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The study demonstrates two strategies, phosphorylation of αs1-casein using Bacillus subtilis kinases and phosphomimetic 

substitution of αs1-casein, to generate functional recombinant αs1-casein in Escherichia coli. Mass spectrometry and two-di-

mensional gel electrophoresis (2DE) confirm site-specific phosphorylation, while functional assays reveal calcium-binding ca-

pacity and structural mimicry, offering a foundation for animal-free dairy protein innovation. 

Highlights 
A major challenge in producing caseins 
in microbial systems is their reliance on 
essential post-translational modifica-
tions, particularly phosphorylation. Phos-
phorylation of serine residues is critical for 
calcium binding and the formation of col-
loidal calcium phosphate nanoclusters, 
both of which are fundamental to casein 
micelle assembly and contribute to their 
functional and nutritional properties in 
dairy systems. 

A phosphorylation pattern similar to bo-
vine αs1-casein was achieved in recom-
binant αs1-casein through the use of 
Bacillus subtilis kinases PrkD and YabT. 

Phosphomimetic casein offers a feasible 
alternative to phosphorylation while 
maintaining functional properties. 

Both phosphorylated and 
phosphomimetic caseins exhibited sig-
nificantly higher calcium-binding capac-
ity compared with unphosphorylated 
caseins. 
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Technology readiness 
Achieving the correct phosphorylation 
pattern is a significant challenge in 
utilizing recombinant caseins for food 
applications, as it is critical for their 
functionality and poses a major barrier 
to commercialization. The use of 
bacterial kinase co-expression to 
phosphorylate αs1-casein, mimicking 
the native phosphorylation pattern, 
and an alternative phosphomimetic 
strategy to bypass the requirement for 
phosphorylation have been success-
fully established for the first time. 
These caseins were tested for their 
ability to bind calcium at the laboratory 
scale. Calcium-binding capability is 
essential for the formation of casein 
micelles, which are critical for casein 
functionality in food matrices. As this 
has been demonstrated at the labora-
tory scale, the current Technology 
While the demand for milk proteins is on the rise, sustainability concerns dictate 
a reduction in animal-based agriculture. Microbial cell factories can be a viable 
alternative, but their inability to phosphorylate recombinant caseins is a major 
bottleneck, since phosphorylation is needed for calcium binding and functional-
ity. We propose a solution that involves engineering bacteria to co-express 
bacterial protein kinases, resulting in recombinant caseins with the native phos-
phorylation pattern and functional properties. We successfully phosphorylated 
αs1-casein in Escherichia coli using bacterial kinases, achieving phosphorylation 
at all native sites. To complement this approach, we developed an alternative 
phosphomimetic strategy by substituting serine residues with aspartate to 
mimic phosphorylation. Structural and functional characterization of all the 
phosphorylated/phosphomimetic recombinant αs1-caseins demonstrated prop-
erties comparable with those of bovine α-casein, including calcium-binding af-
finity, digestibility, and structural integrity. Notably, phosphomimetic αs1-casein 
may offer a simpler system, while phosphorylated casein more closely resembles 
bovine casein. This approach has significant implications for the development of 
alternative protein sources, addressing both sustainability and functional de-
mands in the food industry. 
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Readiness Level (TRL) is assessed at 4.
Introduction 
Milk proteins are an integral part of human nutrition and exhibit an array of functional properties 
that significantly contribute to the taste, texture, and flavor of various dairy products [1–3]. 
These proteins, primarily fractionated into caseins and whey proteins, are highly valued for their 
nutritional profile and bioavailability, making them a preferred source of protein for both infants 
and adults [4]. However, despite their nutritional benefits, conventional dairy production is often 
criticized for its environmental impact and ethical concerns regarding animal welfare [5,6]. As 
the demand for dairy proteins continues to rise, these challenges underscore the need for alter-
native and sustainable milk production methods. 

The global casein market was valued at US$2.7 billion in 2023, with projections indicating growth 
at a compound annual growth rate of 6.3%, reaching US$4.9 billion by 2033 [7]. Caseins are 
particularly valued in the food and pharmaceutical industries due to their biocompatibility and ver-
satility. In food applications, they contribute to foaming, emulsification, and stabilization, while, in 
pharmaceuticals, their solubility, gelation, and binding properties make them ideal for drug formu-
lation [8,9]. In addition, caseins are a preferred nutraceutical for sports professionals and individ-
uals with specific nutritional needs. However meeting the growing demand for casein-based 
products requires an increase in dairy production, which, in turn, exacerbates environmental con-
cerns and reinforces the need for alternative production technologies. 
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In this context, precision fermentation and cellular agriculture offer promising alternatives for pro-
ducing sustainable animal proteins [10–12]. Microorganisms have long been utilized as cell facto-
ries in food and pharmaceutical applications, facilitating the production of dietary supplements, 
enzymes, and other biomolecules [13–16]. Advances in biotechnology have expanded the reper-
toire of microbial hosts beyond traditional model organisms, allowing the reengineering of diverse 
microbial species for recombinant protein production [17]. This has led to the successful 
commercial-scale expression of whey proteins through precision fermentation, with these pro-
teins now marketed at a premium [18–20]. 

However, achieving functional casein production via microbial systems remains a significant chal-
lenge. One of the primary obstacles in recombinant casein production is the need for proper post-
translational modifications (PTMs), particularly phosphorylation. While whey proteins, particularly 
β-lactoglobulin, can be expressed efficiently in microbial hosts due to their lack of PTMs, such as 
phosphorylation or glycosylation, caseins require precise phosphorylation to retain their func-
tional properties, especially their ability to bind amorphous calcium phosphates and form mi-
celles. Prokaryotic hosts, such as E. coli, lack the specificity and regulation required for 
accurate mammalian protein phosphorylation, whereas eukaryotic hosts, such as yeasts and 
fungi, introduce non-native modifications, including mannosylation and glycosylation, which do 
not occur in bovine α- and β-caseins [21–24]. In addition, these hosts contain intracellular and ex-
tracellular proteases that can degrade recombinant proteins [12]. Due to their flexible and un-
structured nature, caseins are particularly susceptible to proteolytic degradation [25]. Along 
with incomplete phosphorylation, these challenges hinder the successful production of bovine 
identical caseins. 

Caseins are a unique family of phosphoproteins that constitute the major protein fraction of milk, 
having a crucial role in mineral sequestration, structural assembly, and molecular interactions 
within dairy systems [26,27]. Unlike many globular proteins, caseins are intrinsically disordered, 
lacking a defined tertiary structure and exhibiting high net charge and low hydrophobicity, 
which allows them to interact dynamically with multiple proteins [28]. This structural plasticity is 
largely attributed to their high proline content (9% in αs1-casein and 18% in β-casein), along 
with the absence of disulfide bridges, resulting in an open, flexible conformation [29]. The intrin-
sically disordered nature of caseins is crucial to their function, providing key advantages, such 
as mineral binding and chaperone-like properties [30,31]. 

This key functional aspect of caseins, their ability to bind calcium, is primarily mediated by 
phosphoseryl (SerP) residues. The strength of this interaction depends on the number and 
arrangement of these residues, particularly in calcium-sensitive caseins, such as αs2-casein 
(10–13 SerP per molecule), αs1-casein (eight to nine SerP), and β-casein (five SerP) [30,32–34]. 
When three or more SerP residues are clustered, they form phosphate centers (PCs) that en-
hance calcium-binding capacity and facilitate micelle formation [35–37]. To effectively sequester 
calcium phosphate, PCs must be present in excess compared with calcium phosphate, ensuring 
micelle stability and thermodynamic balance in milk [38]. The casein micelle, ~100 nm in radius, is 
an assembly of nanoclusters, each containing ~50 PCs [39], which collectively promote calcium 
phosphate transport and aid neonatal digestion. 

In dairy applications, micellar structures are particularly important for cheese production, where 
proteolysis of κ-casein under optimal conditions destabilizes the micelles, leading to aggregation 
and curd formation [40,41]. Studies with partially and fully dephosphorylated caseins have demon-
strated their inability to form micelles, because dephosphorylated caseins exhibit reduced calcium-
binding capacity [42]. Furthermore, when incorporated with native caseins, dephosphorylated
2 Trends in Biotechnology, Month 2025, Vol. xx, No. xx
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caseins disrupt the gel network, affecting the overall texture of dairy products [43]. These findings 
underscore the necessity of phosphorylation for casein functionality, particularly in dairy processing 
and cheese manufacturing. 

Previous attempts to phosphorylate recombinant β-casein analogs using casein kinase II in E. coli 
achieved high phosphorylation levels and biomimetic micelle formation, although efficiency was 
lower for native casein sequences [44,45]. In addition, biomimetic micelles differed structurally 
from native micelles, particularly in their kinetics of calcium sequestration and aggregation behav-
ior [44]. A breakthrough in microbial production of functional milk proteins, specifically in achieving 
high levels of native phosphorylation patterns in biologically identical caseins, would revolutionize 
the dairy industry, reducing the need for intensive animal farming while improving sustainability 
and animal welfare. 

In this study, we engineered E. coli to phosphorylate αs1-casein, both in vitro and in vivo, using 
bacterial kinases. Various serine/threonine protein kinases were assessed for their specificity to-
ward bovine αs1-casein. Phosphorylation sites were validated on in vitro phosphorylated samples 
using liquid chromatography-mass spectrometry (LC-MS), and subsequently assessed on in vivo 
phosphorylated variants by two-dimensional gel electrophoresis (2DE). Ca2+ binding and fluores-
cence spectroscopy analyses were conducted to assess the structural and functional similarity of 
recombinant caseins to bovine caseins. These results provide insights that could contribute to 
optimizing recombinant casein production and enable future advances in precision fermentation 
for sustainable dairy alternatives. 

Results 
Expression of proteins 
To identify suitable kinases for phosphorylating milk proteins, we targeted enzymes with specific-
ity for the S-x-E/pS motif (where E/pS represents glutamic acid or phosphorylated serine, and x is 
any amino acid). GEF-CK, which phosphorylates milk proteins in bovine mammary glands, 
served as a reference. Based on this, human and bovine Fam20C kinases were selected 
[46,47]. However, producing complex mammalian proteins, such as Fam20C, in bacterial sys-
tems is challenging and, to date, successful expression of human Fam20C has only been 
achieved in human cell lines [48]. As expected, attempts to express two different versions of 
Fam20C kinase in E. coli were unsuccessful due to protein aggregation (Figure S1 in the supple-
mental information online). Consequently, we turned to well-characterized bacterial Ser/Thr ki-
nases that are more suitable for expression in E. coli. We chose three Hanks-type kinases 
[49,50] from Bacillus subtilis: PrkC, PrkD, and YabT [51], which are known for their relaxed spec-
ificity toward phosphorylated residues. For PrkC and PrkD, the active domains can be expressed 
without regulatory domains (Figure 1A), ensuring constitutive kinase activity. Expression of αs1-
casein, and the kinases were controlled under IPTG inducible T7/T5 promoter at optimal condi-
tions. To assist with folding and solubility, kinases were co-expressed with chaperones GroES/ 
EL. SDS-PAGE analysis revealed distinct bands of the proteins (Figure 1B,C). Despite the theo-
retical molecular weight of 27.4 kDa with a 6xHis-tag, αs1-casein was detected at a higher 
mass of ~35 kDa, consistent with previous studies [52,53].

In vitro and in vivo phosphorylation of recombinant αs1-caseins 
Given that αs1-casein (Rαs1) expressed in E. coli did not have any phosphorylation, we assessed 
whether these kinases could phosphorylate the purified Rαs1 using an in vitro assay based on in-
corporation of radioactive 32 P. All three bacterial kinases were capable of phosphorylating Rαs1 
in vitro to some extent, with PrkD and YabT yielding the strongest signals, along with evidence 
of their enzymatic activity through autophosphorylation (Figure 1C). Next, we verified the identity
Trends in Biotechnology, Month 2025, Vol. xx, No. xx 3
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Figure 1. In vitro phosphorylation of αs1-casein by bacterial kinases PrkD, YabT, and PrkC. (A) Schematic of 
engineered active kinase domains from Bacillus subtilis native form into Escherichia coli co-expressing form, achieved by 
clipping transmembrane helices and PASTA domains. For YabT, both the domain and the DNA-binding motif (DBM) were 
retained. (B) SDS-PAGE of total protein extracts of strain expressing αs1-casein (Rαs1). (C) Autoradiograph revealing the 
phosphorylation signals from in vitro kinase assays. The first lane of each gel shows the respective kinases (PrkD, YabT, 
and PrkC) without Rαs1, highlighting the autophosphorylation bands of each kinase. The second lane of each gel displays 
the phosphorylation of Rαs1 by the specific kinases. Arrows point to the respective protein bands. (A) created using 
BioRender (biorender.com).
of amino acid residues on αs1-casein phosphorylated by each kinase using LC-MS. PrkD phos-
phorylated all nine native sites [46,54,55], and YabT phosphorylated eight of them (Figure 2A), 
demonstrating that these two kinases not only exhibited the highest phosphorylation activity, 
but also closely replicated the native phosphorylation pattern. PrkC phosphorylated only one na-
tive residue and, thus, was not investigated further. All bacterial kinases also phosphorylated sev-
eral nontarget residues in αs1-casein (Figure 2A). Following in vitro phosphorylation and phospho-
protein analysis, the kinases that achieved successful phosphorylation at the native serine sites 
(PrkD and YabT) were chosen for in vivo phosphorylation. Achieving phosphorylation during pro-
tein expression removes the need for separate in vitro phosphorylation steps, reducing time, cost, 
and complexity in downstream processing. 

PrkD and YabT were co-expressed with αs1-casein (PrkD, Rαs1-PD; YabT, Rαs1-YT) in a pET15b 
vector under the T7 promoter with the induction of IPTG at optimal conditions (Figure 2B). All 
three αs1-caseins(Rαs1,  Rαs1-PD, and Rαs1-YT) were purified using affinity chromatography, 
and separated on a 2D gel to visualize the phosphorylation pattern and total protein. Considering 
the isoelectric range relevant for casein, an 11-cm immobilized pH gradient (IPG) strip (pH 4–7) 
was used for isoelectric focusing, followed by separation by SDS-PAGE in a second-dimension 
gel. Pro-Q diamond staining followed by SYPRO Ruby total protein staining enabled mapping 
of the kinase phosphorylation. Pro-Q diamond staining of the 2D gels in Figure 2C revealed 
that, when co-expressed with either PrkD or YabT, αs1-casein was heavily phosphorylated, yield-
ing a signal comparable with that of commercial native phosphorylated α-casein (α-Cn). The total
4 Trends in Biotechnology, Month 2025, Vol. xx, No. xx
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Figure 2. Phosphorylation of αs1-casein. (A) Native and non-native sites from in vitro phosphorylation of αs1-casein, identified using liquid chromatography-mass 
spectrometry (LC-MS). (B) SDS-PAGE of total protein extracts of lysate from Escherichia coli expressing phosphomimetic αs1-casein (Rαs1-PM) and E. coli co-
expressing αs1-casein and respective kinases [YabT (Rαs1-YT) and PrkD (Rαs1-PD)]. Arrows point to the respective protein bands. (C) pH 4–7 immobilized pH gradient 
(IPG) strips were used for isoelectric focusing, followed by SDS-PAGE in the second dimension and staining with phosphoprotein stain Pro-Q diamond and total 
protein stain SYPRO Ruby for mapping phosphorylation levels induced by the different kinases relative to the total protein. α-casein (α-cn) was used as a positive control. 
protein stain with SYPRO Ruby revealed five and four isoforms of Rαs1-PD, and Rαs1-YT, respec-
tively. Of these, four in Rαs1-PD, and two in Rαs1-YT were phosphorylated based on the signal 
from Pro-Q diamond staining, while the unphosphorylated Rαs1-casein led to no signal. 

One strategy to compensate for phosphorylation loss is the use of phosphomimetic mutations, where 
negatively charged glutamic acid or aspartic acid residues replace serine phosphorylation sites. 
Phosphomimetic mutants on other proteins have shown structural and functional similarities to phos-
phorylated serines by mimicking conformational states and enhancing mineral binding [56,57]. 

In this study, phosphomimetic αs1-casein (Rαs1-PM) was generated by substituting the eight potential 
serine residues with aspartic acid and expressed in the bacterium (Figure 2B). Along with Rαs1-PM, 
the phosphorylated caseins (Rαs1-PD and Rαs1-YT) were also examined to determine whether 
these recombinant αs1-caseins retained functional properties relevant to food applications. 

Functional characterization of recombinant αs1-caseins 
Digestibility analysis of recombinant αs1-caseins. The digestibility of all the recombinant αs1-
caseins, including in vitro phosphorylated samples, was assessed using simulated gastrointestinal 
fluids [simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)]. The INFOGEST static in vitro
Trends in Biotechnology, Month 2025, Vol. xx, No. xx 5
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digestion protocol was adapted to visualize the kinetics of the protein hydrolysis [58]. Figure 3 
shows protein degradation during the oral, gastric, and intestinal phases with time-resolved 
sampling on an SDS-PAGE gel. By the end of the intestinal phase, all proteins were completely 
digested. The digestion profiles of all the recombinant αs1-caseins were qualitatively similar, ex-
cept for the phosphomimetic variant, which exhibited slightly higher stability in SGF. Overall, 
this aligns with previous studies on bovine α-casein, which show rapid hydrolysis during 
digestion [59]. 

Calcium binding affinity of recombinant αs1-casein. To assess the impact of phosphorylation on 
mineral binding, we measured the calcium-binding affinity of Rαs1-PD, Rαs1-YT, and Rαs1-PM 
using a colorimetric assay (Figure 4). Binding affinity was determined by quantifying the chromo-
genic complex formed between free calcium ions and O-cresolphthalein at 575 nm. The 
difference in the bound calcium ions between the phosphorylated and dephosphorylated bovine
TrendsTrends inin BiotechnologyBiotechnology 

Figure 3. In vitro simulated gastrointestinal digestion of caseins. The oral phase (green), gastric phase (purple), and intestinal phase (red) are indicated. Digested 
samples were analyzed by SDS-PAGE. α-casein (α-cn) was used as a positive control. In vitro phosphorylated casein samples are indicated as IP. Schematic of human 
gastrointestinal tract created using BioRender (biorender.com). Abbreviations: SA, simulated salivary fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid. 
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The 
bar graph depicts the calcium binding 
affinity of the protein samples. α-cn (αs1-
and αs2-casein) was used as a positive 
control. Y-axis represents calcium-binding 
affinity as a function of nmol per mg of 
protein. In vivo phosphorylated αs1 

caseins were used in the study. Data 
are mean ± standard deviation (SD) (n 
=3); analyzed using two-way ANOVA 
followed by Šídák's multiple 
comparisons test: *P <0.05, ***P 
<0.001, ****P <0.0001, ns, not 
significant. Comparisons were made 
between control α-cn and recombinant 
αs1 caseins, and recombinant αs1 caseins 
with their dephosphorylated counterparts. 
Abbreviation: Dp, dephosphorylated. 

Figure 4. Calcium-binding assay. 
α-casein demonstrated the role of phosphorylation in mineral binding. While nonphosphorylated 
serine residues can bind calcium to some extent, phosphorylation substantially enhances this 
capacity [60,61]. 

Results indicated that phosphorylation significantly enhanced calcium binding, as shown by the in-
creased Ca2+ affinity in phosphorylated casein compared with the unphosphorylated αs1-casein. 
Dephosphorylated caseins exhibited a notable reduction in binding affinity, demonstrating the 
critical role of phosphorylation in mineral interactions. Interestingly, the phosphomimetic variant 
(Rαs1-PM) exhibited stronger calcium binding. This can be attributed to the negative charge of 
the phosphomimetic residues facilitating a stronger electrostatic interaction between the protein 
and the Ca2+ ions, which are naturally present in phosphorylated proteins. This observation aligns 
with previous findings, where aspartate has been shown to enhance calcium binding in α-
lactalbumin [62,63]. Substituting potential serine residues with aspartates could partly mimic phos-
phorylated serine. 

Structural characterization using intrinsic fluorescence. To further investigate the structural effects 
of in vivo phosphorylation and phosphomimetic modifications, we analyzed the intrinsic fluores-
cence emission spectra of the recombinant αs1-caseins. Fluorescence emission primarily arises 
from aromatic residues phenylalanine (Phe), tryptophan (Trp), and tyrosine (Tyr), with Trp typically 
dominating the emission spectra due to its longer emission wavelengths, higher extinction coef-
ficient, and greater quantum yield compared with Phe and Tyr [64]. Prior research on αs1-casein 
showed that Trp179 (164 without the signal peptide) accounts for ~80% of its conformational 
changes, with calcium concentration having a critical role in modulating fluorescence intensity 
[65]. Given that Trp is highly sensitive to its surrounding environment, distinct fluorescence pat-
terns were observed across the proteins (Figure 5A–C). The 3D excitation (Ex)-emission (Em) ma-
trix (EEM) for αs-caseins highlighted Trp (Ex. 290 nm, Em. 340–350 nm) and Tyr (Ex. 275 nm, Em.
Trends in Biotechnology, Month 2025, Vol. xx, No. xx 7
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Figure 5. Structural characterization of bovine α-casein, in vivo phosphorylated and phosphomimetic αs1-
casein. 2D and 3D-fluorescence spectroscopic analyses: (A) 3D fluorescence spectra were recorded with excitation 
range 210–495 nm and an emission range 230–520 nm, at 700 V. (B) Emission spectra of recombinant αs1-caseins at 
290 nm, highlighting tryptophan contributions. Fluorescence intensities were normalized to the maximum value of the data 
set. (C) Emission spectra of recombinant αs1-casein at 275 nm, highlighting tyrosine contributions. α-casein (α-cn) was 
used as a positive control. 
303–310 nm) as the primary fluorophores with varying intensities. The 2D analysis further 
revealed distinct emission maxima (λmax) across samples, indicating structural differences. 
α-casein, with its λmax of 344 nm, indicated that Trp is exposed to polar solvent, suggesting 
an expanded conformation in the vicinity of Trp. By contrast, the phosphorylated/ 
phosphomimetic αs1-caseins, Rαs1-PD, Rαs1-YT, and Rαs1-PM, exhibited a shift toward 
lower wavelengths (~338/339 nm), suggesting that the local environment of Trp is in limited 
contact with water. The shift was even more pronounced for the unphosphorylated Rαs1, 
which exhibited a λmax of 335 nm, suggesting that Trp is close to nonpolar regions of the 
protein [66]. The observed changes in the Trp fluorescence environment likely reflect alter-
ations in protein conformation and/or oligomerization state. 

Considering that α-casein is intrinsically disordered, it is unlikely that the absence of phosphoryla-
tion induces folding. This hypothesis is further supported by circular dichroism (CD) data indicating
8 Trends in Biotechnology, Month 2025, Vol. xx, No. xx
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a low secondary structure content (data not shown). Therefore, the observed shifts in fluorescence 
maxima are likely due to changes in oligomerization state, which modify the local environment of 
Trp residues. Phosphorylation is known to affect charge distribution, hydrophilicity, and intermolec-
ular interactions [29], all of which could impact self-assembly and oligomer formation. 

To further assess oligomerization tendencies, recombinant αs1-caseins were analyzed using dy-
namic light scattering (DLS) to determine their hydrodynamic radii and aggregation states. DLS 
measurements (Figure S2 in the supplemental information online) revealed that bovine α-casein 
and unphosphorylated Rαs1-casein had the smallest hydrodynamic diameter, ~6 nm, while the 
phosphorylated αs1-caseins - Rαs1-PD, Rαs1-YT, and Rαs1-PM displayed larger diameters, 
~12 nm. No large aggregates were detected, suggesting that Rαs1-PD, Rαs1-YT, and Rαs1-PM 
remained in a generally low aggregation state with good solubility. 

Discussion 
The increasing demand for sustainable alternatives to traditional dairy proteins has driven interest 
in precision fermentation and recombinant casein production. Traditional dairy farming is under 
pressure to reduce its environmental footprint, particularly regarding methane emissions, water 
use, and land consumption. In this context, microbial production of caseins via recombinant ex-
pression systems offers a promising alternative by reducing reliance on livestock while maintain-
ing the functional properties necessary for dairy applications. Precision fermentation of milk 
proteins have emerged as a key focus area, aiming to replicate native dairy protein functionality 
without animal-derived sources. However, for this approach to be commercially viable, scalability 
and efficiency of microbial protein production must be considered. While this study primarily 
serves as a proof of concept, demonstrating that microbial cell factories can produce recombi-
nant caseins with biologically relevant phosphorylation patterns, the potential for industrial-
scale production is an important factor in determining its feasibility. 

Literature suggests that high cell-density fermentation in E. coli can yield up to 9.7 g/l of recom-
binant protein, a level that may be sufficient for commercial applications [67–70]. However, E. coli 
presents challenges in protein secretion, necessitating intracellular accumulation and complex 
purification steps. Alternative microbial hosts, such as Bacillus spp, Aspergillus spp, Saccharo-
myces spp, and Komagataella spp, offer potential advantages in terms of secretion efficiency 
and downstream processing, further supporting the feasibility of scaling up recombinant casein 
production. Economic modelling studies have also highlighted the commercial viability of produc-
ing recombinant milk proteins using yeast and bacterial systems, reinforcing the long-term poten-
tial of this approach [71,72]. 

This study explores two approaches for producing functional recombinant caseins: 
phosphomimetic modification and kinase co-expression systems. The phosphomimetic strategy 
offers a simpler production setup, eliminating the need for kinase co-expression, reducing meta-
bolic burden and potentially increasing expression yields. In this work, phosphomimetic modifica-
tions demonstrated an ability to mimic casein structure and function to a considerable extent, 
suggesting their potential for food applications. Rαs1-PM exhibited calcium-binding capacity com-
parable to the control, with only a slight but statistically significant difference. However, it remains 
unclear whether phosphomimetic modifications can fully replicate the role of casein in micelle for-
mation, particularly in sequestering amorphous calcium phosphate into stable nanoclusters. 

By contrast the kinase co-expression system offers tunability in phosphorylation levels, allowing 
precise control over casein phosphorylation by modulating bacterial kinase expression. This is 
particularly important for tailoring micelle size and stability, which influence gel network formation
Trends in Biotechnology, Month 2025, Vol. xx, No. xx 9
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Outstanding questions 
Can these strategies be adapted 
across other casein types (e.g., αs2, 
β-, and κ-casein)? 

Do bacterial kinases exhibit sufficient 
substrate flexibility to phosphorylate 
other structurally diverse proteins 
used in food or biopharmaceutical 
applications? 

Can microbial production of 
phosphorylated caseins achieve cost 
parity or superiority over bovine-
derived caseins at scale? 

Can recombinant caseins 
phosphorylated by bacterial kinases 
form calcium phosphate nanoclusters, 
thereby enabling micelle formation and 
stabilization similar to native bovine 
caseins? 

To what extent can phosphomimetic 
modifications replicate the biophysical 
and functional roles of phosphate 
groups in micelle stabilization and 
calcium phosphate nanocluster 
formation?
in food matrices [43]. While mammalian kinases, such as Fam20C, are challenging to express in 
microbial hosts, bacterial kinases, such as PrkD and YabT, from B. subtilis offer a simpler and 
more accessible alternative due to their ease of expression. However, their broader substrate 
specificity led to phosphorylation of few non-native sites, which may influence casein self-
assembly and functional properties. 

MS analysis confirmed that in vitro phosphorylated recombinant caseins mimic native bovine ca-
sein phosphorylation sites, while 2DE and phospho-staining qualitatively validated in vivo phos-
phorylation. Furthermore, the results demonstrated that phosphorylation significantly enhanced 
calcium binding, a key function of caseins. It is well-established that three or more SerP residues 
within a short peptide sequence form a PC, essential for binding calcium ions and stabilizing cal-
cium phosphate nanoclusters [37,73–75]. Given that bacterial kinase effectively phosphorylated 
all the potential seryl residues, it is likely that these recombinant phosphopeptides contain PCs ca-
pable of binding calcium ions. However, whether these phosphorylated recombinant αs1-caseins 
contain a considerable number of PCs to sequester amorphous calcium phosphate and form sta-
ble nanoclusters remains an open question, requiring further validation in future studies. 

Beyond functional effects, phosphorylation and phosphomimetic modifications appear to modu-
late casein structure and oligomerization. The fluorescence intensity of Trp and Tyr vary across 
the different recombinant αs1-caseins. Phosphorylation and phosphomimetic modifications likely 
influence local structural dynamics, which, in turn, may affect energy transfer between Tyr and Trp 
residues. Given that Tyr-to-Trp fluorescence resonance energy transfer (FRET) depends on both 
distance and orientation [76], these modifications might alter the spectral properties in a way that 
influences the apparent fluorescence yield of Trp179. In addition, the phosphorylated Tyr may in-
troduce new electrostatic interactions that perturb local solvation or alter the overall conformation 
of the protein, contributing to the differences in fluorescence emission [77]. Consistent with this, 
CD analysis confirms that these changes occur without inducing significant folding, instead sug-
gesting subtle conformational rearrangements and differences in oligomerization. These confor-
mational changes, together with the observed differences in hydrodynamic radius, indicate 
phosphomimetic/phosphorylation-dependent changes in oligomerization. These modification-
induced structural changes, particularly near Trp179, could alter its local environment and con-
tribute to the observed spectral shifts. Further studies using size-exclusion chromatography 
coupled with multi-angle light scattering would provide additional quantitative insights into the 
oligomerization state. Despite the need for more quantitative analysis, the current evidence al-
ready points toward a coherent picture. The approaches established in this study lay scientific 
groundwork toward the longstanding goal of harnessing microbial production of caseins for fu-
ture dairy and food applications. 

Concluding remarks 
The market share of animal-derived products in 2040 is projected to significantly decrease com-
pared with current levels. Over the coming years, the market will diversify, with nutritionally and 
functionally equivalent or superior plant-based or precision fermentation-based alternatives 
widely adopted by consumers in their daily diets. We propose that recombinant caseins, such 
as those presented here, can have a pivotal role in realizing this vision. 

The ability to produce phosphorylated recombinant caseins represents a transformative break-
through in the alternative protein industry, addressing the longstanding challenge of achieving 
phosphorylation at native sites, a key barrier to commercialization. By refining phosphorylation 
strategies, this work lays the foundation for producing functional recombinant caseins. Future 
studies should extend to other casein proteins while focusing on optimizing secretion efficiency,
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enhancing kinase specificity, and validating the formation of stable calcium phosphate nanoclus-
ters (see Outstanding questions). These advances will be essential for scaling up recombinant ca-
sein production and facilitating their integration into sustainable, animal-free dairy applications.
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KEY RESOURCES TABLE 
1

Reagent or resource
4 Trends in Biotechnology, Month 2025, Vol. xx, No. xx
Source
 Identifier 
Bacterial and virus strains 
Escherichia coli BL21(DE3)
 Lab stock
 N/A 
Escherichia coli TOP10
 Thermo Fisher Scientific
 404010 
Escherichia coli M15
 Lab stock
 N/A 
Chemicals, peptides, and recombinant proteins 
Ampicillin
 Sigma Aldrich
 A0166 
Kanamycin
 Sigma Aldrich
 K1377 
IPTG
 AG Scientific
 I-1312 
InstantStain
 Kem En Tec
 INST-1L-181 
Lysogeny broth (Miller)
 Sigma Aldrich
 L3522 
Lysogeny broth (Lennox) agar
 Sigma Aldrich
 L2897 
Sodium chloride
 Sigma-Aldrich
 S9888 
Glycerol
 VWR chemicals
 23B214119 
Imidazole
 Sigma-Aldrich
 56750 
Urea
 Sigma-Aldrich
 U5378 
MOPS
 Sigma-Aldrich
 M3981 
CHAPS
 Sigma-Aldrich
 850500P 
4x Laemmli sample buffer
 Bio-Rad
 1610747 
Bio-lyte
 Bio-Rad
 1632094 
4–20% Criterion™ Tris-HCl Protein Gel, 11 cm IPG/prep+1 well, 550 μl
 Bio-Rad
 3450104 
ReadyStrip™ IPG Strips; 11 cm, pH 4–7
 Bio-Rad
 1632015 
4–20% Mini-PROTEAN® TGX™ Precast Gel
 Bio-Rad
 4561096EDU 
10x Tris/Glycine/SDS
 Bio-Rad
 1610732 
SDS
 Sigma-Aldrich
 L3771 
Iodoacetamide
 Sigma-Aldrich
 I6125 
DTT
 Sigma-Aldrich
 D5545 
Trypsin/Lys-C
 Promega
 V5071 
Pancreatin
 Sigma-Aldrich
 P7545 
Bile
 Sigma-Aldrich
 B3883 
Pepsin
 Roche
 10108057001 
Simulated intestinal fluid
 Biochemazone
 BZ176 
Simulated gastric fluid
 Biochemazone
 BZ175 
Artificial human saliva
 Biochemazone
 BZ323 
Sodium hydroxide
 Sigma-Aldrich
 S5881 
FastAP
 Thermo Fisher Scientific
 EF0651 
Methanol
 Supelco
 I1285012 
Precision Plus Protein Dual Color Standards
 Bio-Rad
 1610374 
Peppermintstick phosphoprotein
 Thermo Fisher Scientific
 P27167 
Formic acid
 Sigma-Aldrich
 822254



(c
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Reagent or resource
 Source
 Identifier 
Acetonitrile
 Sigma-Aldrich
 34851 
Potassium chloride
 Sigma-Aldrich
 P3911 
Magnesium chloride
 Sigma-Aldrich
 M8266 
Triton X-100
 Sigma-Aldrich
 X100 
Bovine serum albumin
 Sigma-Aldrich
 05470 
Bovine α-casein
 Sigma-Aldrich
 C6780 
Trizma
 Sigma-Aldrich
 T1503 
Pro-Q diamond phosphoprotein gel stain
 Thermo Fisher Scientific
 MP 33300 
SYPRO RUBY total protein stain
 Thermo Fisher Scientific
 S12000 
Mineral oil
 Bio-Rad
 1632129 
Low melt agarose
 Bio-Rad
 1613111 
Acetic acid
 Sigma-Aldrich
 33209 
Bromophenol blue
 Sigma-Aldrich
 318744 
Tween-20
 Sigma-Aldrich
 P1379 
Critical commercial assays 
Calcium Colorimetric Assay Kit
 Sigma-Aldrich
 MAK022 
Deposited data 
LC-MS/MS data
 ProteomeXchange
 PXD057429 
Oligonucleotides 
Primers
 IDT
 Table S2 in the supplemental information online 
Recombinant DNA 
Genes
 IDT
 Table S1 in the supplemental information online 
Software and algorithms 
SpectronautTM (Version 17.1)
 https://biognosys.com/software/spectronaut/ 
Snapgene
 https://www.snapgene.com/ 
GraphPad Prism (Version 10)
 https://www.graphpad.com/ 
RStudio
 https://posit.co/download/rstudio-desktop/ 
Adobe illustrator 2025
 https://www.adobe.com/products/illustrator.html 
Biorender.com
 https://www.biorender.com/ 
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

All Escherichia coli (E. coli) strains producing αs1-caseins, and casein-kinase fusions were generated from E. coli BL21(DE3). For 
bacterial kinase production, E. coli M15 strain was used. For cloning, E. coli Top10 was used. 
METHOD DETAILS 
Synthetic genes and DNA 

Heterologous genes of αs1-casein (16-214), αs1-casein-PM (16-214, substituted with aspartic acid), and Fam20Cs were syn-
thesized (Genscript and IDT respectively) and codon optimized for E. coli using the codon-optimization tool provided by their 
respective companies. The sequences can be found in the Table S1 in the supplemental information online. Oligonucleotides 
for PCR for synthesizing genes from the genome of B. subtilis were obtained from IDT and are listed in the Table S2 in the 
supplemental information online.
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Media 

Standard lysogeny broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, which was solidified with/without 1.5% agar as nec-
essary) from Sigma-Aldrich supplemented with appropriate antibiotics was used for the growth and cultivation of the bacterial strains. 
Isopropyl β-D-thiogalactoside (IPTG) from AG Scientific was used as an inducer for facilitating protein expression. 

For sonication and purification, native buffers containing 20 mM MOPS, 100 mM NaCl, and Imidazole (20 mM for binding, and 
500 mM for elution) were used. 
Plasmid and strain construction 

αs1-casein gene with relevant restriction sites was inserted downstream of the 6xHis-tag in the pET15b vector, which was digested 
with NdeI and BamHI (pET15b_As1). 

Three prokaryotic Hanks-type serine/threonine kinases from Bacillus subtilis (PrkC, PrkD, YabT), and two eukaryotic serine/threonine 
kinases, Fam20C from human (Hf20C), and bovine (Bf20C) were chosen for in vitro phosphorylation. For Fam20Cs, Gibson compatible 
genes were synthesized by IDT and inserted downstream of the 6xHis-tag in the pET15b vector, which was digested with NdeI and 
BamHI (pET15b_Bf20C, and pET15b_Hf20C). The three kinases from B. subtilis PrkC, PrkD, and YabT were previously constructed 
using pQE-30 by Shi and colleagues (2014) [78] (will be called as pQE-30_PrkC, pQE-30_PrkD, and pQE-30_YabT respectively). 

For phosphomimetic modification, all eight phosphoserine sites (αs1-casein, Variant B) were substituted by aspartic acid and synthe-
sized as a Gibson compatible gblock fragment from IDT. The gene was inserted downstream of the 6xHis-tag in the pET15b vector, 
which was digested with NdeI and BamHI (pET15b_As1-Asp). 

For facilitating, in vivo phosphorylation, Gibson compatible PCR products containing RBS and X kinase (PrkD/YabT) were generated 
from pQE-30_PrkD, and pQE-30_YabT, were inserted into pET15b_As1 linearized by PCR. This resulted in αs1-casein and X kinase 
(PrkD/YabT) in tandem under the control of T7 promoter. All the protein and primer sequences can be found in the supplementary 
information. 

All the strains containing constructs with either a phosphomimetic casein or a kinase were transformed with pREP4 plasmid contain-
ing the chaperonins GroEL/GroES (pREP4_GroES/EL) to assist with folding and solubility [79]. All the transformants were selected on 
LB agar supplemented with appropriate antibiotics (ampicillin 100 μg/ml for pET15B and pQE-30, and kanamycin 25 μg/ml for 
pREP4) [25]. 
Protein production 

Protein synthesis and purification were conducted as described previously [78]. In brief, cells were grown at 37 °C, 200 rpm until late-
exponential phase (OD600 =0.8) and induced with 0.5 mM IPTG at 30 °C, 200 rpm and harvested after 16 hours at 13000 g for 
20 minutes. The cells were lysed in native binding buffer (20 mM phosphate buffer, 500 mM NaCl, 50 mM Imidazole, 5% glycerol, 
pH 7.4) with protease inhibitor, 1 mg/ml lysozyme by sonication (10 second on and 15 second off cycle, 20 minutes). The cells 
were kept on ice throughout the process to prevent degradation. The His-tag proteins were purified from the lysate by affinity 
chromatography using HISTRAP FF CRUDE column in ÄKTA Pure 25M (Cytiva). To elute the His-tagged proteins, elution buffer 
(20 mM phosphate buffer, 500 mM NaCl, 500 mM Imidazole, 5% glycerol, pH 7.4) was used. 
In vitro phosphorylation of caseins 

Protein samples were desalted using PD-10 columns (Cytiva) and stored in 10% glycerol prior to in vitro phosphorylation. In vitro 
protein phosphorylation experiments were conducted using 3 μM of kinases (PrkD (30 kDa), PrkC (40 kDa), and YabT (35.7 kDa)) 
and 15 μM of target protein (αs1 (24 kDa)). Each 35 μl reaction mixture also contained 50 μM  of  [γ-32P]-ATP (20 μCi/mmol), 50 
μM ATP, 5 mM MgCl2, 100 mM NaCl, 5% glycerol and 50 mM Tris–HCl pH 7.5. Following a 1-hour incubation at 37 °C, the reactions 
were stopped by adding sample buffer for SDS–PAGE and heating at 100 °C for 5 minutes. Electrophoresis was performed on 8-
12% SDS-polyacrylamide gels (Bio-Rad), which were subsequently treated with boiling 0.5 M HCl for 10 minutes. The gels were 
then dried by Gel-Dry™ Drying Solution (Invitrogen), and radioactive bands were visualized by Amersham TYPHOON™ scanner 
(Amersham typhoon control software version 3.0.0.2, firmware version 303, Cytiva Life Science) after an exposure time of 24 hours.
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1- and 2-D gel electrophoresis 

For 1-DE protein separation by SDS-PAGE, 10 μL of cell lysate was mixed with 4x Laemmli sample buffer containing 100 mM DTT 
and boiled at 95°C for 5 minutes. The protein samples were then loaded onto and separated on a precast 4-20% Tris-glycine crite-
rion gel (Bio-Rad). The gels were stained with InstantStain Coomasie Stain and visualized on ChemiDoc XRS. 

For isoelectric focusing (IEF), 11 cm pH 4-7 IPG strips (Bio-Rad) were used with the IPGPhor system (Amersham). The strips were 
rehydrated for 6 h with 200 μL of rehydration buffer containing 50 μg of protein, 8 M urea, 2% CHAPS, 2% Bio-Lyte, and 50 mM 
DTT. During rehydration, the strips were covered with 300 μL of mineral oil. After rehydration, isoelectric focusing was conducted 
using a series of voltage steps. First, a step-and-hold phase was applied at 500 V for 1 hour, reaching a total of 0.5 kVh. This was 
followed by a gradient increase to 1000 V over the next hour. The voltage was then further increased with a gradient up to 6000 V 
for 2.5 hours. Finally, a step-and-hold phase at 6000 V was maintained for 50 minutes. 

Following isoelectric focusing, the IPG strips were equilibrated sequentially in two distinct buffers. The first equilibration buffer 
(Buffer I) contained 6 M urea, 30% (w/v) glycerol, 2% (w/v) SDS, 0.05 M Tris-HCl (pH 8.8), and 1% DTT, and the strips were 
incubated in this solution for 10 minutes. In the second equilibration buffer (Buffer II), the composition was the same as Buffer I, 
except 4% iodoacetamide replaced DTT; the strips were also incubated in this buffer for 10 minutes. After equilibration, the strips 
were rinsed with the running buffer to prepare for subsequent analysis. 

The equilibrated IPG strips were placed onto the precast 4-20% Tris-HCl criterion gel (Bio-Rad), with the gel side facing up. A wick 
soaked in 4 μL of peppermint phosphoprotein ladder was placed alongside the strip, and both were sealed with 0.1% low-melting 
agarose. The gel was run at 180 V for 60 minutes. 

The gel was stained first with Pro-Q Diamond for phosphoproteins and then with SYPRO Ruby for total protein detection, following 
the manufacturer's protocols. After each staining, the gels were visualized using the ChemiDoc MP imager. 
Sample preparation for liquid chromatography mass spectrometry (LC-MS) 

In vitro phosphorylation reactions of αs1-casein with PrkD, PrkC, or YabT were performed as described above, using only non-
radioactive ATP (10 mM). The resulting samples were digested on 30-kDa cut-off filter units (Millipore, MRCF0R030). In brief, samples 
were concentrated onto filters, washed twice with 200 μl of 8 M urea; 100 mM Tris-HCl pH 8.0 (UA buffer) and treated with 100 mM of 
DTT in UA for 30 min. Following another UA wash, samples were alkylated with 50 mM chloroacetamide in UA for 20 min in the dark. 
The samples were then equilibrated twice with 200 μl of 50 mM Tris pH 8.0 (digestion buffer) prior to protein digestion with Trypsin/LysC 
(Promega, 1:30 enzyme-to-protein ratio) for 16 hours at 37°C. Resulting peptides were C18 desalted prior to LC-MS/MS analysis. 
LC-MS analysis of in vitro phosphorylated proteins 

Peptides were loaded onto a 2 cm C18 trap column (ThermoFisher 164946), connected in-line to a 15 cm C18 reverse-phase an-
alytical column (Thermo EasySpray ES904) using 100% Buffer A (0.1% Formic acid in water) at 750bar, using the Thermo EasyLC 
1200 HPLC system, and the column oven operating at 30°C. Peptides were eluted over a 70 minute gradient ranging from 10% 
to 60% of Buffer B (80% acetonitrile, 0.1% formic acid) at 250 nl/min, and the Orbitrap Exploris instrument (Thermo Fisher Scientific) 
was run in DIA mode with FAIMS ProTM Interface (ThermoFisher Scientific) with CV of -45 V. Full MS spectra were collected at a res-
olution of 120,000, with an AGC target of 300% or maximum injection time set to ‘auto’ and a scan range of 400–1000 m/z. The MS2 
spectra were obtained in DIA mode in the orbitrap operating at a resolution of 60.000, with an AGC target 1000% or maximum in-
jection time set to ‘auto’, a normalized HCD collision energy of 32. The isolation window was set to 6 m/z with a 1 m/z overlap 
and window placement on. Each DIA experiment covered a range of 200 m/z resulting in three DIA experiments (400-600 m/z, 
600-800 m/z and 800-1000 m/z). Between the DIA experiments a full MS scan is performed. MS performance was verified for con-
sistency by running complex cell lysate quality control standards, and chromatography was monitored to check for reproducibility. 
Analysis of proteomics data 

The raw files were analyzed using SpectronautTM (version 17.1) and spectra were matched against the bovine αS1-casein (P02662) 
protein sequence as well as the E. coli K-12 MG1655 (UP000000625) protein database (as background E. coli proteins stemming 
from Casein/kinase protein production were present in the samples). The data was searched with the BGS Phospho PTM workflow
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with the following modifications. Acetyl (K) was added as a dynamic modification together with Oxidation (M), Phospho (STY) and 
Acetyl on protein N-termini. Cysteine carbamidomethyl was set as a static modification. The proteotypicity filter was set to only 
proteotypic and MS quantity level to MS1 and normalization deselected. The PTM probability cutoff was set to 0. Only phosphosites 
identified with a localization probability of >0.75 for at least one of the samples were considered localized. 
In vitro digestion of recombinant αs1-casein 

The INFOGEST static in vitro digestion protocol [58] was adapted to assess the digestibility of recombinant αs1-caseins. Commer-
cially prepared simulated salivary fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) from Biochemazone 
were used for the oral, gastric, and intestinal phases, respectively. 5 mL of protein samples (13.5 mg/mL) were first mixed with 
5 mL of SSF (without α-amylase) and incubated at 37°C for 2 minutes with continuous shaking. 

The gastric phase was initiated by adding 10 mL of SGF (pH 3.0) with pepsin (1 U/mL), followed by incubation at 37°C for 30 minutes. 
For the intestinal phase, 20 mL of SIF containing trypsin (0.05 U/mL), and bile salts (10 mM) was added, and the pH was adjusted to 
7.0 using 1M NaOH. Samples were then incubated at 37°C for 30 minutes. 

Aliquots were collected at 0, 1, 3, 5, 15, and 30 minutes during each phase, and digestion was terminated by heating samples at 
95°C for 10 minutes. Protein degradation kinetics were analyzed using SDS-PAGE, with enzyme concentrations modified to enhance 
visualization of degradation patterns. The incubation duration was limited to 30 minutes due to rapid digestion of the proteins. 
Calcium binding assay 

The calcium-binding capacity assay was conducted following a previously published procedure with minor modifications [80]. Briefly, 
1.0 mg/ml of phosphorylated αs1-casein samples were dephosphorylated using FastAP (Thermo Scientific). The samples were pre-
pared by mixing at a final concentration of 1 mg/ml with 1.145 mM CaCl2 in FastAP buffer (100 mM Tris-HCl (pH 8.0), 50 mM MgCl2, 
1 M KCl, 0.2% Triton X-100 and 1mg/ml BSA). The solutions were agitated at 37°C for 2 hours, with the pH maintained at 8.0. The 
reaction mixtures were then filtered using Amicon Ultra centrifugal filters (Sigma-Aldrich) at 10,000 g at room temperature for 30 mi-
nutes. A CaCl2 mixture without protein was used as a negative control for calculating the bound calcium. Calcium content was mea-
sured using the Calcium Colorimetric Assay Kit (MAK022, Sigma-Aldrich) at 575 nm, where the calcium ion concentration is 
determined by the chromogenic complex formed between free calcium ions and o-cresolphthalein. 
Fluorescence spectroscopy 

2D and 3D spectra of the recombinant proteins were carried out using FP-8550 spectrofluorometer (JASCO corporation, Tokyo, 
Japan) in right angle configuration. High precision quartz cell (art no. 104F-10-40) with a sample volume of 1 ml was used for the mea-
surements. The samples were diluted to an A280 value of 0.08 for analysis. For recording the 3D spectra, the excitation range was 
210-495 nm, and the emission range 230-520 nm with a step of 2 nm at 700 V and a scan speed 10000 nm/minute. For 2D spectra, 
the samples were excited at a wavelength of 275 and 290 nm with a step of 1 nm at 700 V and a scan speed of 500 nm/minute. The 
emission spectra of the buffer (50 mM MOPS) were measured to subtract its contribution from the sample’s emission spectra. The 
fluorescence intensities of the tryptophan for each sample were normalized by dividing by the maximum intensity value of the dataset, 
enabling standardized comparisons across various conditions. 
Particle size and electrophoretic mobility measurements 

Particle size measurements by dynamic light scattering (DLS) was measured using Zetasizer Nano-Zs (Malvern Panalytical Ltd., 
Malvern, UK). A Greiner Bio-One semi-microcuvette was used with a sample concentration of 0.5 g/L and a volume of 600 μL. 
The temperature was varied from 10 to 50 °C with an interval of 5 °C. Three measurements were carried out with each for 10 
runs, at a backscattering angle of 173°, and a position of 3 mm. The samples were equilibrated for 300 seconds between each mea-
surement. The size peak volume of the proteins was analyzed. 
QUANTIFICATION AND STATISTICAL ANALYSIS 

The calcium binding assay was conducted with a sample size of three (n = 3). Measurements were taken from distinct samples, and 
statistical analysis was performed using a two-way ANOVA followed by Šídák's multiple comparisons test, based on means and 
standard deviations to test significance within and across the different groups. No data points were excluded from the analysis.
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