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The structure and energy characteristics of structures formed during arginine adsorption on silica surface from
aqueous solution were studied by the density functional theory (B3LYP) method using a valence-split basis set
6-31++G(d,p) within the continuous solvent model (PCM) and supermolecular approximation. The equilibrium
structural and energy parameters of the protonated arginine molecule in the gas phase dependent on the location of
the hydrogen atom are considered including those of two possible zwitterions. The structure of the arginine ion
H>A", which is formed when a proton attaches to a molecule or zwitterion of a given amino acid, has been
elucidated. To determine the deprotonation constant of the carboxyl group in an acidic medium, the complexes of the
arginine molecule (AH3*") in the state with undissociated and deprotonated carboxyl groups are considered. The
simulation of the acid medium was performed by taking into account the interaction with two hydrated HCI ion
pairs, which provided the protonation of the a-amino group and the nitrogen atom of amino group within the
guanidine group.

In the study on the interaction of an arginine molecule with silica surface in an aqueous medium, complexes
containing a SisO;2(OH);0" ion with a deprotonated silanol group, six water molecules, and an arginine molecule
with a deprotonated carboxyl group were considered. It has been found that the arginine molecule is most likely to
be adsorbed on slica surface with formation of hydrogen bonds between the hydrogen atoms of the a-amino group
and the oxygen atom of the deprotonated silanol group. In this case, the formation of a hydrogen bond between the
oxygen atom of the carboxyl group and the hydrogen atom of the neighboring silanol group is possible. Slightly less
likely is adsorption of arginine molecules due to interaction of the guanidine group with silanol groups of the
surface. According to the calculated data, the adsorption of the zwitterionic form of the arginine molecule from the
aqueous solution is equally likely to occur due to interaction of silanol groups of silica surface with both the
carboxyl group and the guanidine group.
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INTRODUCTION noted that the use of sorbents based on silica is
expected in a wide range of pH (from pH =2 in
the stomach to pH=9 in the intestinal
environment). The choice of arginine molecule
was due to the fact that it contains three proton
attachment centers — a-amine, carboxyl, and
when protoning an additional positive charge is
distributed between the three nitrogen atoms of
the guanidine group of the arginine molecule,
due to which this amino acid has strong basic
properties [2]. In acidic solutions (pH <2) the
mentioned amino acid carries a double positive
charge. As the pH increases, the carboxyl group
is ionized (pK =2) and a particle with a single
positive charge is formed. The ionization
constant of the a-amino group and the amino
group of the side chain is 9 and 12, respectively [3].

Highly dispersed silica has become widely
used as a sorbent and carrier of drugs in various
fields of medicine, biotechnology, efc. [1]. Since
most toxins are proteins in nature, the
development of new sorbents based on silica
requires data on the mechanism of its interaction
with the structural elements of proteins - amino
acids. Amino acid molecules contain both amine
and carboxyl groups. It is not known enough
which of them is capable of forming hydrogen
bonds with silanol groups on silica surface. Since
the vast majority of processes in the biological
environment take place in aqueous solutions, the
question of the influence of water molecules on
the interaction of amino acids with surface
groups =Si—OH also remains open. It should be
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The authors [4, 5] performed modeling of
the interaction of glycine in its zwitterionic state
with the isolated silanol group of the silicon
dioxide surface. The effect of the solvent was
taken into account in the supermolecular
approximation. The simulation results have
shown that in complexes containing one
molecule of water, two cases can be realized. In
the first, the interaction of the hydrogen atom of
the amino group of glycine with the oxygen atom
of the silanol group was considered, while the
carboxyl group interacted with the hydrogen
atom of the silanol group through a water
molecule. Conversely, in the second case, the
direct interaction of the carboxyl group with the
hydrogen atom of the silanol group was
considered, and the amino group was in contact
with the surface through a water molecule.
According to the calculated energy parameters,
both states can exist simultaneously.

A study of lysine adsorption on the surface
of highly dispersed silica was performed using
the method of "H NMR spectroscopy, the results
of which are presented in [6]. The data obtained
were compared with the results of calculations
by the method of density functional theory
(B3LYP/6-31G+(d,p)). According to the data
obtained by the authors [6], the hydrogen atom
of silanol group forms a hydrogen bond with the
nitrogen atom of the g-amino group of lysine.

Therefore, the forms and quantitative
parameters of adsorption of some amino acids on
silica surface revealed by experimental and
theoretical methods require detailed analysis of
the obtained information with the involvement of
methods of theoretical modeling at the molecular
level, in particular, quantum chemical
calculations. Therefore, the aim of this work was
to investigate the structure and energy
characteristics of the structures formed during
the adsorption of arginine on silica surface in
aqueous solution.

OBJECTS AND METHODS OF RESEARCH

The equilibrium structural and energy
parameters of the protonated arginine molecule
dependent on the location of the hydrogen atom
in the gas phase are considered. Thus, the
hydrogen ion can form a bond with the N3 and
N4 atoms of the guanidine group. There may be
cases when the hydrogen ion belongs to the
carboxyl group, or interacts with the N1 atom of
the a-amino group:
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The model for silica surface was a cell of
Sis012(OH)s composition. It has the shape of a
cube, on top of which are eight silicon-oxygen
tetrahedra. Since silica surface at pH<7
acquires a negative charge, complexes
containing an arginine ion with a single positive
charge (H2A"), which interacts with an ion of the
composition SigO;2(OH);O" with a deprotonated
silanol group, were investigated. Thus, the whole
system remained electroneutral.

The calculations were performed by the
density functional (DFT) method [7] with the
exchange-correlation functional B3LYP [8, 9]
and the valence-split basis with diffuse functions
6-31++G(d,p), the involvement of which is
necessary when considering negatively charged
systems. The influence of the aqueous medium
was taken into account in the framework of the
continuous model of solvent (PCM) [10, 11]. All
the calculations were performed using the
software package US GAMESS [12]. The
deprotonation constants pK, are calculated by the
formula: pKa = AGreact/2.303RT [13], where R is
the universal gas constant, 7 is the temperature,
and AGreaq 1s the free Gibbs energy of the
deprotonation process.

RESULTS AND DISCUSSIONS

Since it is known from the literature [2, 14]
that arginine forms a zwitter-ion in aqueous
solution, the three proton-accepting capacity of
the guanidine group is much higher than the
o-amino group, so first it was necessary to test
the selected calculation method to reproduce this
property. Equilibrium spatial and energy
parameters of arginine in the molecular (Fig. 1 a)
and two zwitterionic states were calculated,
without the involvement of water molecules, but
only with the influence of the solvent in the
continuous approximation. In the first of the
zwitterionic states, the a-amino group (Fig. 1 b)
was protonated, and in the second, the imine
(=NH) group of the guanidine group (Fig. 1 ¢)
was protonated. In this case, for the gas phase,
the equilibrium structure of the zwitterion with a
protonated a-amino group could not be localized.
In the Fig. 1 the following values of the total
energy (E) are plotted on the ordinate axis, and
the lowest total energy is the lowest is taken as
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the zero level. The relative energies of all other
structures with the highest value of total energy
were defined as the difference between the total

energy of each considered structure and the
minimal total energy in kJ/mol.
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Fig. 1. Equilibrium structures and relative total energy of the arginine molecule (a) and the corresponding possible

zwitterions (b, ¢)

Fig. 1 shows that the lowest energy is for the
zwitterion ion in which the guanidine part of
arginine is protonated, and they differ by
11.6 kJ/mol from the molecular form and by
11.0 kJ/mol from the alternative zwitterion ion
(Fig. 1 b), which confirms literature data [14].
This in turn allows the use of further
comparisons of the total energies of probable
structures calculated by this method. It should be
noted that the energy effect of proton transfer
from the carboxyl group of the molecular form
of arginine to the o-amino group is only
0.6 kJ/mol.

The next step in the study was to determine
the structure of the arginine ion HoA", which is
formed when a proton attaches to a molecule or
zwitterion of a given amino acid, as in the
previous case, without the involvement of water
molecules, but only in the PCM approximation.
Fig. 2 shows the equilibrium structure and total
energy of a protonated arginine molecule (H2A")
with a protonated a-amino group and a nitrogen
atom of the amino group of the guanidine group
(a), a protonated a-amino group and a nominal
group (Fig.2 a), a protonated carboxy or the
amino group of the guanidine group (Fig. 2 ¢),
the protonated carboxyl group and the nitrogen
atom of the nominal group (Fig.2d). An

360

analysis of the calculated values of total energies
for these four structures has shown that the most
probable is formation of a structure with
protonated a-amino group and nitrogen atom of
the amino group of the guanidine group
(Fig. 1 d).

To calculate the deprotonation constant of
the carboxyl group in an acidic environment,
complexes of the arginine molecule (AH3*") in
the state with an undissociated carboxyl group
(Fig. 3 a) and a deprotonated carboxyl group
(Fig. 3 b) were constructed. The acid medium
was simulated by adding of two hydrated HCI
ion pairs to the model considered, so providing
the protonation of the a-amino group and the
nitrogen atom of the guanidine group imine
group. The energy of formation of the complex
with the deprotonated carboxyl group is
18.8 kJ/mol higher than that of the complex with
the carboxyl group in the ground state. The
calculated value of the dissociation constant of
the carboxyl group is 3.9, which is close to the
experimental value (~ 2) obtained in [15].

To determine the most probable path of
interaction of the arginine molecule with the
silanol group of silica surface, the electroneutral
complexes of the negatively charged
Sig012(OH);O™ ion with the positively charged

ISSN 2079-1704. CPTS 2021. V. 12.N 4



Quantum chemical study on the interaction of arginine with silica surface

arginine molecule (AH,") were considered.
Fig. 4 a—d) The arginine molecule in the
zwitterionic state was placed in different
positions relative to the deprotonated cluster
SigO12(OH)s, as well as in the case of direct
contact of the zwitterion with the deprotonated
silanol group Sis012(OH)s (Fig. 4 e).
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Fig. 2.

Based on the calculated interaction energies
between the silanol group of silica and the
arginine molecule, the most probable is the
formation of the hydrogen bond between the
oxygen atom of deprotonated silanol group and
the hydrogen atom of the a-amino group.
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Equilibrium structures and relative total energies of the protonated arginine molecule (H,A™): with the

protonated a-amino group and the nitrogen atom of the amino group of the guanidine group (a); a
protonated a-amino group and a nitrogen atom of the imine group (b); a protonated carboxyl group and a
nitrogen atom of amine group of the guanidine group (c); a protonated carboxyl group and a nitrogen atom

of the imine group (d)
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Fig. 3. Equilibrium structures and relative energies of the complexes of an arginine molecule with a carboxyl group
in the molecular state (a) and a deprotonated carboxyl group (b) upon contact with two hydrated HCI ion

pairs
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Fig. 4. Equilibrium structures and energies of intermolecular complexes where the deprotonated silanol group of
the silica cluster interacts with the guanidine group (a, b), the side amino group (¢), the a-amino group (d, €)
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Fig. 5. Equilibrium structures and relative total energies of the complex containing the SigO;2(OH);O ion, six
water molecules and a molecule of arginine with a protonated carboxyl group placed in different positions

relative to the silanol group

In order to study the interaction of an
arginine molecule with silica surface in an
aqueous medium, we considered complexes
containing a SigO;p(OH);O" ion, six water
molecules and a deprotonated arginine molecule
in the position where the guanidine group is
located close to the silanol group (Fig. 5 a, b) as
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well as those in the position where the guanidine
group of arginine molecule is stationed opposite
to the silanol group (Fig. 5 ¢, d).

Fig. 5 shows that the lowest energy relates to
an intermolecular complex where the dissociated
silanol group interacts through water molecules
with the carboxyl and a-amino groups, a slightly

ISSN 2079-1704. CPTS 2021. V. 12.N 4
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higher value (1.7 kJ/mol) of total energy relates
to the complex where the dissociated silanol
group through water molecules interacts with the
protonated guanidine group, what indicates the
possibility of the simultaneous existence on
silica surface of both these intermolecular
complexes.

CONCLUSIONS

Based on the analysis of the results of
calculations of structural and energy parameters,
it can be concluded that the arginine molecule is
most likely adsorbed on silica surface with

hydrogen atoms of the a-amino group and the
oxygen atom of the deprotonated silanol group.
In this case, a hydrogen bond may be formed
between the oxygen atom of carboxyl group and
the hydrogen atom of the neighboring silanol
group. Slightly lesser adsorption of arginine
molecule occurs when the guanidine group
interacts with silanol groups. According to the
calculated data, the adsorption of the zwitterionic
form of the arginine molecule from the aqueous
solution is equally likely to occur when the
silanol groups of silica surface interact with both
the carboxyl group and the guanidine group.

formation of hydrogen bonds between the

KBanToBOXIMiYHE T0CTiI)KEHHS B3a€MO/II apriHiHy 3 MOBEPXHEI KPeMHe3eMy
A.A. KpaBuenko, €.M. Jlem’sinenko, A.I'. I'pedentok, M.I. Tepeub, M.I'. I[lopTHa, B.B. Jlo6anoB

Tnemumym ximii nogepxui im. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Yipaina, silica@ukr.net
Kuiscoruii paxosuti konedsc Komn 1omepHux mexnonozit ma ekonomiku Hayionanonoeo asiayitino2o yHieepcumemy
eyn. bopucninvcoka, 5, Kuis, 02000, Yrpaina

Memooom meopii ¢ynxkyionany cycmunu (B3LYP) 3 @UKOpUCmMAanHaM BaleHMHO-PO3UWENIeH020 OA3UCHO2O0
Habopy 6-31++G(d,p) 6 meaxcax konmunyanbnoi modeni pozuunnuka (PCM) ma cynepmonexynaprozo HabaudxicerHs
00CioHCceHo OY008y ma eHepeemuyHi XapakmepucmuKky CmpyKmyp, sKi Ymeopowmscs npu aocopoyii apeininy Ha
NOBEPXHI KpeMHe3eMy )y 800HOMY po3uuHi. Poseianymo pienosadsicHi cmpyKmypHi ma enepeemuyHi napamempu
NPOMOHOBAHOI MONEKYIU APIHIHY 8 2a3086ill (ha3i 8 3aNeHCHOCMI 8I0 MICYs POIMAULYBAHHS AMOMA 2i0PO2eH) | 080X
Mmooicnusux yeimep-ionis. byno 3’scoeano 6yoosy iona apeininy H>A™, sakuil ymeoproemuvcst npu npuconanui npomona
00 Mmonekynu abo ysimepiona oanoi aminoxkuciomu. /s u3HaA4eHHs KOHCMANmMy 0enpomony8ants KapOOKCunbHoi
2pynu € Kuciomy cepedosuuyi pos2nanymo Komniexcu monexyau apeininy (AH;3Y) e cmani 3 neducoyitiosanoro ma
0enpomoHO8aHo0 KapOOKCUNbHOW 2pynoto. Mooentoganns KUciomuozo cepedosuya 30UCHIOBANOCA WIAXOM
8paxyeamnHs 63aemolii 3 o0eoma zciopamoganumu ionnumu napamu HCI, ki 3abe3neyunu npomouyeamHs
Q-aMiHOSPYNU MA aMOMA A30My aMiHOZpYNU 2YAHIOTHOB8020 YePYNY8aAHHA.

Ipu Oocnidoicenni 63a€MO0Ii MONEKYIU APSIHIHY 3 NOBEPXHEI0 KPEeMHe3eMy YV BO0OHOMY cepedosuwyi 6ynu
posensiHymi komnaexcu, siki micmsame ion SisO12:(OH) ;0™ 3 0enpomoHo8anow0 CUIAHOIbHOIO 2PYHOIO, WICTb MOLEK)I
800U MA MONEKYILY APIIHIHY 3 0enpomoOHOBAHOI0 KAPOOKCUNbHOIO 2pynoio. Becmanosneno, wo monekyna apeininy,
HaUbInbW UMOGIPHO, A0COPOYEMBCS HA NOBEPXHI KpeMHe3eMy 3 VMBOPEHHAM B00HEGUX 38 S3KI@ Midc amomamu
2i0poceny o-amiHoSpynu ma amomom KUCHIO 0enpomoHosanoi cunanoavhoi epynu. Ilpu ybomy modciuee ymeopenms
B00HEB020 36 SI3KY MINC AMOMOM KUCHIO KAPOOKCUILHOL 2PYNU ma amoMom 2i0poceHy cyCiOHbOI CULAHOIbHOL epynu.
Hewjo menwa timosipricms adcopoyii MoneKy apeiHiny npu 83aemo0ii 2yaHiOiH08020 YePYNYBAHHA 3 CUIAHOIbHUMU
2pynamu nosepxti. 32i0H0 pO3PAXYHKOBUX OAHUX, A0COpOYIs YBIMmepionHOi opmu MONEKyIU apeiHiHy 3 800HO20
PO3UUHY, PIBHOUMOGIPHO, 6i00Y8ACMbCA WIIAXOM 83AEMOOII CUNAHONBHUX 2PV NOBEPXHI KpemHeseMmy 5K 3
KapbOKCUTbHOIO 2PYNoto, MAxK i 3 2yaHioiHo8o 2pynoio.

Knrouosi cnosa: apeimin, nosepxHs KpemHezemy, aocopoOyis, KiacmepHe HAOIUNCEHHA,  Memoo meopii
@yuryionany eycmunu
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