in binding to CaP nanoclusters via CaP-
binding SLiMs) to exchange with their environment,

A. Horvath et al.

the milk serum. Various studies have shown that free
caseins readily exchange with the serum and undergo a
population shift between the casein micelles and serum
in response to alteration of temperature and pressure
[40,41]. Similarly, the components (proteins, RNA,
etc.) within intracellular condensates and membrane-
less organelles undergo constant exchange with the
surrounding milieu.

Propensity of caseins to undergo
liquid-liquid phase separation

The propensity of a protein to participate in multiva-
lent interactions, and therefore be stabilised by confor-
mational entropy, can be quantified by the FuzDrop
method  (https://fuzdrop.bio.unipd.it/predictor) [45].
This algorithm predicts droplet-promoting regions
based on the probability of disordered interactions
[46,47] combined with the disorder score computed by
the ESpritz NMR algorithm [48]. Using this approach,
the probability to undergo liquid-liquid phase separa-
tion can be estimated in both globular and disordered
proteins. Hardenberg et al. [45] used FuzDrop to anal-
yse the propensity of sequences in the human pro-
teome to drive phase separation as well as to form the
droplet state, as present within membraneless orga-
nelles. Droplet-forming or droplet-driving sequences
are enriched in the disorder-promoting amino acids,
Pro, Gly and Ser, and depleted in the order-
promoting, hydrophobic amino acids, Phe, Ile, Val,
Cys and Trp, compared with sequences that do not
undergo liquid-liquid phase separation. Droplet-
forming proteins also contain elevated levels of Asn
and Gln. In this context, the amino acid composition
of droplet-forming sequences is in between that of
globular and intrinsically disordered proteins. The
average droplet-driving potential or probability (p;;ps)
of a protein can be determined from FuzDrop along
with the droplet-driving potential of individual resi-
dues and sub-sequences [45]. It has been suggested that
the spontaneous liquid-liquid phase separation of a
protein can occur when its p;;ps value exceeds the
threshold value of 0.61 [45].

From a survey of casein sequences in 20 species,
their amino acid composition is invariably of low com-
plexity [49]. Also, except for agy-caseins, the abun-
dance of hydrophobic amino acids is between that of
typical globular proteins and typical intrinsically disor-
dered proteins [8], suggesting that og-, p- and k-
caseins might undergo liquid-liquid phase separation.
Indeed, the average p;; ps value of these unphosphory-
lated mature cow sequences (i.e. without their signal
peptides) is above the p;;ps threshold, particularly so

2074 FEBS Letters 596 (2022) 2072-2085 © 2022 Federation of European Biochemical Societies.

85U8017 SuOWILLOD aAIEa1D) 8|qeoljdde ay) Aq peusencb ae sejolie YO ‘85N JO S3|Nn 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SULBIW0D" A8 1M Ake.iq| 18Ul JUO//:SdnL) SUORIPUOD pue sLus 1 841 88S *[5202/T0/80] Uo ARiqiT8uliuo A8|iMm ‘1a JelusD eroped JO AisieAlun Aq 6T 89vE-€28T/200T 0T/I0p/L0d A8 | Im AleIq Ul IUO'STR)//StNY Wo.) pepeojumoq ‘9T ‘2202 ‘89vEELST


https://fuzdrop.bio.unipd.it/

A. Horvath et al. Casein micelles as extracellular condensates

) 7o)
(D ~

@i»/ =

(B)
Steric Zipper - ) ” Electrostatic between
SLiMs and CaP-5LiMs with Ca** (left) and CaP anionic and cationic HO-SLiMs

LARKS nanocluster bridges (right) SLiMs

® ® g @
OO © g D
c0® o I E W
® @ ® o

JisY

RN

E 3

Cation-mt interactions

NH2+-
)kN/\/\
NH,* HoN H
Hz%‘\”/\/\

Fig. 2. Examples of multivalent interactions between proteins. (A) Schematic of dynamic multivalent interactions between a pair of intrinsically
disordered proteins, such as two casein proteins within a casein micelle (reproduced with permission from [42]). Numerous weak, transient,
short-range interactions facilitate oligomerisation during phase separation of proteins [25,27,32]. The interactions are cooperative and counter-
act the loss of entropy due to the association of the proteins. (B) Schematic representation of the weak interactions between intrinsically disor-
dered proteins. Left to right: Caseins contain many steric zipper SLiMs, that is, amyloid fibril-forming hexapeptide segments, consistent with
the ability of individual caseins to form stable amyloid fibrils [6,17-20]. Low-complexity aromatic-rich kinked segments (LARKS) adopt transient
cross f-sheet structures (the characteristic structural feature of amyloid fibrils) that can interact with each other [43,44]. No LARKS have been
identified in cow caseins. Neutralisation of charges via the arrangement of charged residues into stretches of amino acids, for example, nega-
tively charged phosphoserine and Glu residues in CaP-SLiMs that bind Ca?" and CaP in caseins [6], and electrostatic interactions between oppo-
sitely charged anionic and cationic (basic) SLiMs. HO-SLiMs occur via m-n interactions (stacking) between amino acids with delocalised ©
electrons, thatis, Tyr, Trp, Phe, Arg, GIn, Asn, Asp and Glu. There are a limited number of these interactions in cow caseins as there are only a
few conserved Tyr and Phe residues within HO-SLiMs [6,8]. Cation-r interactions occur between positively charged lysine and arginine amino
acids and electron-rich aromatic amino acids. The figure is a combination of figures from [11,27], reproduced with permission.

for oag;-casein (prrps = 0.90) (Table 1). When the
sequences are examined, two droplet-promoting
regions (DPRs) of more than 25 residues are found in
unphosphorylated og;-casein, and one DPR is present

in unphosphorylated x-casein. Thus, the p;;ps values
and identification of DPRs are consistent with the
potential ability of these three unphosphorylated case-
ins to undergo phase separation on their own.
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Table 1. Droplet-driving probability (p,,ps) of mature cow caseins in their native and most prevalent phosphorylated forms (as determined
by phosphomimics, that is, substituting Glu for Ser at the phosphorylation sites). The substitution of Ala at the main sites of phosphorylation
simulates the effect of binding to the CaP nanoclusters. The mature sequences are formed when signal sequences of 15 amino acid resi-
dues are cleaved from the N-termini of agq-, as>- and B-caseins. In x-casein, 21 residues are removed. Spontaneous liquid-liquid phase sepa-

ration is indicated in bold, droplet clients in italics.

Casein Unphosphorylated Phosphomimic (Ser to Glu) CaP-bound (Ser to Ala)
o1 0.90 0.91 (8S — E) 0.82 (8S - A)

s 0.45 0.28 (11S —» E) 0.18 (11S — A)

B 0.62 0.59 (5S - E) 0.54 (6S - A)

K 0.62 0.56 (1S - E) 0.52 (1S - A)

Effects on liquid-liquid phase
separation of post-translational
phosphorylation of caseins and
binding to calcium phosphate
nanoclusters

Post-translational modifications, such as phosphoryla-
tion, affect liquid-liquid phase separation by increas-
ing or decreasing the hydrophobicity and valency of a
protein, and hence the possibility of multivalent inter-
actions [23]. The effect of phosphorylation on liquid—
liquid phase separation of caseins was assessed by
comparing the p;;ps values of the unphosphorylated
sequences with sequences in which the main phospho-
rylation sites were changed to Glu as a phosphomimic.
The cow ag;- and ag,-caseins occur as a range of phos-
phoforms but, for the present purpose, the calculations
were limited to the most common phosphoforms, hav-
ing 8, 11, 5 and 1 phosphoserines in og;-, og>-, B- and
K-casein, respectively. In considering the effects of
phosphorylation on the p;;ps value of caseins, a dis-
tinction needs to be drawn between the free and bound
caseins in casein micelles. The casein sequences that
are phosphorylated and bound directly to the CaP
nanoclusters will have their ability to participate in
multivalent protein—protein interactions altered, which
may affect LLPS of different caseins. To mimic the
effect of binding to the CaP nanoclusters and the
resultant charge neutralisation, the main sites of phos-
phorylation at Ser residues were changed to Ala [50]
and p;; ps values were calculated.

The p;rps values of the unphosphorylated and the
phosphomimic forms of the cow caseins are compared
in Table 1. The data indicate that the addition of the
negative charges associated with Ser phosphorylation
has little effect on the propensity for og;-, p- and
Kk-caseins to undergo phase separation. The effect on
olgo-casein is relatively more pronounced, but this pro-
tein is the only unphosphorylated casein to have a
prrps value below the threshold. The Ala substitutions
at the main sites of phosphorylation lead to a

reduction in p;; pg values for all four caseins, which is
largest for agp-casein (Table 1). The low p;;ps value
of agy-casein (Table 1) is in contrast to the p;;ps val-
ues for the other caseins and implies that og,-casein
does not phase separate. However, it could do so via
the client mechanism [45] by interacting with the other
caseins within the casein micelle. The client mechanism
is enabled by DPRs, which can form disordered inter-
actions.

The droplet-promoting propensity profiles (ppp val-
ues versus amino acid sequence number) of the casein
phosphomimics are presented in Fig. 3. P,Q-rich
sequences in intrinsically disordered proteins often par-
ticipate in protein—protein interactions [10]. We previ-
ously noted [10] that the P,Q-rich sequences in caseins
are polar tracts, which impart conformational flexibility
to caseins. The interactions between polar tract
sequences have low sequence specificity. Polar tract
sequences in caseins are defined by the start and end
points of the longer exons encoding them: L149-W199
in og;-casein, N83-L123 and K165-V204 in og,-casein,
D43-1208 in B-casein and C11-V169 in x-casein. The
polar tract in k-casein comprises the N-terminal P,Q-
rich region (C11-S104) and F105-V169 (the so-called
macropeptide), which is mucin-like in containing many
hydroxylated serine and threonine residues. Of the
DPRs, the long sequence Q172-W199 in ag;-casein, the
last four of the five sequences in B-casein (wholly or
partly) and T94-M95 in k-casein are located in the P,Q-
rich sequences of each protein. In k-casein, a DPR
(P110-E140) is present within its macropeptide region.

We have previously reported that the amyloid fibril
core regions of x-casein (Y25-P86), agy-casein (AS81-
K113) and B-casein (Y114-V209) are contained within
their respective P,Q-rich sequences [20,51,52]. The fib-
ril core region of og;-casein has not been determined.
For ag,-, B- and «x-casein, there is little correlation
between the fibril core regions and DPRs (Fig. 3).
Similar behaviour is observed for a-synuclein, the pro-
tein whose amyloid fibril formation is intimately
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Aggregation hot spots were identified by
FuzDrop, which also predicts the
propensity of aggregation based on
droplet-promoting propensity and binding
mode entropy [33].

associated with Parkinson’s disease.

0 Droplet promoting regions (DPRs)
3-9

94-95 110-140 168-169
1 e

Aggregation hot-spots
3-9

110-118123-127 137-140

20

The disorder-

promoting propensity profile of a-synuclein predicts

that the disordered polar C-terminal region drives dro-
plet formation entirely (Fig. 4B of [45]), yet this region
is not part of the fibril core of the protein [53]. In con-
trast to a-synuclein, the disorder-promoting propensity
profile of ag;-casein reveals that its DPRs are scattered

throughout the amino acid sequence of og-casein
(Fig. 3A). The scattering of DPRs through the
sequences also occurs for B- and k-casein (Fig. 3C,D).
In principle, this occurrence would facilitate multiva-
lent interactions between the caseins across their
sequences and hence contribute to contact site redun-
dancy during droplet and casein micelle formation.
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Fig. 4. Protein solubility profiles (intrinsic residue solubility versus amino acid sequence) for mature cow caseins as predicted by the
CamSol method (https://www-cohsoftware.ch.cam.ac.uk/) [54]. The regions in red (< —1 a.u. of intrinsic residue solubility) correspond to
those most likely to aggregate. (A) agqi-casein, (B) asp-casein, (C) B-casein, (D) k-casein.
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In a similar manner, there is good correlation
between the fibril core regions in og,-, B- and k-casein
and the aggregation-promoting hot spots within their
mature amino acid sequences, as identified by the
CamSol method [54]. In all these three caseins, the
regions with the lowest intrinsic solubility are present
within the experimentally determined fibril cores
(Fig. 4), and, in the main, these regions do not coin-
cide with the DPRs.

Re-entrant condensation is a phenomenon that
describes the overall phase behaviour of biomolecules,
polyelectrolytes and colloids arising from charge neu-
tralisation in the presence of multivalent ions [55].
Inside cells, liquid-liquid phase separation is nucleated
and seeded by polyanions such as RNA and polyphos-
phates such as ATP via charge—charge interactions
with the proteins concerned. By analogy, in milk,
polyanions such as citrate (present at a concentration
of 8-10 mm in cow milk) and phosphate may play a
similar role in nucleating liquid-liquid phase separa-
tion of caseins to form casein micelles. In contrast to
the intracellular regime where ATP concentrations are
in the mM range, the concentration of ATP is very
low in milk as in other extracellular media where ATP
is present in the nM range [56]. Hence, ATP is unlikely
to have a role in liquid-liquid phase separation of
caseins. Consistent with the involvement of anions in
casein phase separation, Vollmer et al. [57] recently
used pentasodium triphosphate (and processing condi-
tions analogous to the production of processed cheese)
to disrupt the casein micelle leading to phase separa-
tion of the caseins and ultimately conversion of
k-casein (and possibly one or more of the other case-
ins) into amyloid fibrils.

The binding of caseins to CaP-SLiMs and subse-
quent nanocluster formation could also create nucle-
ation sites promoting casein liquid-liquid phase
separation to form casein micelles. This effect is
unique to the extracellular environment as no intracel-
lular CaP nanoclusters have been described.

As mentioned above, agy-casein and k-casein form
amyloid fibrils under physiological conditions in the
absence of the other caseins and CaP. The alteration
of Ser to Ala in the CaP-SLiMs of ag,-casein reduced
its prrps value to 0.18 from 0.45 (unphosphorylated
form) and 0.28 (Ser to Glu form) (Table 1). The Ser
to Ala variant of ag,-casein only has one very short
DPR and aggregation hot spot (M4-E5) in its droplet-
promoting propensity profile, compared with six aggre-
gation hot spots of 9, 1, 2, 7, 1 and 10 amino acids in
length in the unphosphorylated form (Fig. 5A,B).
Examination of «k-casein reveals a less pronounced
effect upon comparing the unphosphorylated form to

Casein micelles as extracellular condensates

the Ala variant, which is probably associated with its
absence of CaP-SLiMs, and only having one phospho-
rylation site at S149. However, the p;;ps value and
the number of aggregation hot spots are reduced upon
mimicking the removal of phosphorylation with the
prrps values of 0.62 and 0.52, respectively, for the
unphosphorylated and Ser to Ala variant (Table 1),
and five and four aggregation hot spots encompassing
25 and 14 amino acids in total, respectively (Fig. 5C,
D). Thus, mimicking the loss of charge at the sites
associated with CaP binding in oag,-casein leads to a
reduction in its propensity to aggregate and form a
droplet. As a result of binding to CaP within casein
micelles, ag,-casein is stabilised and amyloid fibril for-
mation is minimised. Weaker stabilisation possibly
occurs due to interaction between k-casein and CaP
within casein micelles.

Liquid-liquid phase separation,
caseins, amyloid fibrils and molecular
chaperones

Under physiological conditions, association of caseins
into micelles prevents og,- and x-casein (and possibly
the other caseins) from forming amyloid fibrils due to
the molecular chaperone action of the caseins
[18,19,58]. In addition, casein micelle formation pre-
vents the sequestered nanoclusters of CaP from form-
ing pathological calcified deposits during the storage
of milk in the cisterns and ducts of the mammary
gland. So, successful is this mechanism that a mother
may go through repeated cycles of mammary gland
development, lactation and tissue remodelling during
involution and quiescence so that the gland remains
functional throughout her reproductive life [59].

Many intrinsically disordered proteins that undergo
phase separation are also prone to amyloid fibril for-
mation either upon ageing or under suitable solution
conditions. In this case, intrinsically disordered pro-
teins convert from their native to amyloid state via a
metastable droplet state (Fig. 6) [45]. Even when the
condensed droplet and amyloid states are thermody-
namically more stable than the native state, they are
separated by free energy barriers that delay the conden-
sation process. Within the casein micelle, stabilisation
between the caseins due to multivalent interactions
increases the free energy barrier for converting caseins
from the droplet to amyloid states, particularly for
os>- and k-casein. Thus, these interactions impede the
conversion to the amyloid state.

The structure and chaperone ability of caseins are
analogous in many ways to those of the unrelated,
intracellular small heat-shock proteins (sHsps)
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[8,10,60]. Furthermore, some of the human sHsps are
involved in phase separation processes [61]: (a) HspB2
undergoes concentration-dependent liquid-liquid phase
separation in mammalian cells, which is regulated by
its partner sHsp, HspB3, with which it forms a stable
3:1 HspB2:HspB3 tetramer in vitro [62], (b) HspBS8
plays a central role in maintaining the liquid properties

140 160 interactions [33].

of FUS droplets, and (c) HspBl (Hsp27) and HspB5
(aB-crystallin) are recruited into intracellular mem-
braneless organelles upon heat shock, a process which
is regulated by their phosphorylation. The p;;ps val-
ues of these sHsps reflect their phase separation capa-
bilities (Table 2) [45]. Like caseins, sHsps form large,
dynamic, heterogeneous and polydisperse aggregates
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LLPS

AG

amyloid
state

Fig. 6. Free energy profile for the conversion of a native protein to
its amyloid state via the droplet state. Above the critical
concentration for condensation, the droplet and amyloid states are
lower in free energy than the native state. Within a membraneless
organelle, the protein is trapped in the droplet state by high free
energy barriers (blue and green). In this model, when cow as,- and
K-caseins are incorporated into casein micelles, the free energy
minimum corresponding to the liquid condensate is stabilised by
the many transient, multivalent interactions with the other caseins
via a chaperone action that prevents ag,- and x-casein from con-
verting to the amyloid state. Relatively strong binding of the major-
ity of ag-, aso- and B-caseins to the CaP nanoclusters also reduces
the possibility of their conversion into amyloid fibrils. In the
absence of other caseins, the free energy barrier for conversion to
the amyloid state is low (orange), either by a destabilisation of the
transition state (as shown) or of the droplet state, and as,- and
K-casein can progress to the amyloid state. Reproduced from
Hardenberg et al. [45].

Table 2. Droplet-driving probability (p, ps) of selected human
sHsps (data set S7 in Hardenberg et al. [45]). Spontaneous droplet
formation is indicated in bold, droplet clients in italic.

sHsp PLLps
HspB1 0.64
HspB2 0.80
HspB3 0.25
HspB5 0.51
HspB8 0.96

and contain extensive disorder in their N- and C-
terminal regions [63] that are proposed to regulate
sHsp involvement in phase separation [61].

Via their chaperone action, caseins and sHsps pre-
vent the amorphous and amyloid fibrillar aggregation
of their client proteins [60,64]. Caseins inhibit proteins
from aggregating by interacting with them at the early
stages of their misfolding pathways, as occurs with
sHsps [63,65,66]. These interactions may lead to the
association between the molecular chaperones and
their client proteins. For this reason, caseins and sHsps
are sometimes classified as holdase chaperones because
they have no ability to refold client proteins, for exam-
ple, via ATP hydrolysis.

Casein micelles as extracellular condensates

Multiple short peptide regions of the major sHsp,
HspBS (aB-crystallin), exhibit chaperone activity on
their own, that is, as isolated, unstructured peptides
[67]. The chaperone interactions are both hydrophobic
and hydrophilic in nature and are transient and
dynamic. During the chaperone action with a client
protein, multivalent interactions occur for these
regions within whole (intact) HspBS5. Intriguingly,
many of the peptides involved in chaperone action also
form part of the interface involved in subunit-subunit
interactions within the HspBS5 oligomer [68]. Thus,
there is a commonality of regions participating in the
multivalent interactions between the subunits of
HspB5 in its oligomeric state and the interactions of
HspB5 with client proteins during the chaperone
action. The multivalent interactions that characterise
the association of caseins within the casein micelle are
likely also responsible for interacting with destabilised
client proteins during the chaperone action of caseins.
However, due to the absence of a significant number
of hydrophobic and order-promoting residues and
HO-SLiMs in caseins, the multivalent interactions
involved in chaperone interactions are mainly hydro-
philic in nature [6,8].

Conclusions and future directions

Caseins are intrinsically disordered proteins that associ-
ate in milk to form casein micelles via transient multiva-
lent interactions. Small ions and post-translational
modifications, in particular phosphorylation that
enables multiple casein protein-CaP nanocluster interac-
tions, contribute to these interactions and hence to
casein micelle formation. As a result of these properties
and behaviour, caseins exhibit marked similarities with
intrinsically disordered proteins that undergo intracellu-
lar liquid-liquid phase separation to form membraneless
organelles. Within casein micelles, multivalent interac-
tions facilitate the chaperone action of caseins to pre-
vent their conversion into amyloid fibrils. Thus, one
could consider that caseins are balanced between the
native, droplet and amyloid fibrillar states (Fig. 6).

A schematic summary of the conversion of caseins
via phase separation into casein micelles is presented
in Fig. 7. On the basis of the arguments presented
here, casein micelles can be described as extracellular
condensates. By comparing these condensates with
extracellular membrane-bound organelles (e.g. exo-
somes, shedding microvesicles and apoptotic blebs),
one could characterise casein micelles as membraneless
organelles formed extracellularly. The existence of
extracellular condensates would fill a conceptual gap
in biophysical terms because inside the cell proteins
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Casein micelles as extracellular liquid-like condensates
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Fig. 7. Schematic illustration of casein micelles as extracellular condensates containing intrinsically disordered caseins, CaP nanoclusters
and small ions such as Ca?". An expanded snapshot of the liquid droplet-like structure near the surface of one of the CaP nanoclusters in
the multivalent model of casein micelles [11,14] is also shown. Droplet-promoting regions involved in transient interactions between the
caseins, such as those predicted by the FuzDrop method (Figs 3 and 5), are shown in blue. Small ions, caseins bound directly to the CaP
surface via CaP-SLiMs (in red) (~ 70% of agq, as> and PB) and the remaining free caseins (~ 30% of agy, as, and B and 100% of k) can
exchange with the continuous phase over a range of timescales. According to this model, free casein molecules not bound to CaP nanoclus-
ters near the micelle surface may readily exchange with casein molecules in the serum, while those bound to CaP nanoclusters may form

more gel-like assemblies.

can exist in three states (native, liquid-like condensate
and solid-like amyloid) [45], while outside the cell, so
far, proteins have been shown to populate only two
states (native and amyloid).

The likelihood that caseins undergo liquid-liquid
phase separation to form casein micelles via a process
that has many similarities to the formation of intracel-
lular biomolecular condensates may provide novel
opportunities for researchers investigating casein struc-
ture and function and their interactions, and in the
utilisation of caseins in the dairy and food industries.

Nutritionally, casein micelles are deconstructed and
utilised as a readily accessible and concentrated source
of proteins and calcium. Casein micelle formation in
milk also protects the mother and her mammary
glands from the adverse effects of inadvertent biocalci-
fication and toxic casein amyloid fibril formation
[59,69] due to casein sequestration of CaP nanoclusters
and the chaperone action of the caseins. The former
may be a specific example of a more general physio-
logical mechanism [12,70]. In this sense as SCPPs,
caseins are involved in the control of biocalcification.
SCPPs also include salivary proteins, proteins involved

in bone and tooth formation (e.g. amelogenin) and the
widely distributed secreted phosphoprotein 1 or osteo-
pontin (OPN). All are known, or predicted to be,
intrinsically disordered and several of them form amy-
loid fibrils. Most have SLiMs that bind CaP when
phosphorylated and, experimentally, the N-terminal
phosphopeptide of OPN forms CaP nanocluster com-
plexes [71]. Future computational and experimental
studies will investigate the interactions between caseins
themselves and within casein micelles. Similar studies
could be undertaken with other SCPPs to determine
their propensity to phase separate to form extracellular
condensates.
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