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Coacervates of oppositely charged milk proteins are used in functional food development, mainly to encapsulate
bioactives. To uncover the driving forces behind coacervates formation, we study the association of lactoferrin
and f — lactoglobulin at amino-acid level detail, using molecular simulations. Our findings show that inter-
protein electrostatic interactions dominate and are, surprisingly, equally divided between an isotropic part,
due to monopole-monopole attraction of the oppositely charged proteins, and an anisotropic part due to uneven
surface charge distributions. In good agreement with recent experimental association constants, the calculated
protein-protein interaction free energy is strongly dependent on pH and salt concentration. In addition to

thermodynamics, we also investigate amino acid contacts in microstates of trimeric and pentameric protein
complexes, and identify interaction hot-spots that drive heteroprotein complex coacervation process.

1. Introduction

Numerous studies on complex coacervation have focused on its ap-
plications in food and cosmetics production [1-3]. The process by which
two or more types of proteins form coacervates is known as hetero-
protein complex coacervation (HPCC) [4,5]. These proteins can be of
various types and to mention some; polyion, macroion, disordered
protein and DNA [6,7]. In an aqueous solution containing oppositely
charged proteins, primarily exhibiting electrostatic interactions, spon-
taneous liquid-liquid phase separation (LLPS) can occur. This phenom-
enon creates a polymer-rich dense phase, called coacervates, and a less
concentrated phase, named the dilute phase [8].

Among heteroprotein complex coacervates, two bovine milk pro-
teins, p-lactoglobulin (BLG), a weakly acidic globular protein (pI = 5.2)
containing two monomers with a molecular weight of 18.3 kDa (162
amino-acids) and lactoferrin (LF), a strongly basic iron-binding (pl =
8.8) protein with a molecular weight of 83 kDa (689 amino-acids,
distributed in two homologous lobes) have been extensively studied
owing to their biological and functional properties for food and non-food
applications [9].

The heteroprotein complex coacervation of these two proteins can
only occur under appropriate solution conditions (pH, stoichiometry,
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ionic strength and protein concentration) [10]. For this study, a constant
pH-value of 5.5 is used, found to be optimal for complex coacervation
under experimental conditions (see Table 1). A significant charge dif-
ference between the two proteins — LF is strongly basic (approximate
charge +22e at pH 5.5) and BLG being weakly acidic (approximate
charge —10e at pH 5.5) - facilitates HPCC formation. Previous studies
show that LF-BLG complex coacervates can encapsulate bioactives, such
as vitamins, and efficiently deliver them for biological uptake [11,12].
An advantage of LF-BLG complexes over non-food carriers is that a bio-
carrier poses no threat to the ingesting human or creature [2]. Addi-
tionally, due to their high viscosity determined experimentally [13], LF-
BLG coacervates can be used as texturing agents to avoid the use of
exogenous additives and to help develop protein enriched food products.
The viscosity of LF-BLG coacervates is 60 Pa-s at 20 °C. As a comparison,
the viscosity of honey is approximately 6 times lower.

With the increasing demand of “clean label” functional food prod-
ucts, the LF-BLG coacervates fulfil these requirements. Thus, studying
this HPCC is currently a topic with high interest in the community [14].

LF and BLG only undergo LLPS under certain solution conditions of
pH, protein stoichiometry and salt concentration [3,11,15,16]. Different
studies report varying intervals for these parameters where the coacer-
vation was observed, and even narrower intervals for optimal
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Table 1
Overview of reported conditions where BLG and LF form heteroprotein complex
coacervates.

Ref. [15] Ref. [16] Ref. [11]
pH 5.7-6.2 5.5-7.3 5.5-6
maximum salt concentration 20 mM 100 mM 25 mM
BLG-monomers/LF molar ratio 4:1 31 between 4:1 and 8:1

parameters where the coacervation’s yield is at its maximum.

An overview with results from previous studies is presented in
Table 1.

In this study, we aim to unravel the interaction mechanisms between
BLG and LF at a molecular level, providing insights valuable for future
experimental investigations and food product development. For this
work, Metropolis-Hastings Monte Carlo (MC) simulations were used. By
employing MC simulations, we can study the association between single
or multiple units of each protein, and thus observe how BLG and LF form
trimers and larger clusters. From the simulations, we calculate the
interaction free energy of the system and find the free energy minimum.
At this protein-protein separation, the interaction hotspots on the pro-
tein surfaces for both a trimer and pentamer are identified. Our results
provide information on (1) the attraction between the two proteins, (2)
specific amino acid to amino acid contacts, and (3) underscores the
feasibility of pentamer formation, adding depth to our understanding of
protein-protein interactions in complex biological systems.

2. Methods
2.1. Molecular simulations

We explore the interaction between a BLG dimer and LF using
Metropolis-Hastings Monte Carlo (MC) simulations [17,18]. The open
source MC framework Faunus is used for the simulations [19], and we
employ a protein-protein interaction model that has previously been
tested on milk and other proteins [20-22]. An electronic notebook for
reproducing the simulation setup is provided as supporting material.

The two protein structures (PDB 1BEB [23] and 1BLF [24]) are kept
rigid and coarse grained, such that each amino acid is represented by a
single bead of size ¢;. These beads interact with a combined Lennard-
Jones and electrostatic pair potential to account for short-range repul-
sion and attraction, as well as electrostatic interactions in an aqueous
electrolyte solution. The ionization state of each amino acid is fluctu-
ating according to its pK,-value and solution pH; this is done using a
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constant pH ensemble [25-27]. For all simulations, pH 5.5 was used,
matching available experimental data later used for comparison [8]. The
total MC system energy due to intermolecular interactions is:

N-1 N o\ 12 5.\ 6
oS3 el
i j=itl Tij Tij

where Jp = 7 A is the Bjerrum length, « is the inverse screening length, z
are residue valencies, r the inter-residue separation, ¢ = 0.05 kgT the
Lennard-Jones interaction strength. This value has been used success-
fully in other similar studies, providing satisfactory results [21]. Addi-
tionally, a uniform dielectric constant is utilized, previous studies have
shown that for a coarse-grained system it is a qualified approximation
[28-31]. The last term is a bias potential, .%#(R), explained below.

The mass centres of the two rotating proteins are fixed on a line,
along which they are allowed to translate. In addition to rotational and
translation MC moves, move attempts are also performed to (de-)pro-
tonate acidic and basic residues [25,32,33]. During simulation, we
sample the radial distribution function, g(R), which is related to the
angularly averaged potential of mean force, w(R) = — kgTIng(R) + wo,
where the reference state wy is chosen such that w(R)—0 for large R. This
simulation structure is illustrated in Fig. 1.

The following sections further explain the simulation set-up, and are
for the technically interested reader. Others may skip to the Results and
Discussion Section.
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2.1.1. Biased sampling to cover large mass center separation

The proteins, BLG and LF, are oppositely charged and at low salt
concentrations, c;, they strongly associate due to electrostatic attraction.
Because of this, MC predominantly samples short separations and almost
no sampling is done at large R. This makes it very difficult to determine
wo within reasonable simulation times. As an example, if the interaction
free energy is —16 kg T when the proteins are in contact, then the relative
probability of observing them at long separations is roughly
e 16 ~ 1077, To promote sampling at large separations, we add a tem-
porary bias potential to the MC energy function:

. 2
%’(R) = —kgTApZ1Z, <st(1Ka) > |:1 * KaCOth(Ka) . e R (2)

R 2

The observed potential of mean force, w'(R), is now biased and hence
unphysical, but since .Z(R) is isotropic and added along the mass-center
separation, R, we can simply unbias by subtraction to recover the true
and physically sound free energy, w(R) = w(R) — #(R). The choice of
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Fig. 1. Illustration of the MC simulation method. Proteins (purple and green) are placed on the cylinder’s z-axis and allowed to rotate. The green off-centre protein
can also translate along z and simulations, with different mass centre distances, R are used. Red and blue dots symbolize (optional) explicit salt particles. In parallel

tempering simulations, salt particle charges are scaled based on the inverse screening length, «

~1 so that we effectively sample between fully explicit and fully

implicit salt. See text for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A(R) is arbitrary, but most efficient if w/(R) is as flat as possible,
whereby all distances become accessible. The above function is the
monopole-monopole interaction in an electrolyte solution from Sogame-
Ise theory [34,35] and effectively removes a large part of the electro-
static attraction (note the negative sign). Z; and Z, denote the average
protein valencies and a = 36 A is an effective diameter, chosen such that
W/ (R) is reasonably flat over a large range of ionic strengths.

To enhance sampling with implicit salt, a parallel tempering move
[36] is included, where configurations are interchanged between sys-
tems with different salt concentrations. This was used for the implicit
salt simulations together with the bias to promote sampling at all centre
of mass distances.

2.1.2. Sampling of the electrolyte medium

For implicit salt simulation, i.e. x # 0, the above bias potential is
sufficient to obtain converged results for e.g. w(R). However, explicit
ions resemble reality better by avoiding the Poisson-Boltzmann
approximation used with implicit salt. To confirm the reliability of the
implicit ion simulations, grand canonical explicit ion Monte Carlo sim-
ulations were performed for a limited number of salt concentrations.

The sampling with explicit ions is executed the same way as the
implicit ion case explained above, with the exception that the proteins
are kept fixed at R and virtual translation moves [37] along the z-axis are
used to measure the inter-protein force. These values are numerically
integrated to provide the potential of mean force. Ions are unrestricted
and can undergo translation MC moves.

2.1.3. Hybrid salt

Due to the irregular protein shape and very strong attraction, the
grand canonical explicit salt simulation described above was unable to
converge at smaller R. When the two proteins are placed close to each
other, protein moves are likely rejected due to protein or ion overlap.
The explicit ions accumulate close to the proteins to counteract the high
electrostatic attraction, where they efficiently block diffusion.

Therefore, in order to sample at these offsets, a parallel tempering
simulation was setup. The states represent declining degrees of explicit
to implicit solvent. The first state being completely an explicit envi-
ronment and the last purely an implicit environment. A parameter A with
a value of [0,1] was defined. This parameter scales ionic charge,
(1 — 2)q, as well as the parameter kappa, k = Ak, in order to produce the
varying explicit to implicit states.

With the help of parallel tempering the states were interchanged
during the simulation, making it possible for configurations sampled at
the implicit end, where the proteins can rotate more freely, to reach the
explicit state and advance the virtual translate sampling.

This system was used for mass-center separations of 50-65 A. The
results were then combined with the output from the simulations with
larger separations. From the virtual translation moves the force is ob-
tained and with numerical integration the potential of mean force is
calculated.

Moreover, with the proteins in a minimum configuration, a simula-
tion to provide a contact map was performed. Meaning, extracting
which amino acids in respective BLG and LF that interact with each
other. This is done both for a BLG-LF trimer, and a BLG-LF trimer
interacting with another BLG dimer.

3. Results and discussion

Using molecular simulations, we investigate how the interaction free
energy between BLG and LF varies with changes in salt concentration
and protein-protein distance. This analysis provides insights into the
strength of interaction between the two proteins under different solution
conditions and correlates with experimental association constants. The
objective is to gain a deeper understanding of the physical principles
underlying BLG and LF complex formation and how solution conditions
modular the stability.
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3.1. Protein-protein interaction free energy

We first use Metropolis-Hastings Monte Carlo simulations to inves-
tigate the angular averaged interaction free energy, w(R), as a function
of protein mass centre separation, R. This is also known as the potential
of mean force. Fig. 2a presents simulation results from implicit ion as
well as from explicit ion sampling. As expected, salt has a large effect on
the protein-protein interaction: at low salt, there is a strong attraction of
up to —17 kgT respective — 15 kgT. This vanishes at high salt con-
centrations, which the implicit salt samples at 100 mM shows, in
agreement with the experimental observation that coacervates exist only
at very low salt concentrations.

Using explicit salt increases the difficulty to sample at high salt
concentrations due to a higher density of salt particles, which means that
the likelihood of a salt particle blocking the sampling of protein move-
ments increase. Thus, only lower salt concentrations could be sampled.
Since the coacervates only exist at low salt concentration, this is a minor
concern. Additionally, a reason for performing the grand canonical
explicit salt simulations were to affirm the results from the implicit salt
sampling, by confirming with a more elaborate approach.

The salt particles, in the explicit ions simulations, screen more effi-
ciently the electrostatic attraction of the proteins from each other,
whereby a weaker interaction free energy results. However, the energies
are still in the same regime and follow its implicit counterpart well,
which indicates that the implicit simulations can be seen as a good
approximation.

Recent ITC experiments report on the salt dependent association
constant between BLG and LF [8] and, in qualitative agreement with our
simulations, the association decreases with increasing salt. Fig. 2b il-
lustrates a quantitative comparison of salt dependence in the ITC ex-
periments and our simulations. Experimentally, salt concentrations
smaller than 10 mM were utilized, however computer simulations of the
proteins could not be executed with this low salt concentrations. For
lower salt concentrations, less salt can screen the proteins from each
other leading to very strong attractive forces, producing very large ab-
solute free energies which the simulation is unable to sample. Thus,
simulations have not been performed for lower concentrations.

The association constant, K,, can in principle be obtained by a vol-
ume integration of the interaction free energy, w(R) [38], but this is
numerically difficult since the error grows quadratically with R. Instead,
we approximate the binding free energy as w(Ryn) = min(w(R) ). Both
measured and simulated data can then be reported relative to a refer-
ence (") salt concentration set to ¢, = 15 mM. We thus report on

K,
AAGey = AGegy — AG,, = — kBTlnfg 3)
and

AAGgim ~ W(Rmin) — W (Rmin) Q)

where Ryin = 56 A.

Data points in the overlapping salt concentration region fits
reasonably well and show a clear trend of decreasing attraction as the
salt concentration is increased. At high salt, the simulations show a
plateau, which indicates that electrostatic interactions are fully
screened. Note that this result is obtained with mean-field electrostatics,
and a less approximate theory may modulate this observation slightly
[20].

We confirm that an implicit salt model using the Poisson-Boltzmann
approximation, aligns with results from explicit salt simulations, as seen
in Fig. 2a. While the latter is much less approximate, it is also much
harder to sample, since counter-ions accumulate around the highly
charged proteins. This hampers protein translation and rotation during
simulation, resulting in poor sampling at smaller separations. A signif-
icant challenge throughout this study, was to sample extreme inter-
protein attractions at low salt concentrations. This led to the
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Fig. 2. The first plot shows the interaction free energy, whereas the second one displays relative energies where the reference salt concentration of 15 mM is
subtracted from the interaction energies. Each value represents the relative binding free energy at the protein-protein separation 56 A for a specific salt concentration.
(a) Simulations of protein-protein interactions to study the interaction free energy of BLG and LF in both implicit and explicit salt. The mean standard deviation is
0.117 and 0.126 for implicit respective explicit salt, see SI for details. (b) Experimental ITC results [8] are used for comparison, where the relative binding free

energies are plotted.

development of a parallel tempering method for sampling smaller
protein-protein mass separations in the explicit ion environment. The
closer the proteins are placed, the higher the attraction is and the harder
it gets to find accepted states. This constrained us to only study salt
concentrations of 10 mM and higher. Simulations at lower concentra-
tions were tested, however moves and sampling were rarely accepted in
these systems, due to the high attractions, providing unreliable and
insufficient data. In order to conquer this problem, incorporating Mo-
lecular Dynamics (MD) with the MC simulation could perhaps help with
sampling extreme interactions and make it possible to obtain simulation
results at lower salt concentrations. This is something to be considered in
prospective projects.

3.2. Charge anisotropy

In this section, we analyse the electrostatic energy between the two
proteins in terms of an electrostatic multipole expansion [39-41]. First,
consider a fixed mass-center separation, R. During simulation, the two
proteins rotate, and we can sample the direct inter-protein Coulomb
interaction,

Nir Nprac

-3 s )
i

For each simulated configuration, still at a fixed R, we calculate the
instantaneous protein monopole; dipole; and quadrupolar moments.
Using a multipole expansion, we use these moments to approximate the
electrostatic energy and the sum of all terms (ion-ion, ion-dipole etc.)
should ideally sum up to Upy,, in the limit of infinitely many terms and
at long separations [42,43]. From the simulations, we have access to all
R, but here limit the analysis to the free energy minimum which is
roughly at R = 56 A. For more details about the analysis, please refer to
[39].

Fig. 3 illustrates the different terms as a percentage of the exact en-
ergy. Unsurprisingly, the attractive ion-ion term gives the single largest
contribution, while the ion-dipole and ion-quadrupole terms give
roughly equal contributions and are both attractive. Importantly, this
analysis shows that anisotropic contributions are responsible for more
than half of the total electrostatic interaction. Hence, the two proteins

higher order moments: 15 %

ion-quadrupole: 13.3 %
— ion-ion: 47.5 %

dipole-dipole: 4 % —

ion-dipole: 19.7 %

Fig. 3. Doughnut chart representation of the relative multipolar contributions
obtained from MC simulations at 10 mM salt. Percentages are with respect to
the exact electrostatic energy, Eq. (5). The full analysis for this model is pre-
sented in SI as a (Jupyter) notebook.

are subject to significant alignment and that these to a large part are due
to ion-dipole and ion-quadrupole interactions. Everything not captured
by the multipole expansion is assigned to higher order moments.

By summing all multipolar terms, the total gets quite close to the
exact electrostatic energy (Eq. (5)) despite that we have settled on a
short separation (see SI Fig. 3).Thus, multipoles are a good first
approximation to mathematically describe charged patches on the pro-
tein surface [42,44-46].

3.3. Residue-residue contacts

We now investigate the BLG-LF complex when the two proteins are at
contact and close to their free energy minimum. This is initially done by
defining “contact” when mass centre separation between two amino
acids are below 20 A. Note that in the coarse grained protein model,
amino acid diameters are 6-8 A and that contacts are sampled from
implicit salt configurations allowed to rotate in a small interval around
the free energy minimum. Possible contacts are calculated within a
trimer, between one BLG dimer and one LF, (Fig. 4) as well as between
one BLG dimer and one BLG-LF trimer (Fig. 5).

The results are presented as a contact map, as well as by coloured
coarse-grained proteins and their secondary structure. Yellow amino
acids represents less to no contacts and blue amino acids representing
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Fig. 4. Residue-residue contacts illustrated by protein structure models and contact map. The scale shows the relative number of contacts, darker meaning more. The
red rectangle in the secondary structure corresponds to the same marking in the contact map. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

many to maximum amount of contacts. In the secondary structure dia-
grams, the respective areas of high contact corresponds to the results in
the contact maps above. Moreover, comparing the secondary structure
diagram to its coarse-grained protein model, we can distinguish which
parts of the protein that represent the contact area, both in folded form
and in the secondary structure chain. Whereas, the contact maps shows
which combination of amino acids that are part of the contact area. The
contact maps are generated by averaging the number of observed con-
tacts in the free energy minimum, at R = 56 A. The results represent
thermal averages over microstates from a MC simulation at 10 mM salt
with a fixed protein-protein mass centre separation (the free energy
minimum).

In Fig. 4:bottom, we note two distinct (vertical) bands on LF, centred
around residues 20 (HARG) and 285 (PHE). In contrast, BLG, shows
many more (horizontal) bands, suggesting that many poses can bind to
the same fixed binding sites on LF. Fig. 5:bottom presents similar results.
The BLG displays many horizontal lines, illustrating that many different
amino acids can be part of the contact. On the trimer, the BLG seems to
bind to residue 20 and 285 of the LF, just as in Fig. 4:top. Additionally,
the contact area to the BLG dimer in the BLG-LF trimer, is more versatile
and a faint grid pattern of amino acids in contact can be distinguished.

3.4. Voronoi tessellation

We have used coarse grained MC simulations to find the free energy
minimum and thus the contact area of the two studied proteins. Defining
the contact area can also be accomplished by using a Voronoi tessella-
tion method [47]. Voronoi tessellation is a partition of a plane into re-
gions called Voronoi cells constructured by points, or “nodes”. This
tessellation can also be done as a volume partition. Construction of the
Voronoi cells can be accomplished by brute-force algorithms, but many
more efficient algorithms and methods have been developed [48,49].

Voronota [47], an open-source program, calculates and construct the
contacts between and within macro-molecules with the help of Voronoi
tessellation. This program was used for comparing and confirming the
reliability of our calculated contacts. Voronota needs an atomistic pdb-
file as input, in order to calculate and visualise the contact area.

Since our simulations are coarse-grained, we back-converted the
coarse-grained structure of the two proteins in their free energy mini-
mum to a full atomistic complex. The visualisation program VMD [50]
was used for aligning the coarse-grained structures with an all-atom
structure, creating an atomistic copy. With this approach, the side
chains, which are absent in the coarse-grained version, cannot be
aligned. In order to optimize the protein side chain packing, the online
rotamer library program FASPR [51] was used.

The atomistic structure neglect possible protonation changes of the
coarse-grained amino acids, resulting in that the same amino acids in the
atomistic structure might not represent the same state that the amino
acid had in the coarse-grained one. This is a source of error that should
be considered in the following analysis.

Contact in our simulation is based on if two amino acids are within a
distance threshold, then the contact value of that amino acid is
increased. This is done over a trajectory of free energy minimum con-
figurations allowed to rotate. Finally, the contact values are normalised
and plotted in a contact map (see Fig. 4).

For our structure, Voronota visualised a contact area between the
proteins and listed 58 amino acids, which created 87 inter-protein
contact pairs. Fig. 6a illustrates the contact area between the atomistic
protein structures with side chains in their free energy minimum. In
Fig. 6b a zoom-in of the contact area is presented. Each face of the
contact area represents a contact and the colouring illustrate the stress
on respective contact point, where red is high and blue low. Voronota
does not take pH and temperature into account and with the un-
certainties introduced when transforming the coarse-grained structure
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the start of LF in the trimer. The red rectangle in the sequence corresponds to the two red rectangles in the contact map. (For interpretation of the references to colour
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(b)

Fig. 6. Voronoi tessellation of inter-protein contacts in the LF-BLG complex as obtained using the Voronota software [47].Each face of the surface represents a
contact between an atom in each protein. The size of the face shows the contact strength, and the colour, the strain on the contact.

to an atomistic one, we can only assume that with fewer approximations listed. Depending on the chosen cut-off value, this differs between 10 to
the result would have been more reliable. 20 amino acids. However, they are all found to be either adjacent to

Approximately 10 % of the listed contacts by Voronota are not found other defined contacts or to the missing Voronota ones. This makes it
by our simulation. Our simulation only provides a value of how likely hard to discern what cut-off value to use to define an optimal contact
there is a contact between two amino acids. Thus, depending on what area, but even with a somewhat larger contact area it is still compara-
value is set as a minimum contact value, more or less amino acids will be tively similar to the one defined by Voronota.
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4. Conclusion

We have investigated the interaction between the milk proteins BLG
and LF using molecular MC simulations. Our results show that the as-
sociation is strongly salt dependent and that the anisotropic and oppo-
sitely charged proteins lead to a high percentage of the attraction
coming from patchy charge interactions that tend to align the proteins in
specific orientations. Our results are in good agreement with experi-
mental data that suggest coacervates formation only at low ionic
strengths. Collecting microstates around the free energy minimum
provided insight to which amino acids that are involved in the interac-
tion of LF-BLG trimers and BLG-(BLG-LF) pentamers. In both cases, the
interaction leads to highly oriented complexes, and we observe distinct
interaction hotspots on the protein surfaces. The analysis of residue-
residue contacts is based on both contact maps and Voronoi tessella-
tion of contact areas.

Our simulation results corroborate, reinforce and complement at
amino acid scale the experimental findings from at least two groups
suggesting the existence of a pentamer as a primary unit driving the
coacervation process in BLG/LF mixture [5,8,10]. Based on a diversity of
complementary and powerful techniques, these concomitant studies
suggest the formation of the pentamer through the binding of two BLG
dimers on two different sites of one LF, one of higher and one of lower
affinity.

Our model incorporates different approximations, and builds on that
the studied system mainly exhibits electrostatic interactions. This
certainly poses limits, however we have taken these into account by
building our model on values and methods from previous studies for
similar molecules. Another limitation is that we decide how many pro-
teins to simulate, in a real solution more or less proteins could partici-
pate in the coacervation. However, since it is believed that a pentamer is
the primary unit, our results can at least show how a single coacervate
unit is build up.

In future studies, the optimal molar ratio between the two milk
proteins in the coacervates can be investigated. As seen in Table 1,
different experimental studies report varying ratios. A Monte Carlo
grand canonical simulation or Gibbs ensemble [52] could be used for
determining the optimal molar ratio of the proteins. Gibbs ensemble can
study phase separation and coexistence, and a grand canonical ensemble
can find the thermodynamic equilibrium of a system. By developing
these models, we hope to in future studies provide an answer of which
molar ratios that are realistically feasible and can create coacervates.

In conclusion, our results will enhance the possibility of further
development and research around heteroprotein coacervation, of BLG-
LF and other similar proteins, for both computational and experi-
mental studies. Conceivably, these results can promote the development
of new functional food products, cosmetics, and food texturing using
heteroprotein coacervates.

An electronic (Jupyter) notebook is provided to reproduce the pre-
sented simulations and illustrations: https://doi.org/10.5281/zenodo
14223026, in addition to a SI document. Supplementary data to this
article can be found online at doi: https://doi.org/10.1016/j.ijbi
omac.2024.137790.
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