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ABSTRACT

This work aimed at studying the potentiality of interactions between kaolinite surfaces and a protein-fragment
(350-370 amino acid units) extracted from the glycoprotein E1 in the transmembrane domain (TMD) of hepatitis
C virus capsid. A computational work was performed for locating the potential electrostatic interaction sites
between kaolinite aluminol and siloxane surfaces and the residues of this protein-fragment ligand, monitoring
the possible conformational changes. This hydrated neutralized kaolinite/protein-fragment system was simu-
lated by means of molecular modeling based on atomistic force fields based on empirical interatomic potentials
and molecular dynamic (MD) simulations. The MD calculations indicated that the studied protein-fragment
interacted with the kaolinite surfaces with an exothermic process and structural distortions were observed,
particularly with the hydrophilic aluminol surface by favorable adsorption energy. The viral units isolation or
trapping by the adsorption on the kaolinite nanoparticles producing structural distortion of the peptide ligands
could lead to the blockage of the entry on the receptor and hence a lack of viral activity would be produced.
Therefore, these findings with the proposed insights could be an useful information for the next experimental
and development studies in the area of discovering inhibitors of the global challenged hepatitis and other pa-
thogenic viruses based on the phyllosilicate surface activity. These MD studies can be extended to other viruses
like the COVID-19 interacting with silicate minerals surfaces.

1. Introduction

The human pathogenic viruses have become global health chal-
lenges occupying one of the most pressing concerns by the international
scientific research community. Hepatitis C virus (HCV) has been esti-
mated at over 185 million infected patients and causes about 1 million
deaths per year over the world. The common clinical approaches of the
HCV treatments that have been discovered and approved so far include
combined dosages of interferon-chemotherapy (pegylated Interferon-a
plus ribavirin drug) and herbal compounds (active phytochemical de-
rivatives including polyines, flavonoids, alkaloids, thiophenes and ter-
penoids) (Foster, 2004; Kamal et al., 2004; Ravikumar et al., 2011).
Nowadays, other viruses like COVID-19 coronavirus are generating a
global pandemic worldwide with more the 24 million infected people
and more than 800.000 of human deaths.

The research gate is accessible always for discovering new strategies
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and materials to develop antiviral drugs, not only derived from che-
mical synthesis and biological resources, but also from geological ma-
terials (i.e., minerals). Kaolinite (Al,Si,O5(OH)4) is an abundant and
inexpensive geomaterial that exhibits hydrated aluminum dioctahedral
1:1 phyllosilicate character widely used in pharmaceutical and bio-
medicinal applications as excipient and active therapeutic agent (Awad
et al., 2017). Previous work of in vitro trial for testing the inhibitory
effect of kaolin minerals, as active therapeutic agent against HCV, was
attempted, observing a promising antiviral activity with non-cytotoxic
effect on the replicon cell line in the use of this mineral for introducing
new anti-HCV derivative compounds (Ali et al., 2014). However, the
pathway and mechanism of this inhibitory action is still not understood.

In the recent decade, many authors have paid attention to molecular
structure and functions of the viral capsid proteins, because most of
which are effectively being considered as antiviral targets. Particularly,
the transmembrane domains (TMDs) of the structural envelope
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Fig. 1. Molecular structure of the target segment/protein-fragment 350-370 of HCV glycoprotein E1: (a) experimental structure (Beeck et al., 2000); (b) Model
protein-fragment neutralized by chloride anion and optimized with CVFFH; and (c) protein-fragment within a box of an aqueous medium of 626 water molecules
optimized.

Table 2
Main peaks of the protein RDF profiles for the nearest non-bonding in-
tramolecular (O—H) and protein-segment/water intermolecular distances (in

Table 1
Experimental and calculated crystal lattice parameters of kaolinite (distances in
A and angles in °).

. . b . A
Lattice parameters EXP* UF CVFFH
Intramolecular Intermolecular
a 5.15 4.61 5.18
b 8.94 8.05 8.98 d(0...H)* d(o...H)" d(Hpror---0,)" d(Opror---Hy)"
C 7.39 7.37 7.29
a 91.9 73.3 87.2 1.77 1.83 1.71 1.55
B 105.0 102.1 105.3 2.17 2.13 1.83 1.69
¥ 89.8 89.2 90.0 2.55 2.53 1.89 -
2.65 2.64 1.97 2.05
@ EXP: experimental data. 3.09 3.11 - 2.39
b UF: calculated with Universal FF. 3.80 3.81 2.3-3.0 2.63
4.34 4.35 3.91 2.90-3.60

¢ CVFFH: calculated with CVFFH.

glycoproteins E1 and E2 play a direct role in heterodimerization that is
essential for the formation of the viral envelope, hepatocyte receptor
binding, entry and fusion of the virus with the cell. These TMDs consist

@ Measured from the experimental structure (Beeck et al., 2000).
" Integrated values from the MD simulation of hydrated protein.
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of two stretches of hydrophobic residues separated by a short segment
containing at least one fully conserved charged residue. Hence, it is
highly expected that deletion or replacement of these charged residues
lead to alter all the functions of the TMDs of E1 and E2 (Selby et al.,
1994; Michalak et al., 1997; Beeck et al., 2000; Cocquerel et al., 2000;
Voisset and Dubuisson, 2004; Moradpour et al., 2005).

At molecular level, the polypeptides can have charged groups. The
negative net charge that appears on the protein molecule arises from
carboxylate groups (COO ™) of the amino acids (e.g., aspartate ASP and
glutamate GLU), while the positive net charge carried by the protein
molecule is resulted from the amino groups (NH3 ) of the basic amino

Applied Clay Science 199 (2020) 105865

acids (e.g, lysine LYS, arginine ARG and histidine HIS). Accordingly,
the positive net charge on the transmembrane domain (TMD) of the
HCV glycoprotein E1 molecule is owing to the positive charge basic
lysine (LYS) residue (Cocquerel et al., 2000; Ciczora et al., 2005;
Bohidar, 2015).

In the layered structure of kaolinite fundamental particle
(diameter < 1 pm and thickness < 100 nm), each layer is simply
composed of two sheets: a tetrahedral sheet linked by sharing oxygen
atoms with an octahedral sheet in the unit cell. Hence, it exhibits two
surfaces along the basal plane: siloxane and aluminol (001) surfaces.
The charge on these basal planes is predominately polarizable (nega-
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Fig. 2. Radial distribution function (RDF) profiles calculated by integration of the MD simulations of the protein-fragment in water solved form. (a) O...H in-
tramolecular interactions in the protein-fragment; (b) for the O...H intermolecular interactions of protein-fragment H atoms with water O atoms; and (c) protein-

fragment O atoms with water H atoms.
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Table 3
Calculated interaction energy values (in kcal/mol) of hydrated protein on
kaolinite surfaces optimized before and after MD simulations.

Protein orientation ~ Optimization states ~ Aluminol surface  Siloxane surface

Prot-A Before MD —204.60 —136.25
After MD —292.80 —265.73
Prot-B Before MD —192.08 —153.97
After MD —372.57 —306.25

tive), while the charge on the (110) and (010) edges is pH-dependent
amphoteric due to the protonation/deprotonation of hydroxyl groups,
where the edges carry a positive charge at low pH and become negative
as the pH increases (Armstrong and Clarke, 1971). Recently, kaolinite
has been subjected to some useful physical and chemical treatments by
modifying its surface and structural properties in a way of enhancing its
surface activity and interaction with organics and biomolecules by
means of altering charge, porosity and increasing surface area in pos-
sible novel active derivatives (Lagaly, 2006; Hu et al., 2013).

Hence, this work sheds light on the application of functionalizing
kaolinite and its surface modified derivatives at molecular and na-
noscale levels as a novel biophysical antiviral agent. The present study
applies methods based on atomistic force fields for molecular modeling
and molecular dynamic (MD) simulations to study the potentiality of
interaction between protein segment TMD (350-370) of HCV envelope
glycoprotein E1 and kaolinite surfaces. Our main aim of this work is to
come to predict the behavior of phyllosilicate nanomaterials targeted as
anti-HCV agent or kaolinite/protein vaccine, and the extension of this
application to other viruses, like COVID-19 coronavirus.

2. Models and computational methodology

The experimental molecular structure of the whole envelope E1
glycoprotein of HCV was not available in the structural databases.
Then, only the molecular structure of the TMD fragment (350-370
amino acid units) of this E1 envelope was taken from experimental
NMR studies (Beeck et al., 2000) (PDB Code: 1EMZ) (Fig. la). This
structure was a positively charged peptide. The kaolinite crystal
structure was taken from the experimental neutron powder diffraction

and Rietveld refinement (Bish, 1993) (Fig. S1 in Supplementary mate-
rial).

Atomistic calculations based on empirical interatomic potentials
forcefields (FF) were performed for the optimizations and total poten-
tial energy calculations of the present molecular structures by using
Materials Studio™ package (BIOVIA, 2018). Universal FF (UFF) and
Interface FF (we named CVFFH in this work), were used with periodic
boundary conditions (Heinz et al., 2006; Heinz and Ramezani-Dakhel,
2016). The Ewald summation method was applied for the non-bonding
interactions. There are several FF that work well for protein modeling,
such as, AMBER, CHARMM, and some others (Tarasova et al., 2017;
BIOVIA, 2018). However, it is difficult to find a FF that describes
properly mineral and protein structures simultaneously. CVFFH has
described well mineral structures and also organic molecules and their
interactions with phyllosilicates in previous works (Martos-Villa et al.,
2013, 2014). This is useful for exploring organics/mineral adsorption
complexes (Sainz-Diaz et al., 2011). In the present work, molecular
dynamics simulations were performed under NVT ensemble at several
temperatures (310 K and 400 K) with steps of 1 fs. Several simulations
times were used from 100 ps and up to 10 ns. No significant changes
were observed after 10 ps of equilibrium time. The average accuracy of
these MD simulations is around 0.4%. The use of high temperature was
only for enhancing the mobility of the protein and water molecules over
the mineral surface to avoid local energy minima. This allowed all
peptides of the protein fragment to interact freely with kaolinite sur-
faces and so, we will be able to study how different peptide residues
interact with kaolinite surfaces. Other structural changes, as con-
formational changes, can occur with static optimization and molecular
dynamic conditions. These results were estimated analyzing the radial
distribution function (RDF) between O and H atoms.

The protein fragment was positively charged and then was neu-
tralized by adding a chloride anion near of an ammonium residue and
successfully optimized within a periodical box of 50 x 50 x 50 A3, The
optimization energies of the kaolinite unit cell and protein fragment
structure were calculated after assigning the atomic charges using the
Qgq method (Rappe and Goddard, 1991). The measured dimensions of
the chloride-neutralized protein fragment structure were
12.57 x 30.12 A% Then, a (6 X 6 x 1) supercell of kaolinite was used
for the adsorption offering an area of 16 nm? in the ab-plane of
30.43 x 52.41 A2 This surface was big enough to avoid intermolecular
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Fig. 3. Structures optimized of the hydrated protein-fragment adsorbed on kaolinite surfaces: (a) prot-fragment-A, and (b) prot-fragment-B adsorbed on kaolinite
aluminol surface; (c) prot-fragment-A, and (d) prot-fragment-B adsorbed on kaolinite siloxane surface.

Fig. 3. (continued)
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Fig. 3. (continued)
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interactions with proteins of vicinal cells during its adsorption in a
periodical model. Therefore, the mineral supercell was composed of
1224 atoms distributed within the composition Al; 44Si1440360(OH)2gs.
A free space of 50 A along the c axis was applied for representing an
external surface without interactions between surfaces. Several or-
ientations of the protein-fragment/kaolinite system were optimized.
The interaction energy, E, was calculated by the formula: E = Ey,q
+prot—[Exaol + Eprocl, where Eyaor+ prot is the energy of the adsorption
complex of kaolinite with protein-fragment neutralized with chloride;
Eraor is the energy of the optimized kaolinite 6x6x1 supercell; and Ej;o
is the energy value of the optimized chloride-neutralized protein.

In order to estimate the adsorption affinity and simulate con-
formational changes of protein/kaolinite interactions in aqueous
medium conditions, a cell box of 626 water molecules was generated
with a density of 1 g.cm ™2, The size of this water box was chosen taking
into account the protein dimensions. Then, the chloride-neutralized
protein segment was surrounded by 626 water molecules forming a wet
protein model with the kaolinite surface (kaol + prot + wat626). The
box with the same number of water molecules was optimized separately
(wat626). Hence, the interaction energy of the wet system was obtained
by the equation: E=E (kaol + prot + wat626) — [Ekaol + Eprot + Ewat626]~ The
SPC water model was included in the FF, since this model has yielded
good results in previous works in protein-water systems (Tarasova
et al., 2017) and in the interaction or organics on silicate surfaces
(Borrego-Sanchez et al., 2016).

) 9 o
i
/

YY"
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3. Results and discussion
3.1. Molecular structure of kaolinite and protein fragment

The CVFFH reproduces the experimental lattice cell parameters of
the crystal structure of kaolinite better than the Universal FF (Table 1).
Therefore, the CVFFH was chosen to perform the rest of calculations in
this work.

The molecular structure of the protein fragment was composed of
311 atoms forming 21 amino acids corresponding to the peptide se-
quence: [LYS-ALA-TRP-ASN-GLY-VAL-MET-SER-PHE-TYR-ALA-ILE-
GLY-ALA-LEU-VAL-GLY-TRP-HIS-ALA-GLY]. These amino acids are
mainly nonpolar, except histidine (HIS), tyrosine (TYR), serine (SER)
and asparagine (ASN) that are polar and neutral. The positively charged
residue in this sequence was the N-terminal glycine (GLY) with one
ammonium group. In this work, the glycine ammonium group was
neutralized with a chloride anion (right part of Fig. 1b) for the present
calculations. The carboxylate terminal was negatively charged in a
zwitterionic form and belongs to a terminal lysine (LYS) (left side of
Fig. 1a).

The protein-segment (Fig. 1a) was taken from the experimental
structure determined by NMR technique in aqueous solution (Beeck
et al., 2000). The chloride neutralized-protein segment was optimized
with CVFFH in aqueous medium (with 626 water molecules) conditions
(Fig. 1b) showed conformational changes with respect to the protein-
fragment molecular structure optimized in vacuum. A clear volume
contraction was observed during the optimization with an inwards
folding of the protein (Fig. 1b), whereas the experimental cationic form

Fig. 4. Adsorptions of the hydrated protein-fragment molecule orientations on the kaolinite surfaces after MD simulations: (a) prot-A and (b) prot-B (b) adsorbed on
kaolinite aluminol surface; (c) prot-fragment-A, and (d) prot-fragment-B adsorbed on kaolinite siloxane surface.
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Fig. 4. (continued)

is more extended (Fig. 1a). Similar effect was observed experimentally
in other proteins as Cytochrome C (Castellini et al., 2009). This beha-
vior can be due to the differences in the local environment with the
neutralization with chloride. This hydration is favorable with a exo-
thermic hydration energy of the protein-segment of —572.65 kcal/mol.
Nevertheless, a certain volume contraction was observed where the
protein adopts a zig-zag folding from the positive ammonium terminal
group (right zone in Fig. 1c) to the carboxylate terminal group (left
hand in Fig. 1c).

The hydrogen bond and electrostatic interactions between O and H
atoms are important for the intramolecular interactions in the protein-
fragment. The radial distribution function (RDF) analysis of the in-
tramolecular O...H distances showed a clear peak of the O—H bond at
the interval 0.926-0.992 A in the optimized structure in vacuum, si-
milar to the optimized with water and consistent with the values in the
experimental structure (0.948-0.990 A). The closest intramolecular
O...H interactions from the molecular dynamics runs of the protein-
fragment/water are close to that of the experimental ones except for the
peak at 1.77 ;\, supporting the use of this FF for protein (Table 2).

The complex of protein-fragment with water molecules hydrating
the protein was equilibrated with MD simulations. The range of the d
(O—H) bond length in the integration profile of the MD simulations
(100 ps) of the hydrated protein was, d(O—H) = 0.907-1.111 A
(Fig. 2a, first narrow peak). The integrated RDF profile for the non-
bonding intramolecular O...H distances (Fig. 2a) shows broad peaks
with a qualitatively similar pattern to the equilibrated models and ex-
perimental one with hydrogen bonds at 1.77 and 1.83 A in the ex-
perimental and calculated structures (Table 2), respectively, and in-
tense peaks around 2.45-2.8 A and 3.1 A. The main peaks of the RDF
profiles for the intramolecular non-bonding O-H distances (Fig. 2a) of
the hydrated protein were similar to those from the experimental
structure (Table 2, first column). This is because the experimental

structure has been extracted from NMR analysis in aqueous solution in
a similar media that in the MD simulations (Beeck et al., 2000). On the
other hand, the intermolecular interactions between the water H atoms
and the protein-fragment O atoms in the hydrated structure were
shorter than the intramolecular interactions (Fig. 2). In the protein/
water intermolecular interactions, the RDF profiles (Fig. 2b,c) showed
that the distance between the closest protein-H and water-O atoms, d
(Hprot..-Ow), were represented by peaks at 1.71, and 1.83 A (Table 2),
but the proportion was the lowest (Fig. 2b). The most intense peaks
were in the zone of 2.2-3.1 A. This profile indicated that the shortest
distances below 2.0 A have very low population being less probable in
consequence. This is consistent with the profile of the initial optimized
structure, but with few strong interactions with distances smaller than
2.0 A. On the other hand, in the intermolecular non-bonding distances
between the protein-fragment O atoms and the water H atoms, d
(Oprot.--Hy) (Fig. 2c), short disotances were detected after MD simula-
tions at 1.55, 1.69, and 2.05 A (Fig. 2c). The d(Opor...H,,) distances
were shorter than the d(Hp,oc...Oy) ones, indicating that the protein is
more likely to be an acceptor of hydrogen bonds from water molecules.

3.2. Kaolinite/protein interactions

Significant and potential fragments of HCV capsid proteins could be
isolated and loaded on phyllosilicate surface through an albuminous
medium for such trial testing as vaccines and for enhancing the immune
response. For the adsorption of protein on the kaolinite surface, the
most stable surface was considered, the (001) basal one. Two possible
(001) surfaces of kaolinite were considered: i) the surface covered with
hydroxyl groups of the aluminol groups; and ii) the siloxane surface. In
addition, at least two possible orientations of the protein with respect to
the mineral surface can be considered for the adsorption process: i) the
prot-A, upon which some alkyl groups, some heterocycles, and the



M.E. Awad, et al.

Applied Clay Science 199 (2020) 105865

Fig. 4. (continued)

terminal ammonium group of glycine neutralized with chloride or-
iented to the mineral surface; and ii) prot-B, upon which the terminal
carboxylate group of the lysine residue, the thioether and phenyl groups
oriented to mineral surface (Fig. 1). The protein-fragment was pre-
viously stabilized with the presence of 626 water molecules and after
placed on the surfaces of the supercell of kaolinite. The whole model
has 2161 atoms each.

All possible combinations of these surfaces and orientations of the
protein-fragment were optimized as adsorption complexes before and
after the MD simulations. In all cases the adsorption processes were
exothermic (Table 3). After these optimizations and before the MD si-
mulation some differences in the interaction energy between orienta-
tions prot-A and prot-B of the protein-fragment were observed, being
more exothermic after the MD simulations. This happened in both
kaolinite surfaces. Besides, the adsorption was much more favorable
with the aluminol surface than in the siloxane surface, as it was ex-
pected owing to the interactions between hydroxyl groups of kaolinite
and the polar groups of protein-fragment. The most exothermic ad-
sorption was on the aluminol surface and the prot-B orientation of the
protein-fragment (Table 3).

The presence of water is important for a more realistic scenario.
Therefore, this work is focused on the protein-mineral interaction in
wet conditions. Nevertheless, the analysis of the interaction of this
protein fragment and kaolinite surfaces along with MD simulations in
dry conditions were described and discussed in the Supplementary
material section for comparison.

In the aluminol surface, the water molecules were closer to surface
than in the siloxane surfaces (Fig. 3). The protein configurations were
similar on aluminol surface that on siloxane surface. In all cases the
protein structures were different to those observed in hydrated state

without kaolinite (see later). The protein was not in direct contact with
the mineral surface. In general, a layer of water molecules was localized
between protein and kaolinite surface. A certain interaction between
the indole H atom of tryptophan and the basal tetrahedral O siloxane
atoms of kaolinite was observed at 3.75 A.

After the MD simulations, the water molecules were more strongly
interacting with the aluminol surface than the siloxane surface.
However, water molecules tended to be clustered as a globular form in
all surfaces. This effect seems to be more clear in the siloxane surface
than in the aluminol surface, due probably to the hydrophobic affinity
of the siloxane surface, whereas protein adsorbate is closer to the alu-
minol surface (Fig. 4).

The MD simulations (100 ps) of the hydrated systems showed
average peak positions on the RDF profiles of the O--H intramolecular
and intermolecular interactions of the calculated 626 water molecules
with all the hydrated kaolinite and protein surface orientations (Fig. 5).
Notice, the average O-H peak positions on RDF profile of the present
simulated water molecules (Fig. 5a) were in good agreement with the
previously reported liquid water SPC/E model and the experimental
data obtained with neutron diffraction (Soper and Phillips, 1986; Mark
and Nilsson, 2001). The RDF profile integrated from MD sampling of
the intermolecular OH interactions between the H atoms of prot-B and
the kaolinite siloxane surface O atoms in the MD simulations showed
peak positions for H-~O distances at 2.07, 2.21, 2.44, 2.52, and 2.6 A
(Fig. 5b), the last two peaks being the most intense. This indicated
hydrogen bonds between protein and kaolinite siloxane surface. The
average closest distances of the hydrated protein-fragment in-
tramolecular O-/—H interactions on the RDF profile (Fig. 5¢) exhibited
identical peak positions with all the orientations on kaolinite surfaces.
The O—H bond lengths are described by the intense peak at 0.98 A;
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Fig. 4. (continued)

whereas, intramolecular hydrogen bonds are observed at 2.08, 2.52,
2.84, and 3.11 A. This RDF profile shows some differences with that
observed without kaolinite surface (Fig. 2a) indicating that the con-
figuration of the protein is different. These changes could suggest a
certain denaturalization of the protein owing to the surface effect (Yu
et al., 2000), however no clear evidence can be concluded with these
results and further investigations in this way should be performed.

The RDF profiles of the intermolecular interactions between the
protein-fragment H-atoms and water O atoms were similar for all pro-
tein orientations on kaolinite surfaces. The first peak position was broad
and prominent at 1.82 A (Fig. 5d). However, the maximum peaks ap-
pear at longer distances than 2.7 A, whereas in the MD simulation of
wet protein-fragment without kaolinite maximum peaks at shorter
distances (2.2-2.6 /0\) were observed (Fig. 2b). The water H atoms in-
teracted with the O atoms of the protein-fragment in presence of kao-
linite surfaces showing H/O RDF profiles with low populations at short
distances (1.6-2.2 10\, Fig. 5e). However, the protein-fragment O atoms
interacted with the H atoms of the water molecules adsorbed on the
kaolinite aluminol surface exhibiting a very intensive and distinguished
H/O RDF peak at 2.18 A (Fig. 5f).

The water molecules on the kaolinite surfaces show a different be-
havior for each mineral surface. The RDF profile of the aluminol surface
H atoms with the water O atoms (Fig. 5g) shows short non-bonding
distances at 1,6-2.0 A, corresponding to the H bonds at similar dis-
tances that in the first coordination sphere of liquid water (Fig. 5a).
However, the RDF profile of the siloxane surface O atoms with the
water H atoms shows a low density of H bonds at 1.5-2.2 A and the
main density correspond to longer distances (Fig. Sh). This indicates the
hydrophilia of kaolinite aluminol surface with respect to the more hy-
drophobia of the siloxane surface.

In spite of the whole protein-fragment was completely hydrated and
surrounded by water molecules, this model could be considered limited
because the amount of water does not cover completely the interlayer

10

space between mineral surfaces, provoking a solid-liquid-air interphase.
Hence this model was extended filling the whole interlayer space with
disordered water molecules. The total amount of water was 2400 water
molecules per protein fragment. This model (8730 atoms) was opti-
mized obtaining a similar structure than above model. Molecular dy-
namics simulations were performed at 310 K with 1 fs steps during
0.7 ns. The final structure (Fig. 6a) was similar to previous ones with a
layer of water between protein and mineral surface (see Supplementary
Video 1 in Supplementary material). The RDF between C atoms of
protein-fragment and H atoms of the aluminol surface showed low in-
tensity peaks at 2.5-4.5 A, corresponding mainly to the tryptophan
residue (Fig. 6b). Although there is enough water medium space in the
upper part of the model, the protein-fragment was maintained close to
the aluminol surface, indicating an affinity to the mineral surface. The
calculated adsorption energy was —10.31 kcal/mol corroborating this
affinity. This is consistent with previous experimental (Lambert, 2008;
Docoslis et al., 2001) and theoretical (Patwardhan et al., 2012) works
on adsorption of peptides with silicate surfaces. Longer MD simulations
were performed with this model up to 10 ns. The structure of the ad-
sorption complex samples was different to the former one after 0.7 ns.
The protein conformation changed completely in a more compact form
with a certain zone close to the mineral surface. With this long MD
simulation, a certain flexibility of the mineral layer is observed
(Fig. 6¢). The RDF integrated on the sampling frames along the simu-
lations showed different profiles with respect to the previous shorter
simulations. The RDF profile of the water O atoms with respect to the
aluminol surface H atoms shows strong H bond interactions at
1.8-2.5 A (Fig. 6d). The RDF profile of the carbonyl O atoms of protein
with respect to the surface H atoms shows a certain group close to the
surface at H bond distances 1.7-2.8 A (Fig. 6e). The atomic density
profile along the 001 direction on the interlayer space showed that the
protein (O and N atoms protein profiles) remains close to one surface
not in the middle of the interlayer space and close to the aluminol
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Fig. 5. RDF profiles of the MD simulations. (a) non-bonding distances between the H-water and O-water atoms of the wet kaolinite/protein adsorption complexes; (b)
protein-fragment-H atoms with the kaolinite siloxane surface O atoms; (c) the H and O atoms of the protein-fragment for all orientations and surfaces; (d) protein-
fragment H atoms with water O atoms for all orientations; (e) O atoms of the protein-fragment with water H atoms in the complex adsorbed on the kaolinite siloxane
surface; (f) O atoms of the prot-fragment-B with water H atoms on the kaolinite aluminol surface; (g) water O atoms with H atoms of the kaolinite aluminol surface;

and (h) water H atoms with O atoms of the kaolinite siloxane surface.
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Fig. 6. (a) A snapshot of a 0.7 ns MD simulation of the adsorption complex of protein with 2400 water molecules on kaolinite aluminol surface; (b) RDF profile
integrated from 0.7 ns MD sampling between the protein C atoms and H atoms of kaolinite aluminol surface; (c) snapshot of a long 10 ns MD simulation; (d) RDF
profile integrated from 10 ns MD sampling of water O atoms and surface H aluminol atoms; (e) RDF profile integrated from 10 ns MD sampling of protein carbonyl O
atoms and surface H aluminol atoms; (f) concentration profiles along the 001 direction integrated from 10 ns MD sampling.
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Fig. 6. (continued)

surface instead of the siloxane surface. Water molecules are more
concentrated close to the mineral surfaces, being much more close to
the aluminol surface than to the siloxane one. A short-range ordering of
the water molecule is observed being more random in the middle of the
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interlayer space. As observed in the concentration profiles, certain
carbonyl groups approach very close to the aluminol surface indicating
that some carbonyl groups do not form only collinear H bonds, but
several H bonds with surrounding surface H atoms allow being closer to
the surface (Fig. 6f).

Recent experimental results of zeta potential titration of kaolinite
have shown dissociation of the kaolinite surface at neutral pH (Jacquet
et al., 2018). Then, at neutral pH some OH groups of kaolinite can be
dissociated. This situation can be described with a model were some OH
groups of the aluminol surface of kaolinite were deprotonated re-
maining a negatively charged surface. The original form of the protein
fragment was protonated. Then, the protein fragment can be adsorbed
as a cation in this scenario on the negatively charged mineral surface.
These models were optimized as a static model obtaining adsorption
energy of —77.18 kcal/mol. Some Lewis acid-base interactions with
electrostatic forces can be also be present in these conditions.

On the other hand, the adsorption can be produced by cation ex-
change with the kaolinite surface negatively charged neutralized with
the presence of a Na™ cation and the protein cation with a chloride
anion. With both systems, the adsorption complex will have the protein
cation adsorbed on the kaolinite anion and the solvated Na* and Cl~
ions out of the adsorption process. These models were also optimized
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(Fig. 7) obtaining higher adsorption energy (—147.56 kcal/mol) than
the previous one. Both cases indicate that the effect of pH at neutral
aqueous media favors the adsorption of this protein fragment on the
mineral surface. Such conditions could be mainly considered experi-
mentally in case of design applications and development in biomedicine
where the normal human blood pH is tightly regulated between 7.35
and 7.45 and the plasma could be neutralized in some critical ther-
apeutic conditions by buffering systems, also for possible application in
the design of viral-adsorbent agents for treatment of water con-
taminated by human viruses.
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4. Conclusions

This work introduces a new modeling and mechanism that can help
for the understanding of the experimental behavior and improve the
applicability and development of kaolinite as antiviral agent. The pre-
sent study sheds light on the possible interactions between the viral
capsid proteins and phyllosilicate surfaces. This work was focused only
on the most critical fragment for the fixation of virus to human cell
receptors. Further studies on the whole protein structure and the gly-
coxy moiety should be done in future. The molecular dynamics simu-
lations and calculations indicated that the presence of kaolinite surfaces
changes the conformations of the main protein segment TMD
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(350-370) of HCV envelope glycoprotein E1. This is likely to be ad-
sorbed on the kaolinite surfaces favorably with an exothermic process.
The intermolecular interactions were mainly hydrogen bonds and
electrostatic ones. The hydration effect was critical for the conforma-
tion of protein and for the adsorption of the protein fragment on kao-
linite surfaces. In a system saturated with water, the protein was
completely solvated by water and remains attracted to the mineral
surface. This adsorption was more favorable to be with the hydrophilic
aluminol (001) surface than with the siloxane surface. Longer MD si-
mulations corroborate the strong interactions with H bonds of the
protein with the aluminol mineral surface. The adsorption affinity be-
comes more favorable at neutral pH media, where some OH groups of
the kaolinite were partially dissociated. Therefore, targeted kaolinite
nanoparticles can interact with the charged residues in the transmem-
brane domains of hepatitis C virus (HCV) glycoproteins leading to
molecular conformational changes and alter dysfunctions of the TMDs
causing viral inhibition. This study can predict that the kaolinite can be
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considered in an exploratory research for a therapeutic treatment
against HCV.

The computational results could be considered as initial stage for
evaluating limitations and take previous conclusion to go to a long-term
project, intending to further trials on antiviral therapeutic, including
the COVID-19 coronavirus, or treatment of human virus-contaminated
water strategies based on mineral surface properties. Besides, this kind
of interactions can be also produced in any prebiotic reaction pathway
on the mineral surfaces in early Earth.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2020.105865.
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