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Abstract: In this work is reported the study of the interaction between ovalbumin protein (OVA) and
N-Phthaloyl gamma-aminobutyric acid derivative (NPG). The ovalbumin is a kind of globular protein
present in chicken eggs, as part of serpins globular family proteins present in many biological systems
and natural environment; is commonly used in the food industry and the pharmaceutical field as an
alternative material for microencapsulation of water-soluble drugs. However, this egg protein has
discrete binding sites for ligands as occur in their homologs in mammalian. Association constants and
thermodynamic parameters for the interaction of OVA with PNG were determined by linear and 2D
fluorescence techniques, zeta-potential, acoustic densimetry, molecular modeling (docking), and
molecular dynamics simulations in water as solvent at physiological pH. Fluorescence quenching of the
internal fluorophore (tryptophan/tyrosine) in the range of temperature 296.15 K - 308.15 K resulted in
values for the association constants of the order of 10° L mol™, indicating an interaction between the
NPG and the albumin. The negative values of AG® indicate a spontaneous process; AH® is positive
indicates an endothermic process of association, and AS°® is positive, and TAS® is the dominant term,
which shows that the interaction is mainly due to hydrophobic factors, although, other experimental
techniques suggest contributions from neutralization charge and hydrogen bonds there is also. The
binding of NPG induced changes in OVA protein spatial conformation. The results of fluorescence and
acoustic densimetry showed that the interaction promoted the unfolding of protein with a modest
increase in the molar partial volume and loss of water molecules. The fluorescence quenching occurs
through a static mechanism. Molecular docking and molecular dynamics simulations studies support
that NPG can interact with OVA accommodated in a superficial cavity involving hydrophobic forces
and hydrogen bonds. The generally accepted criterion about the dependence of Stern-VVolmer constant
with temperature for a dynamic mechanism is not rigorous and should be handled with caution.
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1. Introduction

Globular Proteins such as ovalbumin (OVA), bovine serum albumin (BSA), and human
serum albumin (HSA) have been widely used as models to evaluate interactions between ligand
and proteins [1-3]. In the case of OVA, it consists of a single polypeptide chain of 385 amino
acid residues that folds into a globular conformation [4]. It is known that this chicken protein
has discrete binding sites for ligands as occur in their homologs in mammalian [5]. This protein
present in many biological systems and natural environments; is commonly used in the food
industry [3,5,6], most recently, in the pharmaceutical field, as an alternative material for
microencapsulation of water-soluble drugs [3,7].

Between the many challenges involved in the implementation of proteins in
formulations, the main one is the complete understanding of their physic-chemical and
biological stability alongside with their pharmacokinetic properties [8,9]. It is well known that
the chemical and conformational stability of proteins can be compromised by external factors
such as changes in pH, temperature, and surface interaction with ligands or co-solvents, among
others.

In recent years, has been reported studies about the interactions of different kinds of
drugs and small molecules with proteins, involving a full set of spectroscopic techniques like
UV-Visible, fluorescence and 3D fluorescence, dynamic light scattering, circular dichroism,
and Fourier transform infrared, or computational tools as molecular docking [1-3,10], all to
characterize the functional properties, denaturalization, hydration and conformational changes
of the proteins and their complex. These studies open opportunities for understanding and take
advantage of the structure of biological macromolecules as a carrier of drug and bioavailability.
Recently, OVA has attracted attention due to its capacity to bind both hydrophobic and
hydrophilic ligands and antibiotics [11-13], and thus, this globular protein OVA has proposed
too as a macromolecular carrier for improving the solubility and stability of insolubility
bioactive molecules[14]. Thus, the study of the interaction of this model protein with ligands
of a variety of chemical structures and polarities is of great interest within biophysical
chemistry[10].

Therefore, we reported in this work the conformational changes in OVA-induced by
the interaction with N-Phthaloyl gamma-aminobutyric. N-Phthaloyl gamma-aminobutyric acid
derivative (henceforth denoted as NPG; see Fig.1) [15,16], which recently has reported as an
agent that offers protection by regulation of the levels of the lipid peroxidation products,
antioxidants, and liver markers during light constant (LL)-exposed stress in rats. We have
employed fluorescence spectroscopy, laser doppler velocimetry, acoustic densimetry in
conjunction with molecular docking and molecular dynamics calculations to characterize the
binding of NPG to OVA at 1 atm, pH 6.8 over a temperature range of 293.15 K and 308.15 K.
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Figure 1. N-Phthaloyl gamma-aminobutyric acid derivative (NPG).
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2. Materials and Methods
2.1. Materials.

N-Phthaloyl gamma-aminobutyric acid derivate used in this work were synthesized by
direct condensation reaction between anhydride phthalic and gamma-aminobutyric acid
following the procedure previously reported [15,16]. Ovalbumin (OVA) with molar mass M2
of 45 kD was purchased from Sigma Aldrich. Free-salt solutions of the protein were prepared
using distilled and ultra-purified water (18 MQ resistance). For all experiments here realized,
the concentration of the protein was determined by UV-Vis spectroscopy using the value of the
molar absorption coefficient reported in the literature [17,18]. The pH values of the solutions
prepared fluctuated very close to neutral pH (6.8).

2.2. Apparatus and methods.

2.2.1. Ultraviolet, visible spectroscopy studies.

The UV-Vis spectrum of protein, NPG, and their mixtures were measured using water
as a reference in a spectrophotometer Shimadzu model UV-3101PC and using 1 cm quartz
cells. The temperature was kept constant at 298.15 K with a Peltier effect based thermostatic
unit Shimadzu CPS-260, and the working wavelength range was set between 220 and 500 nm.

2.2.2. Fluorescence studies.

All fluorescence spectra in steady-state of protein and their mixture with NPG in free-
salt water were recorded on an RF-5301PC spectrofluorophotometer (Shimadzu), coupled to a
PC and equipped with an electronic thermal regulating water-bath for controlling the
temperature. 1.0 cm quartz cells were used for the measurements. A solution of OVA (2.06
x10° M) was titrated by the successive addition of NPG; this was realized following the usual
method [19]. The excitation wavelengths were set to 280 nm, and the emission spectra in each
experiment were recorded from 220 to 500 nm. All measurements were performed over a
temperature range of 293.15 K and 308.15 K. The correction based in the inner filter effect was
considered in these measurements. The excitation and emission slit widths were 5 nm [3].
These fluorescence intensity data were utilized to evaluate the quenching mechanism operative
in this system in terms of the Stern-Volmer model [20].

Synchronous fluorescence spectra were recorded from 220 to 500 nm when the value
was fixed to AA=15 nm and AA= 60 nm for tyrosine and tryptophan, respectively. A study of
3D fluorescence was carried out with initial excitation wavelength from 220 to 390 nm with
increments of 5 nm, while the emission was recorded in the wavelength range from 220 to 500
nm with a slit width of 5 nm in all cases. The number of spectra scanned was 56 in each case.

2.2.3. Volumetric studies.

The densities p and ultrasound velocities vs of solutions as well as the solvent density p1
and v1, respectively, were determined at the temperature of 298.15 K and 1 atm of pressure
using a variable-temperature Anton-Paar acoustic densitometer DSA-5000, calibrated before
each series of measurements with bi-distilled, deionized (18 MQ resistance) and degassed
water and dry air. Each value reported of density is an average of five measurements. The
limiting partial molar volume V2* of OVA (M2=45 kDa) in the presence and absence of NPG
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were estimated from the measured densities following two procedures [21-23]: 1) as the
average value of the partial molar volume determined with the eq. 1 within the investigated
concentration range (from 1 x 103 to 1 x 10 M); and 2) from Redlich's equation of two terms
(eq.2) using the method of least squares (the experimental values are shown in Table S1 of the
supplementary material).

M, 3(P—P1
=—=-10°(—= 1
VZ'Q) P1 0 (P1C2) (1)
p=p1tTG (2)
where I ==£r2

The concentration of NPG was fixed to 1 x 10 M in these experiments.

The adiabatic compressibility of each solution (ks) and solvent (ki) were determined
using the Newton-Laplace’s equation (the values of these quantities can be seen in the Table
S2 in supplementary material) [24,25].

1
utpi

K; 1= S, 1 (3)
The hydration number at each concentration of protein in the presence or absence of

NPG was estimated using the acoustic Pasynski method (where n; and N is the amount (mol)
of solvent and solute, respectively) [24].

= e (0 @

The hydration number of the protein at infinite dilution was estimated as the mean value
of the values obtained of nh. Alternatively, this quantity was calculated using the relation,

n, = ——(5) (5)

Kq dx2 x2—>0

Here Xz is the solute mole fraction.

2.2.4. Zeta-potential measurements (Laser Doppler Velocimetry).

The zeta potential was measure at 298.15 K using a U-folded capillary cell and a Zeta-
sizer (Nano-ZS) from Malvern Instruments and using the Laser Doppler Velocimetry technique
[26]. The concentration of protein was fixed to 1.65x10° M and titrated by the successive
addition of NPG (from 1.1x10 to 6.1x10* M).

2.2.5. Molecular modeling (docking) and molecular dynamics study.

The structure of Ovalbumin obtained from the RCSB protein database (PDB ID:
10VA) was used in this study. The 2D structure of the NPG compound (figure 1) was built
using the SwissADME web server tools and was obtained in SMILES format
(http://www.swissadme.ch/), and then the SMILES online converter was used (https:
/[cactus.nci.nih.gov/translate/) to get a PDB format of the structure. To simulate ligand-protein
binding, complexes were constructed and compared with the DockThor server
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(https://dockthor.Incc.br/v2/) using the flexibility algorithm, blind docking, and DockT
function calculation. To increase the precision, 25 runs were performed with 106 evaluations
per run. The COACH-D server was too use, also using blind docking and the calculation of the
AutoDock Vina (ADV) scoring function. The most favored positions were further analyzed
with MMV _2019 7.0.0, calculating the MolDock, Rerank, and PLANTS functions.

2.2.6. Molecular Dynamics (MD).

To the structure preparation, the X-ray structure of the A-chain of the OVA was
recovered, and the SymmDock algorithm (http://bioinfo3d.cs.tau.ac.il/SymmDock/) was used
and also it was compared to the HSYMDOCK server
(http://huanglab.phys.hust.edu.cn/hsymdock/) for the prediction of missing protein atoms by
constructing complexes based on symmetry and geometry. The fully prepared structure was
used for the subsequent analysis of MD. The simulations were carried out with two purposes:
1) to study the relative stability of the complex formed by the ligand docking to the protein
structure, and 2) sample a set of conformations for structural disturbance analysis. A simulated
complex consisted of one copy of the protein structure, one copy of the docked ligand, and 50
Na* and CI" ions to simulate physiological conditions. The entire system was neutralized. For
a protein-ligand complex, the system was first relaxed through a series of minimization
procedures. There were three phases for the simulation: 1) relaxation, 2) equilibrium, and 3)
sampling, in which the system progressively heated and equilibrated as recommended [27].
Simulations were performed at 100 ns and 4 ns. All MD simulations and additional
configurations were performed with the myPresto program [28].

3. Results and Discussion
3.1. Ultraviolet, visible spectroscopy.

Fig 2 is shown that the UV-Vis absorption spectrum for OVA protein in the presence
of NPG in water in the spectral region from 260 to 380 nm is overlapped very well within error
experimental with the spectrum obtained as the sum of the individual spectrum of NPG and
OVA.

20 - —— [A]- Experimental
‘ - - - - [B]- Spectral Sum

2,5

2,0

Abs

1,54
1,0 4

0,5

0,0

T T T T T T 1
260 280 300 320 340 360 380 400
A nm

Figure 2. UV-Vis overlapping of the experimental mixture of OVA and NPG (A) and the sum of individual
spectra for NPG and OVA (B) Mix OVA-NPG carried out in the water.

It is known that the change in the shape, intensity, and shift of electronic bands of
globular proteins is generally observed when the spatial conformational of protein is
significantly affected because to the formation of a complex via strong binding of a ligand to
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the internal cavity of the protein [3,29-31]. And then, our result suggests that no, there is the
formation of a ground-state complex with OVA by covalent binding of NPG, as is expected for
a static mechanism [32]. Unfortunately, in the spectrum range from 200 to 230 nm were the
contributions of the a-helix structure of OVA is very important for the detection of the
interaction with ligands that induce structural perturbation of protein [3]; NPG also has high
absorption in this same region and it impossibility carried out the quantitative measure of
spectral changes induced in this region without ambiguity. As a consequence, perturbations in
the peptide strand and tridimensional structure of OVA by binding of the ligand and the
corresponding formation of a complex OVA-NPG cannot be refused totally for the results
obtained with this experimental way.

3.2. Quenching, binding.

Figure 3 shows the behavior of the fluorescence emission band the following excitation
at 280 nm of OVA with various amounts of NPG. The fluorescence intensity of this protein
decreased upon increasing the concentration of NPG. But under good experimental quencher,
which appreciably induced a decrease of the fluorescence intensity of OVA as a consequence
of that NPG bond to OVA. It is important to mention that NPG derivative has not intrinsic
fluorescence under the present experimental conditions. As a consequence, the emission
spectra observed is due to the intrinsic fluorescence of protein (OVA), which has its origin in
the fluorescence overlapped of the tryptophan (Trp) and tyrosine (Tyr) residues [33]. In order
to evaluate the quenching mechanism, the fluorescence quenching data at four different
temperatures were analyzed following the Stern-Volmer equation [20,33].

2 =1+ Ky Q] (6)
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Figure 3. Fluorescence spectrum of OVA [2.06x10° M] vs NPG [1.19x10- M] at 298.15 K and excitation 280
nm (r = [NPG]/[OVA]).

In this equation, Fo and F are the fluorescence of protein in the absence and presence of
quencher, respectively; [Q] is the total concentration of quencher (NPG derivative), and Ksv is
the Stern- Volmer quenching constant. This constant is equal to the product of quenching rate
constant for the biomolecule (Kq) and average time of the excited state of the protein without
quencher 10 (~107%s) [20].

In the Fig. 4 is shown the plot of the fluorescence relative (Fo/F) vs [Q] at different
temperatures. In this figure can be seen clearly that at each temperature, a linear Stern-Volmer
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plot was obtained [20,33]. From these experimental data and the application of the least- square
method was possible to determine the values of Ksv and Kq which can be seen in Table 1.

The tendencies of Ksv with the temperature are indicative of the quenching mechanism
that is operative within our system. As can be seen in Table 1, the magnitude of Ksv and Kq
increase as an increase in the temperature, which suggests that a dynamic quenching
mechanism is in play and that this mechanism only affects the excited state with no changes in
the fundamental electronic state [3,34]. However, it is very important to note that for a dynamic
quenching mechanism from diffusion or bimolecular collision, the limiting value of Kq is about
10 Lmol*s. Interestingly, the values obtained in this work for Kq are higher than that of 10°
L mol? s which indicate a contribution from the static mechanism, and suggest that the
formation of a non-fluorescent complex is more relevant in this mechanism rather than the
dynamic collision [35].
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Figure 4. Stern-Volmer analysis for NPG-OVA system at 293.15-308.15 K and 1 atm.

Table 1. Stern-Volmer and Quenching constant for NPG-OVA system at A= 280 nm, 293.15 to 308.15 K, and

1 atm.
KeX10° KleOll R?
T.K L mol? L molts?
293.15 1.80 1.80 0.9833
298.15 1.86 1.86 0.9878
303.15 1.92 1.92 0.9881
308.15 1.94 1.94 0.9902

3.3. Conformational study.

In order to separate the overlapped excitation of Trp and Tyr residues and evaluate the
change that occurs in the micro-environment of these amino acid residues induced by binding
of NPG, we carried out studies based in synchronous fluorescence spectroscopy [36]. With this
type of spectroscopy, is possible to simultaneously scan the excitation (Aex) and emission (Aem)
monochromators while maintaining a constant wavelength interval between them [36] to the
distinction between the optical response of different chromophores and detecting changes of
the polarity in the vicinity of the residues in the protein, following this difference AL = Aem-Aex
[36,37].

In the case of globular proteins, through the analysis of AA is possible to detect the
changes in the dielectric environment (micro-polarity) around of the Trp (AA= 60nm) and Tyr
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(AA= 15 nm) residues due to conformational changes of protein induced by binding of
ligand[36-38].
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Figure 5. (A) Synchronous fluorescence at AA=60 nm for tryptophan residue in the OVA-NPG system. (B)
Synchronous fluorescence at AA=15 nm for tryptophan residue in the OVA-NPG system.

In the Fig 5A can be observed that the addition of NPG to OVA when AL was set to
60 nm at 298.15 K, led to a great decrease in the synchronous fluorescence intensity of Trp
residues of this protein, and a blue-shifted ( ~10 nm) in the emission maxima can be observed
too.
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Figure 6. (A) 3D Graphic for OVA 2.06 x 10> M without NPG. (B) 3D Graphic for OVA 2.06x10° M in the
presence of NPG 1.19x107° M.

This result suggests that the environment in the vicinity of Trp residues is less polar (or
more hydrophobic) upon the interaction of NPG, and as a consequence, these residues are less
exposed to the solvent or have been lost solvent (water lubrication) in your vicinity. In contrast,
when AX = 15 nm (Fig. 5B), the synchronous fluorescence intensity of Tyr residues of this
protein was accompanied with a decrease and red-shift (~ 4 nm) in the emission maxima, and
then, this spectral change can be due to a microenvironment more polar (or less hydrophobic)
around of Tyr residues of OVA and the peptide strand unfolding. Furthermore, in the same
figure, 5A and 5B also can see the behavior of ratios of synchronous fluorescence quenching
Fs (Fs = Fo/F) with the concentration of NPG; in the present case, Fo and F are the synchronous
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fluorescence intensities of OVA in the absence and the presence of NPG, respectively. It is
clear; the slope was higher when AL = 60 nm indicating a higher contribution of the Trp
residues in the quenching of fluorescence of OVA. This result also suggests that the molecular
forces that promote an environment more hydrophobic around Trp are dominant.

A piece of evidence additional about the conformational change induced in OVA that
occurs by binding of NPG becomes from 3D fluorescence measurements [39]. In this
technique, excitation wavelength, emission wavelength, and fluorescence intensity are used as
axes in the fluorescence emission spectra, and the changes or perturbations observed in this
three-dimensional fluorescence spectrum are related with changes in the conformation of the
primary peptide structure and micro-polarity of amino acid residues [40,41]. In Fig. 6, can be
seen that fluorescence spectral characteristics of Trp, Tyr, and polypeptide backbone are
quenched due to the presence of NPG. Furthermore, the Rayleigh scattering peak is increased
approximately two times in comparison with this same peak for OVA in the absence of NPG;
as known, the Rayleigh intensity depends on the square of the molecular polarizability.
Interestingly, we recently have shown that a change in electronic polarizability of protein
induced by electronic interaction with small ligand affects the hydration degrade on the surface
of the protein and molecular volume. And then, based on the relation between this electronic
property and molecular volume [42], can be suggested that this increase in molecular
polarizability or volume can be due to a change in the hydration and conformation in the spatial
structure protein, which is in concordance with the observed in the synchronous fluorescence
spectra (see Fig 5).

3.4. Thermodynamic parameters.

The study of the temperature dependence of the association of the NPG to OVA is very
important because the thermodynamic parameters associated with this process give information
about the forces involved in the mechanism of the binding of a ligand to proteins. The binding
or association constant (K» ) and the number of independent binding sites (n) were to estimate
at each temperature following the equations (7-9) and linear regression analysis [34,43,44].

log (F;FO) =nlogKy + nlog[Ql,y (7

From the slope of a straight line of the plot of log(F — Fy/F) vs. log[Q],, was
obtained the parameter, n, and from of the intercept on Y-axis was obtained the binding
constant Ks. Where [Q]nb is the free quencher concentration in solution, which can be estimated
from.

[Ql = [Q] - m (=) )

F

[ =a+m(5) ©)

In Table 2 are shown the values obtained for these parameters Ko and n. As can be seen,
the number of independent binding sites and the constant binding exhibit a slight change with
the temperature. The number of independent binding sites has a value of about 1.3; values
similar were reported early, and was propose that interaction between ligand and protein occurs
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in a ratio of 1:1 [14,35]. These results confirm the interaction NPG with OVA protein and that
an NPG molecule binds to OVA.

Table 2. Binding constant (Kb) and the number of independent binding sites (n) in the OVA-NPG system.

T.K aKp X108 n R? (COD)
293.15 0.96 13 0.9976
298.15 1.01 1.3 0.9971
303.15 1.07 13 0.9982
308.15 1.18 14 0.9948

3K, in L.mol*

The thermodynamic information about this binding was obtained following the
equations (10) and (11)

nk = -2 45 (10)
RT R
AG® = AH® — TAS® (11)

As seen from the results given in Table 3, AH® is positive (endothermic process), while
AS° is a positive quantity; both are constant in the range of temperature studied. As a
consequence, AG° is negative too, but the value of this property mainly depends on the TAS®
term — the process is entropically controlled, and as expected for an entropic process, the
magnitude of Gibbs free energy increases as increase the temperature (Table 3). It is very
important to note that these results indicate that the formation of the OVA-NPG complex is a
spontaneous process, which is consistent with a static quencher process. And thus, based on
the study reported by Ross and Subramanian [45], when AH® > 0 and AS° > 0 are possible to
suggest that the formation of the complex is governed mainly by hydrophobic forces. It is
noteworthy that it has been shown that the pocket-ligand hydrophobic association is entropic-
driven due to that the association causes dehydration, which is promoted by gain
configurational-translational entropy of water molecules for the decrease in the excluded-
volume upon association [46].

Table 3. Thermodynamic parameters Gibbs free energy (AG®), Enthalpy (AH®), and Entropy (AS°) for the
interaction in the OVA-NPG system.

T(K) AH® (KJ/mol) 0 /éi‘;ol) AG® (KJ/mol) R (COD)
293.15 16.70

298.15 17.16

ToRT 10.34 92.21 e 0.9644
308.15 “18.08

3.5. Laser doppler velocimetry measurements.

More evidence about the formation of the complex OVA-NPG was obtained from
measures of Zeta potential. In the Fig. 7, is shown the zeta potential changes of OVA in the
water at 298.15 K induced by the addition of the compound NPG. As can to see, the interaction
of NPG with OVA produced a decrease in the positive charge on the protein. And thus, the zeta
potential of OVA in pure water is - 43 mV,; this value has excellent concordance with the value
reported previously under similar conditions [47]. As the NPG concentration increases, this
negative charge in the double layer strongly reduces due to the decreasing of the thickness of
the electrical double layer by the accumulation of NPG molecules on the surface of the protein.
This diminution has a linear behavior with the concentration of NPG. This result suggests both
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the existence of strong electrostatic interactions between the protein and NPG molecules and
the respective formation of the OVA-NPG complex. Similar behavior has been reported for
electrostatic interaction between HSA protein and ionic drugs [47]. These results show that the
binding of NPG to OVA is a complex process that has an interplay between hydrophobic forces
and neutralization of electrostatic charge.

-20 4 -

Zp, mV

-30 4 m

-40 4 -

-50

. . : . .
0 1 2 3 4
NPGx10*, mol L™

Figure 7. Zeta potential changes of OVA in the water at 298.15 K in the presence of NPG.
3.6. Volumetric results.

The formation of complexes and conformational transitions in protein by binding of the
small or big ligand is known to induce changes in the partial molar volume of protein [29].
However, it is very important to mention that these changes in volume molar of protein, AV2,
in general, do not exceed in magnitude to 10 % of the value of the partial molar volume of
protein at infinite dilution V2 and theoretically for a protein of molecular weight of 50 kDa
very close to OVA (45 kDa), the change in the molar volume is approximately equal to
225cm®/mol for a modest 20% unfolding [29]. Also, recently was reported that the binding of
C3G (cyanidyn-3-O-glucoside) to OVA-induced a slightly increased in the diameter of
protein[48].

With this evidence in mind, we carried out in this work the determination of V2* of
OVA in the absence and presence of NPG at 298.15 K, and the results obtained using the
Redlich’s equation of two terms were 35138.20 + 47.44 cm®/mol™? and 35201.16 + 67.49
cm®mol, respectively (see Table S1 in supplementary material). This result revealed that the
interaction between OVA and NPG compound is accompanied by a very modest increase in
the limiting partial molar volume. In fact, the value estimated for the transfer volume of OVA
from water to aqueous-NPG solution is only 62.96 + 19 cm®/mol™. Interestingly, Chalikian et
al. have reported that the interaction of tri-N-acetylglucosamine (0.5 M) to OVA at 298.15 K
occurs with an increase in the volume of 50 cm®/mol and without undergoing any change in
the spatial configuration of this protein. These authors argued a binding reaction with a loss of
4 water molecules [30]. In this study from acoustic measurements (see Table S2 in
supplementary material) and Pasynski’s method, we have found that this binding occurs with
the loss of 20 water molecules (Ann = -20). This loss of water involves possibly both water on
the surface of protein as of their interior (water of lubrication in the interior of the cavity). This
result is in concordance with the observed by us about Trp using synchronous fluorescence
spectroscopy. And then, these volumetric and acoustic results permit suggest that the binding
of NPG to OVA, induced a change in the hydration of some sites of state native of OVA, which
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promote a configuration transition from native state to a partially unfolding state, with an
unfolding very likely well below at 20% as expected from AV2 [29].

3.7. Molecular modeling and molecular dynamics simulations.

All the docking algorithms used predicted that the NPG ligand is capable of interacting
thermodynamically in a favorable way with two cavities, one internal and one external or
surface in Ovalbumin (PDB: 10VA). In the case of the internal cavity, the docking energies
were -4.70 Kcal/mol, -6.280 Kcal/mol?, -72.187 Kcal/mol™, -62.016 Kcal/mol™, and -45.780
Kcal/mol™ for the scoring functions AutoDock Vina (from COACH-D server), DockT Score
(from DockThor server), MolDock Score, Rerank Score, and PLANTS Score (all from
Molegro package), respectively. Additionally, hydrophobic interactions with NPG
predominated in the predicted internal cavity. Specifically, the NPG ligand established
hydrogen bonds with Asn101(D) and Thr104(D), and steric/hydrophobic interactions with
residues Asn101(C), Lys105(C), Pro106(C), Leul00(D), Asn101(D), GIn102(D), Lys105(D)
and Prol06(D). The residues involved in these interactions contribute locally to a total
hydrophobicity ratio of 14%, resulting in a local hydropathy of -1,980 to the binding pocket
indicative of a hydrophilic region. Thus, we found that the NPG ligand was docking at a mean
distance between 7 to 14 A from the closest pair of Tyr-Trp residues (see Table 4).

While the surface cavity presented energies of -3.30 kcal/mol™? , -5.846 kcal/mol?, -
72.230 kcal/mol?, -60.742 kcal/mol?, and -46.473 kcal/mol™ according to AutoDock Vina,
DockT Score, MolDock Score, Rerank Score, and PLANTS Score, respectively (see Table 4).
In this external cavity (see Fig.8), hydrophobic interactions were notoriously more predominant
locally than those predicted in the internal cavity, establishing hydrogen bridges with
Lys367(A) and Lys377(A), and steric interactions with 2 Lys, 2 Asn, 2 Ala, 2 Phe, 2 Met, 2
lle, 4 Thr, 4 Leu, and 5 Ser. All of these residues are located in the A chain of the 10VA, and
at a distance of approximately 7-14 A from the closest pair of Tyr-Trp residues. With a total
hydrophobicity ratio of the residues involved in the docking of approximately 48% and
contributing locally to a hydropathy of 0.624, a characteristic score of a sparingly soluble
region within the junction pocket.

These results show that, although the internal cavity has coupling energies favored by
3/5 of the scoring functions considered, the external cavity has hydrophobic characteristics
suitable for better coupling of this type of ligand. An observation that corresponds to the
experimental results obtained in this study and that is favorable for this type of ligand that
meets all the Lipinski criteria as determined with the SwissSADME web server tools.
Furthermore, it is important to point out that the COACH-D server was first used here for a
molecular coupling study of compounds targeting 10VA. It is noteworthy that this protein
binds curcumin in a similar way where the hydrophobicity and specific (H bonding)
interactions are the dominant forces [14]. Thus, a platform that represents an improvement over
its previous version, and that performs a thorough sampling and accurate prediction of the
binding site based on the integration of five individual methods (TM-SITE, S-SITE,
COFACTOR, FINDSITE, and ConCavity) to forecast consensus of pockets and binding
residues for the ligand-protein complex [49]. This thus increases the probability of hits and
reproducibility of the results of this study in relation to the most probable cavity for docking.
Interestingly, the methods used here too predicted that hydrophobic compounds such as
methylene blue and warfarin bind this same superficial cavity, which previously were reported
with thermodynamically favored coupling to Ovalbumin using other methods [50].
https://biointerfaceresearch.com/ 9578
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These results are interesting because they show that other algorithms, even those
associated with the MolDock scoring function (which in this study predicted a more favorable
coupling in the external cavity) reproduce scores such as those predicted by Glide, which is a
very precise algorithm, which has recently been used in OVA related coupling studies [50,51]
which is important considering that MolDock is even more accurate than Glide in predicting
the binding site [52]. Once again, validating the reproducibility of the results of this research,
which derive from the prediction of a very precise docking supported by six sampling
algorithms. In this sense, we consider that the binding in the external cavity of OVA is in
concordance with the experimental results that suggest that hydrophobicity is the force
predominant in the comparison to hydrogen bonding and charge neutralization in this system.
Then, the OVA-NPG complex obtained from the docking between the ligand and the external
cavity of the 10V A was chosen for the following molecular dynamics analyzes.

Regarding the analysis of molecular dynamics, specifically in terms of the alteration of
the total energy of the thermodynamically favorable complex predicted between the ligand and
the external cavity, it could be observed that the ligand was capable of inducing disturbances
in the thermodynamic stability of the protein. This interaction caused the complex to reach a
minimum energy structure at 50 ns, keeping the perturbations stable in this range throughout
the simulation. In fact, in less time, the OVA-NPG complex reaches low energy than the protein
OVA in the native state (see Figure 9). These results correspond to the structural disturbances
measured from the pair of Glu225 (D) and His362 (D) residues used as a reference and chosen
arbitrarily because they are located close to the ligand. Distances were determined after four
complete simulation cycles at 100 ns each, and between the alpha carbon atoms of each residue.
It was observed that the state of highest refolding was reached around 50 - 60 ns with a
difference with respect to the most deployed initial state of approximately 10%. However, this
state remained relatively stable during the rest of the simulation. Because the protein shows a
structural fluctuation with the time around this initial configuration, which is indicative of a
thermodynamic and structural stabilization of LOVA induced by binding with the NPG ligand
in the surface cavity, which produces an unfolded state in relation to the protein native, they
are determining that under the conditions of this study, there is a good correlation between the
structural disturbance and the thermodynamic stability of the ligand-protein complex (Rp >
0.80) (see Table 4 and Figure 9A, 9B). In contrast, the OVA protein in their native state reaches
by refolding in the time a minimum energy configuration more compact in comparison to their
initial native state and the OVA-NPG complex.

#J
N A

A ys367(A)
A

-
Y
(

Lys375(A)

Figure 8. Visualization of the result of 10VA-NPG docking. The results of the coupling of the compound on
the external cavity with the best interaction energy show. Hydrogen bond interaction with Lys367 and Lys375
also is shown in this same figure.
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Figure 9. The fluctuation of the thermodynamic stability of Ovalbumin (LOVA) with (A) and without (B) the
NPG ligand at 100 ns.

Table 4. Virtual docking for N-Phthaloyl gamma-aminobutyric acid derivative (NPG) and Ovoalbumin (Ova)
Molecular Docking

Ova
(kcal/mol) .
N;G ADV DockT MolDock Rerank Plants Interaction®
Score? Score Score Score Score
Lys367HB-S!| Lys3758-S! [1e369%',
Asn3725' Asn3805', Ala378S!, Ala370%!,
External Thr276%', Thr267°!, Leu241', Leu272%,
cavity -3.30 -5.846 -72.230 -60.742 -46.473 | Leu251%, Leu263%!, Phe269S!, Met315,
Phe260S', Met8S!, Thr273S!, Thr264%',
Ser264°!, Ser277°%', Ser268°', Ser269%',
Ser278%, 11e3775.
Asn101"8(D) and Thr104"8(D),
Internal Asn1015/(C), Lys105 %' (C), Pro106 S (C),
cavity -4.70 -6.280 -r2.187 -62.016 -45.780 Leu100°%' (D), Asn101 ! (D), GIn102 S
(D), Lys1055' (D), Pro106 ' (D).

2 AutoDock Vina Score from the COACH-D server; DockT Score, a scoring function of DockThor software; MolDock, Rerank and PLANTS
Score, scoring functions present in Molegro Molecular; HB, hydrogen bond; SI, steric interactions; °, The residues involved in these
interactions belong to the A chain and contribute locally with a total hydrophobicity ratio of approximately 48% resulting in a local hydropathy
of -0.624 in the junction pocket. The mean distance of the analog to Tyr-Trp was approximately 7-14 A.
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4. Conclusions

In this work was studied the interaction between the OVA protein and NPG compound
using fluorescence spectroscopy, laser Doppler velocimetry, acoustic densimetry, molecular
docking theoretical and molecular dynamics theoretical simulations. The results have shown
that NPG compound is a quencher of the intrinsic fluorescence of OVA by a static quenching
mechanism and that the NPG compound bind to the surface cavity of OVA protein following
a mechanism mediated by hydrophobicity forces, hydrogen bonds, and neutralization of
electric charge of superficial amino acid residues to protein. Hydrophobic forces are having the
greatest contributions within this mechanism. This binding reaction is a spontaneous
thermodynamic process, which is under entropic control, and this binding causes a
conformational change in the protein. The results here obtained are in excellent agreement with
the recent study reported by Ximenes and co-workers[53] in: A) the binding of a ligand under
entropic control due to gain in the translational degrees of freedom of solvent when it is
removed from the hydration layer of the hydrophobic solute as to as of the cavity of protein
when occurs the binding which exceeds the entropy loss expected in a typical guest/host
interaction, and B) the observed increase in the Stern-Volmer KSV and quenching Kg constant
as increase the temperature, in this case, is associated with a static mechanism dominate by
hydrophobic forces (entropic control) and not with a dynamic mechanism as expected by the
universally accepted criterion in the literature. This study gives useful information about the
interaction between transport proteins, and gabapentin and thalidomide derivatives, due to that
NPG compound contain fragments of both drugs.
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Supplementary Material

Table S1. Volumetric and Densitometric parameters for OVA-NPG mixtures.

C, x10*%, mol.L? | *p, g.cm | *V,6, cm3mol?
OVA + Water
0 0.997069

0.20 0.997281 34318.31

0.70 0.997731 35460.15

1.20 0.998205 35444.87

1.50 0.998525 35188.14

2.30 0.999397 34769.60

2.99 0.999986 35174.10

3.49 1.000544 34969.03

3.99 1.001097 34825.26

5.99 1.003021 34975.19

7.98 1.004939 35058.68

9.98 1.007034 34928.06
V2?2, cm3.mol! 35010.13 | @ 321.36
bV2°, cm3.mol?! 35138.20 | £ 47.44

00, g.mol! 9.9648 | +0.0472
OVA + NPG
0 0.997152

2.06 0.999177 3526712

2.58 0.999661 35357.02

3.44 1.000520 35308.50

5.15 1.002191 35314.83

6.18 1.003186 35336.36

7.21 1.004189 35340.61

8.24 1.005319 35188.42

9.27 1.006203 35336.18

10.30 1.007387 35163.26
7V2?, cm3.mol! 35032.73 | +232.61
bV3, cm3.mol! 35201.16 | + 67.49

0o, g.mol! 9.8991 | £ 0.0673

*Error in p = 4x10° g.cm3and in V,,¢ is ~ 0.05%

Z in=1 (sz¢ )i +

aEstimated as V, = — o

M, —1000T
Pr

bDetermined by Redlich p = p, +Tc,, where V,* =
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Table S2. Values of adiabatic compressibility and hydration number for OVA-NPG mixtures.

C; x10%, mol.Lt Nsolute (MoOI) ks X107, bar! b nh
OVA + Water
0 0.27754 ¢4.475
0.20 9.98E-08 4.472 1918
0.70 3.49E-07 4.468 1305
1.20 5.99E-07 4,463 1306
1.50 7.49E-07 4.459 1322
2.30 1.15E-06 4.451 1306
2.99 1.50E-06 4,444 1279
3.49 1.75E-06 4.438 1315
3.99 2.00E-06 4,433 1307
5.99 2.99E-06 4413 1293
7.98 3.99E-06 4.392 1287
9.98 4.99E-06 4,372 1276
M, 1300 | +15
ol 1276 | >
OKs/OX -5.7111E-08 | £ 2,32 E-10
OVA + NPG
0 0,27622 ¢4.474
2.06 1.03E-06 4,454 1232
2.58 1.29E-06 4,449 1232
3.44 1.72E-06 4.440 1237
5.15 2.58E-06 4.423 1241
6.18 3.09E-06 4413 1233
7.21 3.61E-06 4,402 1238
8.24 4,12E-06 4,390 1260
9.27 4.64E-06 4,381 1238
10.30 5.15E-06 4.370 1255
a nh 1242 | +10
ol 1256 | 8
OKs/OX3 -5.617E-08 | + 3.71E-10

*Error is < 0.0001% for ks and < 0.02 % for ny,

“Estimated as n,_= Mi o
n

. oK.
b — S
Determined by N, = ( %Xz)/’(l

°As expected «; (water) ~ ki(water+NPG), for rigid small molecular systems at low concentration
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