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Abstract

Egg yolk contains several molecular species with emulsifying properties, such as
proteins and phospholipids. In particular, these molecules have both polar and non-
polar parts and thus can act as surfactants. One of the most surface-active proteins
from egg yolk low-density lipoproteins is the so-called Apovitellenin-1. Experimental
studies have been hindered by the difficulties in isolating individual species from egg
yolk lipoproteins. The purpose of this work was to assess the emulsifying properties of
Apovitellenin-1 and any potential cooperative or competitive behavior in the presence
of phospholipids. To do so, molecular simulations were carried out in a liquid-liquid
interfacial system, consisting of water and soybean oil, with varying concentrations of
phospholipids and for different spatial configurations. To evaluate the conformational
stability of the protein at the water-oil interface, the Gibbs free energy was computed
from Metadynamics simulations as a function of the distance from the interface and
of the radius of gyration. Moreover, a detailed analysis was also performed to deter-
mine which peptide residues were responsible for the protein adsorption at the oil-water

interface, as well as the lowering of the interfacial tension. Lastly, we combined the sim-



ulation results with a thermodynamic model to predict the interfacial tension behavior

at increasing protein bulk concentration, which cannot be measured experimentally.
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Introduction

Emulsions are frequently used in the food industry and one of the most renowned examples
is surely mayonnaise. Emulsions are obtained starting from two or more immiscible fluids,
typically an aqueous and an oil phase. In the case of mayonnaise, small oil droplets are
dispersed into a continuous water phase by vigorous agitation,! for example in a rotor-stator
mixer.??3 Usually, food emulsions, which are included in the class of macroemulsions, are
thermodynamically unstable as they are characterized by a dimension of the oil droplets
ranging from 0.2 to 50 pm.*5 Due to this instability, after the emulsion has been formed, oil
droplets begin to approach each other until they coalesce to form larger droplets. When a
drop is large enough, it separates from the aqueous phase and emerges at the surface, thus
this process can eventually lead to complete phase separation.® The speed of this process
can be influenced by several physical-chemical factors, such as the type of the two fluids,
the droplet size, the presence of molecules able to prevent phase separation, and the mixing
method.! Instead, nanoemulsions and microemulsions have droplet sizes ranging from 10 to
100 nm. However, the former are thermodynamically unstable as macroemulsions, while the
latter are isotropic and thermodynamically stable systems.”

Mayonnaise is formed by mixing egg yolk, oil, water, salt, vinegar and lemon juice.
The two immiscible phases are oil and water, with the latter being one of the ingredients
as well as being contained in the egg yolk. Vinegar and lemon juice, which give flavor

to the mayonnaise, reduce the pH, thus improving the stability of emulsions.® Egg yolk is



the key ingredient as it contains biomolecules that can act as surfactants at the water-oil
interface, namely phospholipids and proteins. ! Surfactant molecules consist of both polar
and non-polar parts, which can interact with the water and the oil phase, respectively, by
positioning themselves at the interface, thus limiting droplet coalescence and preventing

phase separation. 1°

11512 45 the one

Among the proteins found in the egg yolk, the so-called Apovitellenin-
with the highest surface activity and with the greatest emulsifying potential. It is a homo-
dimer made up of two identical polypeptide chains of 82 residues each (approx 9 kDa), with a
disulfide bond between the cysteine residues in position 75 of each chain. ! '3 There is limited
information regarding this protein as it is unstable in water and, thus, difficult to isolate. %4
Furthermore, its spatial structure has not been determined experimentally. Apovitellenin-
1 is found in the low-density lipoproteins (LDLs) of egg yolk, along with other proteins,
phospholipids, triglycerides, and cholesterol. When the LDLs reach the water-oil interface,
they break and release the surfactant molecules. Therefore, proteins and phospholipids are
free to diffuse at the interface, leading to a decrease in the interfacial tension, thus stabilizing
the emulsion. 1516

Molecular Dynamics (MD) and Metadynamics (MetaD) simulations have been largely
employed in order to investigate protein interactions at interfaces.'”2% Thus, the objective
of this work is to study the behavior of the Apovitellenin-1 at the water-oil interface with
and without phospholipids, using both MD and MetaD techniques. Specifically, MetaD is
based on MD but has the advantage of performing a probabilistic sampling of rare and tran-
sitional events,?” such as those involving protein dynamics at interfaces. These approaches
are commonly adopted to study phenomena that may not be directly observed in experi-
mental works.?® Although experimental techniques capable of addressing particle adsorption
at liquid-liquid interfaces exist,??3° some of which with remarkable details,3!3? the above

mentioned computational approaches were deemed to be more advantageous for this study,

especially considering the difficulty in isolating Apovitellenin-1 from egg yolk.



In this perspective, this work introduces a novel approach, utilizing atomistic models
and statistical analyses, to gain a mechanistic understanding of the adsorption behavior
of an egg yolk protein at the oil-water interface, as well as its interactions with other co-
surfactants. Furthermore, to relate the interfacial tension decrease associated with protein
adsorption to the protein bulk concentration, a thermodynamic model of protein adsorption
was developed and applied to the case investigated. This model was obtained by combining

3435 in which another molecular approach, namely

our results with those of previous works
Dissipative Particle Dynamics (DPD), was employed. In such a way, it was shown how
molecular techniques could potentially be used to predict equilibrium properties that are

otherwise difficult to measure experimentally.

Materials and Methods

The theoretical basis of the two main molecular techniques employed in this work (MD
and MetaD) is explained in the Supporting Information, giving more emphasis on the Well-
Tempered Metadynamics (WTMetaD) which is the specific method adopted here. Hence,
the next sections present the computational details, the thermodynamic model of protein

adsorption, and the model validation employed.

Molecular Simulations
Molecular Modeling

In this section, some details about the chemical species involved in this work, namely the
protein (Apovitellenin-1), the oil phase, water, and the phospholipids, are presented, together
with all the necessary hypotheses and approximations. First, it is important to underline
that the sequence of the mature protein is available at the UniProtKB database3® (www.
uniprot.org/uniprot/P02659), under the accession number P02659. For further analyses,

two applications were used: AlphaFold3"3® and H++.3° AlphaFold predicts different spatial



structures for the protein, starting from its amino acid sequence. Each structure is associated
with an index of prediction, called IDDT (Local Distance Difference Test), a superposition-
free score that evaluates local distance differences of all atoms in a model, which varies
between 0 and 100, indicating the accuracy of the prediction.*? For this work, the structure
with the highest value of the index of prediction was used, as shown in the Supporting
Information. Moreover, it can be noticed that the region encompassing the disulfide bond
was correctly represented and was predicted with the highest index of the molecule. The
second application, H++, was used to predict the protonation state of each amino acid
residue. By providing the structure and the pH value of interest (here considered equal
to 3.8), H++ returns the pKa for each amino acid in the protein. If the pH is less than
the pKa then the functional group of the residue will be protonated, otherwise it will be
deprotonated. This leads to a total charge for the protein equal to +14e™.

For the oil phase, it was also necessary to adopt some simplifications. In particular,
the non-aqueous phase consists of soybean oil, whose fatty acid composition is reported in
Table 1.%! It was thus assumed that all the triglycerides contain only one type of fatty acid,

Table 1: Fatty acids composition of soybean oil.*!

Fatty acid content, wt%

Fatty acid

Range Average
Palmitic (PM) 7-12 10.7
Stearic (ST) 2-5.5 3.9
Oleic (OL) 20-50 22.8
Linoleic (LL) 35-60 50.8
Linolenic (LN)  2-13 6.8

that is without an internal distribution. In this way, the composition reported in Table 1 is
considered as the weight fraction of triglycerides in the soybean oil. Hence, the number of
molecules that compose the oil phase in the simulation box reflects such composition. All the
information about structural conformation and topology for the triglycerides was obtained
42-44

by using LigParGen.

The TIP3P model was used for water. This model is characterized by a low computational



cost, but it can not simulate the correct behavior of water at temperatures near 0 °C.4546 A
50/50 volume ratio was assumed for the oil and water phases.

To model phospholipids, only 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was taken into account since it was identified as the most abundant in the egg yolk.?474® The

structural information regarding the phospholipids was obtained from the Slipids website. 4849

Simulation Setup

MD simulations were performed using GROMACS 2020.6.5° All the systems were simu-
lated using the Verlet list for neighboring atoms with a cut-off of 1.0 nm for both Coulomb
and van der Waals interactions and the Particle Mesh Ewald summation (PME)®! for elec-
trostatic calculations. Periodic Boundary Conditions (PBC) were considered in all three
directions. Since the protein has a non-zero net-total charge, an appropriate number of Cl”
ions was added to the system to achieve electrostatic neutrality. For all systems energy
minimization was first carried out with a steepest descent minimization that was stopped
when the maximum force between atoms was lower than 1000 kJ/mol/nm, followed by two
equilibration steps: 100 ps in NVT (Isothermal-Isovolumetric ensemble) and 1 ns in NPT

t,%2 with pressure coupling

(Isothermal-Isobaric ensemble), using the Berendsen thermosta
for NPT simulations. The pressure was set equal to 1 bar and temperature was fixed at 298
K. Production runs were instead performed with the Parrinello-Rahman barostat® (relax-
ation time equal to 2 ps) and the V-rescale thermostat® (relaxation time equal to 0.1 ps).
MD production was carried out with a time step equal to At = 2 fs for a total number of
steps Ng = 5 x 107. The OPLS-AA force field® was employed to compute the interactions
between all the atoms in the system. Hydrogen bonds were constrained with the LINCS al-
gorithm®® and TIP3P %5467 water molecules were kept rigid with the SETTLE algorithm.®®

Four cases were analyzed in this study, as reported in Table 2 with the corresponding box



Table 2: System compositions in terms of the number of molecules for the cases investigated
in this work, together with box sizes.

. Oil _ Box Dimensions [nm?]
Case Protein Water PM ST OL 1L LN POPC (1 X x Y x 7,
55845 132 42 263 602 88 0 14 12.15 x 24.30 x 12.15
55065 132 42 263 602 88 10 14 12.15 x 24.30 x 12.15

42619 90 30 172 452 61 21611 14 11.70 x 23.40 x 11.70

1
1
1
1 42619 90 30 172 452 61 432V 14 11.70 x 23.40 x 11.70

N

See Table 1 for references on triglyceride molecule types.

i Free in the water bulk, concentration equal to that found in egg yolk.

iii Placed at the oil-water interface, concentration equal to half of the saturation.
v Placed at the oil-water interface, concentration equal to saturation.

dimensions.

To create the first system from Table 2, the oil phase was initially set up. Starting from a
box with dimensions X =Y = Z = 25.00 nm, the five types of triglyceride molecules were
randomly inserted in a number corresponding to the proportions of Table 1. After the energy
minimization and the equilibration steps, the box reached the dimensions X =Y = 7 =
12.15 nm. Then, the box was extended in the Y-dimension and a single protein molecule
was placed in the center of the void phase. In this way, we can assume that the protein does
not interact with both interfaces at the same time, since the minimum distance between
the protein and each interface is larger than the cut-off used for non-bonded interactions.
The remaining space was then solvated with water, thus creating the interface between oil
and water. After that, fourteen molecules of water were replaced with an equal number
of Cl ions. This system was used as the basis for the other three cases. For the second
case, a sufficient number of water molecules were replaced with ten molecules of POPC.
Such number was calculated from the number of POPC molecules per protein molecule ratio
(Npopc/Np), knowing the mass of each molecular species!™? (mp = 18677.38 Da is the
protein mass and mpopc = 760.09 Da is the POPC mass) and their corresponding mass

fraction in the egg yolk,?*7 as shown in Table 3 and Eq. 1.



Table 3: Fraction of proteins and phospholipids in the egg yolk. %47

Fraction of LDL in the dried egg yolk (xrpr) 0.66
Fraction of protein in LDL (xp ) 0.10
Fraction of lipids in the dried egg yolk (x1.) 0.63
Fraction of phospholipids in lipids (xpr,) 0.33
Fraction of phosphatidylcholines in phospholipids (ypc) 0.76
Fraction of POPC in phosphatidylcholine (xpopc) 0.154
Npopc _ XL X XPL X XPC X XPOPC P 905410 (1)
Np XLDL X XP MpOPC

The value of Npopc/Np was rounded up to compensate for possible approximation errors.

In fact, the exact concentration of Apovitellenin-1 in the egg yolk is not known, 11214

SO
it was assumed that all LDL proteins were molecules of Apovitellenin-1. For the remaining
two systems (Cases 3 and 4 of Table 2), the box from Case 1 was used as a starting point,
although with a smaller volume. This difference was due to the fact that after substituting
some of the water and the oil molecules with the POPC molecules, a part of the box remained
void. It was thus necessary to perform another equilibration in an NPT ensemble where the
volume of the box was reduced to fill the void space with other molecules.

The saturation concentration of POPC phospholipids at the water-oil interface is 0.635
nm?/lipid.*® Thus, by knowing the superficial area of the interface, it was possible to calculate
the number of phospholipid molecules to insert into the simulation box, in order to achieve
a concentration equal to half that of the saturation (Case 3) and equal to the saturation
one (Case 4). It is important to stress that there are two interfaces in each system due to
the periodic boundary conditions. Hence, the phospholipids were placed at each interface
by removing an equal volume of water and oil. The phospholipids were already positioned
in the correct orientation, with the polar part towards the water phase and the non-polar

part near the oil phase. In summary, Figure 1 shows the snapshots of the four cases studied

here.
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Figure 1: Snapshots realized with the VMD software® of the simulated systems correspond-
ing to the four cases from Table 2 (Case 1 (a), Case 2 (b), Case 3 (c), Case 4 (d)), where the
protein, POPC, water, and oil molecules are represented in red, orange, blue, and yellow,
respectively. To have a clearer view, some solvent molecules were hidden.



Well-Tempered Metadynamics Simulations

The PLUMED v.2.7.2506! plugin was used to perform all Well-Tempered Metadynamics
simulations. The collective variables chosen for all MetaD simulations were the protein
radius of gyration, used as a metric for denaturation, and the distance between the protein
center of mass and the oil phase. To reduce the computational cost, a further simplification
was adopted: for each molecule of the oil phase, only a single atom of carbon was considered,
which was found only among the molecules of the oil phase. Specifically, the number density
along the y direction (i.e. orthogonal to the interface) was compared for all the atoms of the
oil phase and for the chosen carbon atom, to ensure the accuracy of this approximation. More
details are reported in the corresponding section of the Supporting Information. The bias
factor was equal to 10, while the initial Gaussian height was set to 1 kJ/mol and the Gaussian
deposition rate to 1 hill/ps. Lastly, the free energy surfaces (FES) and the probability
distributions of the CVs were obtained by using the reweighting approach proposed by Tiwary
and Parrinello®?. To verify the convergence of the biased simulations, the variation of the
CVs over the last 10% of the simulation time was computed. These results are reported in

the Supporting Information as well.

Thermodynamic Model of Protein Adsorption

The adsorption mechanism of proteins at fluid interfaces is significantly different from that
of common surfactants, such as non-ionic single-chained amphiphilic molecules with a hy-
drophilic head and a hydrophobic tail.%® In particular, a common feature of all surfactant
proteins is the typical S-shaped trend of the surface pressure at increasing protein surface
concentration.% Among other things, the thermodynamic model of protein adsorption was
successfully employed to evaluate the protein adsorption energy at fluid interfaces from ex-
perimental data.%! In this work instead the adsorption energy of the Apovitellenin-1 at the
oil /water interface was obtained from metadynamics simulations. This information was then

transferred to the thermodynamic model, in which the parameter calibration was based on

10



previous results obtained by means of DPD simulations.3* It is eventually possible to predict
a macroscopic behavior of the protein investigated, namely the surface pressure curve at
increasing protein bulk concentration.

The theory of protein adsorption, which is described in detail in the work of Fainerman
et al. %, is based on the idea that the protein molecule can exist in multiple states in the inter-
facial layer. The large exposed surface area and the large number of possible conformations
of an adsorbed protein molecule can be modeled as a significant increase in the non-ideality
of the surface entropy. This is the reason why the most simple isotherm models (e.g. Henry,
Langmuir, Frumkin) cannot describe protein adsorption%. In contrast, the thermodynamic

1.3 assumes that the partial mo-

model of protein adsorption proposed by Fainerman et a
lar area of the protein molecules can vary between a maximum (W), at very low surface
coverage, and a minimum (w,,;,) value, at high surface coverage. The molar areas of two
adjacent conformations differ from each other by the value wy, which corresponds to the
molar area of the solvent and is assumed to be significantly smaller than that of the protein
in any state. Furthermore, the total number of possible states of the protein molecule, n,

is defined by the above-mentioned parameters, so that wy = Aw = (Wimaz — Wmin)/(n — 1).

Thus, the following equation of state was derived:

W
2 —In(1 - wl) 4 Dw — wp) + a(wl)?, (2)

RT
where m = 09 — ¢ is the surface pressure, oy and ¢ are the interfacial tensions of the
free interface and of that covered by protein surfactants, respectively, R is the ideal gas
constant, T" the temperature and a is a Frumkin-type intermolecular interaction parameter.

I'=>"",T;is the total adsorption of protein in all n states, § = wI' = >""" | w;I'; is the total

surface coverage, and w is the average molecular area of adsorbed proteins. The equation of

11



the adsorption isotherm for each state (j) of the protein is given by:

T ,
bjc = ij exp (—2@ (ﬂ)wf) , (3)
(1 —wl)w W

where c¢ is the protein bulk concentration and b; is the adsorption equilibrium constant for
the protein in the j-state. Moreover, it can be assumed that all constants b; have one and
the same value for all states j from i = 1 to ¢ = n, and therefore the adsorption constant for
the protein molecule is given by b = )" ;bj = nb;. This assumption allows to define each of
the individual I'; in terms of the total adsorption, thus providing the distribution function

of adsorptions over various states of the protein molecule:

1 — wl) ™5™ exp (2aT (w; — Winin
r, == wl” = oxp@al(w; —wnn) (4)

Yo (1— wI‘)wi_imm exp (2al’(w; — Winin))

while the average molecular area of adsorbed proteins w can be expressed as follows:

Yo wi(l —wl) e min exp (2al (w; — Win)) 5)
W= Wi = Ymin :
Yo (T —wl) ™™ exp (2al(w; — Winin))

The thermodynamic model presented above describes the adsorption behavior at low pro-
tein concentrations very satisfactorily, where the simultaneous increase of surface pressure
and adsorption is observed. %% However, assuming the existence of a critical protein concen-
tration, denoted ¢*, 7* and I'*, above which the surface pressure remains almost constant as
the adsorption often increases, the model can be extended to account for higher concentrated
solutions.% Thus, for ¢ > ¢* the equation of state and the adsorption isotherm respectively
become:

TWo 1

~ 57 = a[hq (1 —wl) +T'(w —wp) + a(wl)?], (6)

and

12



respectively, with:

I T—T7*
U= —
T exp <€ 7T w> , (8)

where € represents an adjustable parameter. Lastly, the adsorption equilibrium constant b

1 AG,
h— - _
P eXp( RT ) ) 9)

can be expressed as: %

where p is the molar concentration of the solvent, assumed to be equal to 56 mol/1 for dilute
aqueous solutions.%® It is important to highlight that the value of AG.qs was here com-
puted from MetaD simulations, thus representing the link between the molecular modeling
technique and the macroscopic thermodynamic theory.

The equations of state Eqs. 2 and 6 were solved together with the expression of the mean
molar area Eq. 5, to find the value of w for each I' value. Then, these values were included
in the isotherm of adsorption (Eqs. 3 and 7) in order to obtain the surface pressure profile
as a function of the protein bulk concentration. To do this, further parameter optimization
was performed with Matlab R2022b, to minimize the error between the fitting curve for
Egs. 2 and 6 and the data from dissipative particle dynamics simulations.?* The optimized

parameters used in the thermodynamic model have been listed in Table 4.

Table 4: Optimized parameters used in the thermodynamic model of protein adsorption
(from Egs. 2 to 8).

Parameter Optimized value
a 0.00625

Winin [M?/mol| 1.9x10°

Winaz [mM?/mol| 4.9%x107

n 565

£ 3.9x107*

7 [mN/m] 22.5

13



Model Validation

In addition to the cases already described, another simulation study was conducted to val-
idate the approach used in this work. As mentioned before, to the best of the Authors’
knowledge, there is no experimental data available in the literature regarding the isolated
Apovitellenin-1 to be compared with the results obtained from our simulations. Therefore,
the same methodology was tested for a similar application, whose details are available. In

particular, the system described in the work of Maldonado-Valderrama et al. 5"

was repro-
duced and modeled with the same simulation parameters used for the case of Apovitellenin-1.
Therefore, for the sake of the comparison, the system consists of 5-casein adsorbing at the
air-water interface. The air phase was treated as a vacuum.'” The structure of 3-casein was
obtained from UniProt (code P02666, www.uniprot.org/uniprot/P02666).3¢ After adjust-
ing the protonation state of the peptide residues with H++ at a pH of 7.4, the protein was
placed at the center of the water bulk. The box construction was made analogously to the
previous case of Apovitellenin-1. Then, box charge neutralization, energy minimization, and
equilibration (1 ns in NVT ensemble) were conducted. The OPLS-AA force field was used
again here. To maintain the water-air interface, it was necessary to perform the simulation
in the NVT ensemble, by fixing the temperature equal to 298 K with the V-rescale thermo-
stat. Regarding the MetaD setup, the same parameters of the simulation of Apovitellenin-1
were used. Indeed, the two collective variables were the protein’s radius of gyration and
the distance of the protein center of mass from the water-air interface. Since, in this case,
the simulation was conducted in the NVT ensemble, the energy obtained from MetaD is
the Helmholtz free energy. One can switch to the Gibbs free energy AG,.4s by applying the

following expression: %

1 Yv " 1 Yd I
AG'a,ds - A-FMetaD = [ Y / 6_5 y(y)dy:| - |: ) / e_ﬂ y(y)dy:| (10>
6 Ya 6 Ye

14



where (3 is the inverse of the temperature and Boltzmann constant product, Fy(y) is the
Helmholtz free energy obtained from MetaD simulations along the y direction, and (Y4, yp)

and (y., yq) are the adsorption and bulk region, respectively, which are arbitrarily chosen.

Results and Discussion

Figure 2 shows illustrative snapshot examples of the protein adsorbed at the oil /water inter-
face for cases 1 (a) and 4 (b). As it can be seen, the presence of a phospholipid layer at the
oil/water interface prevented full adsorption of the protein, which will be discussed in detail

later on. The free energy surfaces (FES) obtained from MetaD simulations give an overview

Figure 2: Illustrative snapshot examples of the simulated systems realized with the VMD
software:? a) Case 1, protein adsorbed at the oil /water interface; b) Case 4, protein adsorp-
tion in the presence of the phospholipid layer at the oil/water interface. Protein, POPC,
water, and oil molecules are represented in red, orange, blue, and yellow, respectively.

of the collective variable space explored by each of the four cases. They are represented in
the Supporting Information by varying both the two collective variables. It should be noted
that energy is considered here the Gibbs free energy, as these simulations were conducted

in the NPT ensemble. However, in order to have a clearer representation, the probabilities

15



associated with the various states were also calculated and reported in Figure 3, where the
peaks correspond to the most probable configurations of the system. As shown in Figure
3(a), the protein was fully adsorbed on the water-oil interface only in cases 1 and 2. It is
important to underline that the minimum distance was calculated considering the protein
center of mass and not the closest atom to the oil-water interface, thus the highest peak
of probability was slightly shifted towards values slightly greater than 0. Instead, in cases
3 and 4, the highest probability peaks were shifted to larger distances from the oil-water
interface due to the steric hindrance caused by the presence of phospholipids at the inter-
face. Therefore, the protein positioned itself near the oil-water interface without being able
to be completely adsorbed. In fact, it may be noted that the distance between the protein
and the interface in case 4 was larger than in case 3. This is due to the fact that in case
4 there was a higher concentration of phospholipids at the interface, which hindered the
adsorption of the protein even more than in case 3. Accordingly, in case 4 there was a higher
probability of finding the protein in the water bulk compared to case 3, as indicated by the
second-highest peak. However, it may be observed from Figure 3(a) that case 1 and case
2 had approximately the same trend for distances smaller than 3 nm, thus suggesting that
the phospholipids in solution were not able to prevent protein adsorption. Nevertheless, the
presence of phospholipids in case 2 made the probability profiles smoother (Figure 3), thus
the peak in the water bulk at a distance from the interface equal to 5.5 nm was not present,
as instead observed for case 1. This is shown in detail in Figure 4, where the protein energy
profiles of cases 1 and 2 are represented as a function of the distance from the interface. From
these profiles, the protein Gibbs free energy of adsorption AG.4s at the oil-water interface
can be estimated as the difference in the values of the energy associated with the protein at
a distance close and far from the interface as reported in Figure 4. Therefore, the presence of
free phospholipids affected the absolute value of AG.4,. In fact, for case 1 AG,qs amounted
to -108.18 kJ /mol, while AG 45 was equal to -122.71 kJ /mol for case 2, meaning that, when

free phospholipids are initially present in water bulk, this made the protein adsorption even

16
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more likely to occur in case 2 rather than in case 1. Moreover, these values of AG.4, are
consistent with those reported in the literature for protein surfactants.%® The presence of
phospholipids in the water bulk had an effect also on the radius of gyration, as shown in
Figure 3(b) (red continuous line and blue dashed line). Despite the fact that in both cases 1
and 2 the maximum probability peak corresponded to a value of the radius of gyration equal
to 2.125 nm, when the phospholipids were not present (Case 1) the protein explored a wider
range of values and, specifically, more compact structures. This was also true for Cases 3
and 4 where, although the phospholipids were present at even higher concentrations, their
accumulation at the interface resulted in fewer interactions with the protein, thus promoting
compact structures and limiting protein adsorption. This is most likely related to the fact
that the protein molecule becomes smaller when trying to penetrate the phospholipid layer.
In Case 4 (Figure 3(b), orange dotted line) with a saturated phospholipids interface, the
protein can explore approximately the same region of the radius of gyration value as in Case
3 (Figure 3(b), green dash-dotted line) but with a higher probability of occurrence. How-
ever, in Case 2, the distribution of the radius of gyration was clearly shifted towards higher
values, thus looser structures, suggesting a denaturing effect exerted by free phospholipids
in solution.

To provide a better understanding of the relative interactions between protein and phos-
pholipids, Figure 5 shows the density profiles along the direction normal to the oil-water
interface and the radial distribution functions of the protein with respect to phospholipids
for cases 2, 3, and 4. As can be seen, when phospholipids were initially free in the water
bulk (case 2), they were then adsorbed at the oil-water interface together with the protein.
A stronger interaction of the non-polar tails rather than of the polar heads can indicate a
protein denaturation effect (Figure 5(d)) due to the high non-polar component in the pro-
tein structure. This can also justify a wider protein radius of gyration explored in case 2
compared to case 1 when phospholipids are not present (Figure 3(b)). Moreover, the de-

naturation effect may be responsible for the flatter protein energy profile of Figure 4(b) in
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Figure 4: Protein energy profiles and determination of the Gibbs free energy of adsorption
at the oil-water interface. (a) Case 1: no phospholipids; (b) Case 2: phospholipids in the
water bulk at a concentration calculated from Eq. 1.
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water bulk and higher free Gibbs energy of adsorption (in absolute value) with respect to
case 1. Therefore, the strong interaction of non-polar tails can explain how the presence
of free phospholipids promotes protein adsorption at the oil-water interface. On the other
hand, when phospholipids were initially adsorbed at the interface (cases 3 and 4), the relative
interaction between the protein and phospholipids polar heads shown in Figures 5(e) and
(f) may be the reason of the steric hindrance making the protein not fully adsorbed at the
interface and of a more compact structure with respect to cases 1 and 2 (Figure 3(b)). It
is also important to note that the higher the concentration of adsorbed phospholipids the
larger the distance of the protein from the interface as reported in Figures 5(b) and (c),
shifting the peaks in the radial distribution functions of Figures 5(e) and (f).

For case 1, a more detailed analysis was conducted to investigate which peptide residues
were involved in the adsorption process. Figure 6 shows the probability of finding each amino
acid residue as a function of the distance from the interface. As can be seen, the region of
the protein involved in the adsorption the most is strongly hydrophobic, hence they tend
to adsorb onto the non-polar oil interface. To provide better visualization, points with a
probability higher than 0.9 were highlighted by red dots. It is worth mentioning that, apart
from the portion of the protein adsorbed (the red dots in Figure 6), the remaining part of the
amino acid residues were free to move in the region close to the interface. For this reason,

the other probability values are lower than 0.3.

Application of the Thermodynamic Model of Protein Adsorption

Simulation results of case 1 were then used to build the thermodynamic model of protein
adsorption. Once the optimized parameter set was obtained (Table 4), it was verified that
the equation of state of the thermodynamic model of protein adsorption (Eqgs. 2 and 6) fitted
the data obtained from DPD simulations! with an acceptable error, as shown in Figure 7(a).
Although different water/fluid interfaces were considered, a very good agreement was also

noticed between the values of Apovitellenin-1 at the oil-water interface and those obtained
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experimentally for the S-casein at the air-water interface.% This result would suggest that
these two proteins may have very similar behavior, typical of flexible protein surfactants

63,64 Therefore, this consideration would

compared to globular ones at liquid/fluid interfaces.
support the choice of using the data of S-casein to validate our approach, as reported later.
To obtain a complete thermodynamic description of adsorption for the Apovitellenin-1, only
the adsorption equilibrium constant b is required and can be obtained by means of Eq. 9.
As reported, b only depends on the value of AG,4s. Therefore, from the MetaD simulation
of case 1, the variation of the Gibbs free energy between the protein in the bulk state and
the protein in the adsorbed state was obtained (Figure 4). Once the constant of adsorption
was obtained, it was included in the expression of the adsorption isotherm (Eqs. 3 and
7) to find the value of the protein bulk concentration for each value of 7 and I" obtained

from DPD simulations,?*

as reported in Figure 7. Although the bulk concentration values
appeared to be relatively small compared to those of 3-casein,% to the best of the authors’
knowledge there are no experimental data of Apovitellenin-1 to directly compare this result.
Nevertheless, this trend represents a prediction of a macroscopic property that is difficult to
experimentally measure for the protein under investigation.

Since this profile only depends on the value of b and, in turn, on the Gibbs free energy
of adsorption AG,gs, the approach and results proposed here were eventually validated by
investigating the adsorption at the air-water interface of (-casein, whose value of AG,4s
is available in the literature.%*%7 In this last case, the experiment with the 3-casein from

the work of Maldonado-Valderrama et al.%?

was reproduced by MD and MetaD approaches
with the same setup adopted for the Apovitellenin-1 simulations. The most important result
here was the value of the Gibbs free energy of adsorption AGp_ces pmetap = —52.11 kJ/mol,
calculated by applying Eq. 10 to the Helmholtz free energy profile reported in the Sup-
porting Information. This value is very similar to the one found in the literature which is

AGs_as prp = —59.4 kJ/mol.®*7 Tt is thus reasonable to consider the trend of Figure 7(b)

a valid result.
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Conclusions

Apovitellenin-1, one of the proteins responsible for the stability of food emulsions like may-
onnaise, is not stable in aqueous solvents and it is difficult to separate from the other species
of the egg yolk. Therefore, an attempt to study its adsorption behavior at a water-oil inter-
face, at different phospholipids concentrations, using molecular dynamics and metadynamics
was made. At low concentrations, phospholipids promoted protein adsorption by further re-
ducing the structural stability of the protein in water. Instead, at higher phospholipids
concentrations, namely starting from concentrations equal to half of the saturation, they
could sterically inhibit the adsorption of the protein. Furthermore, when phospholipids were
free in solution, they shifted the distribution of radius of gyration towards higher values,
suggesting a loosening action on the protein structure. Conversely, when the phospholipids
accumulated at the interface, despite their concentration being higher, they promoted more
compact structures. Lastly, the hydrophobic peptide residues were found to be responsible
for protein adsorption at the interface. Subsequently, a thermodynamic model of protein
adsorption was also built in order to evaluate the trend of the surface pressure at increas-
ing protein surface and bulk concentration. In particular, the equation of state for the
Apovitellenin-1 presented a very similar trend to that of another protein surfactant, namely
[-casein. The Gibbs free energy of protein adsorption at the oil-water interface was extracted
from metadynamics simulations and it was linked to previous Dissipative Particle Dynamics
simulations,* to obtain a complete description of the Apovitellenin-1 as a surfactant. This
result shows how molecular modeling techniques could be used not only to reproduce qual-
itative behaviors but also to quantitatively predict properties that are difficult to estimate
experimentally. To support this claim, the value of the Gibbs free energy for the [-casein
was also predicted from metadynamics simulations, and was found to be very similar to the

6467 Tn future works, it would also be interesting to explore the

one obtained experimentally.
critical surface concentration of phospholipids at which the protein is able to adsorb at the

interface. This may represent an important application of the method here proposed, since
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the greatest synergistic effect between phospholipids and proteins in decreasing the surface
tension could be studied and, as a consequence, a better understanding of the stability of

food emulsions would be achieved.
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