Bioinforma tics ISSN 1993-6842 (on-line); ISSN 0233-7657 (print)

UDC 577.152.6

Biopolymers and Cell. 2023. Vol. 39. N 1. P 24-32
https://doi.org/10.7124/bc.000A87

Computational Modeling of the Nanocomposite Complex of EMAP II
Cytokine with TiO, Nanoparticles

D. D. Futornyi, D. M. Lozhko, O. I. Kornelyuk

Institute of Molecular Biology and Genetics, NAS of Ukraine
150, Akademika Zabolotnoho Str., Kyiv, Ukraine, 03143

kornelyuk@imbg.org.ua

Introduction

Aim. Computational modeling of the complex of endothelial monocyte activating polypeptide
II (EMAP II) with TiO, nanoparticle. Since the environment of malignant cells may be char-
acterized by a low pH, TiO, nanoparticles will be able to release the bound compound under
the pH changes. This allows considering the TiO, nanoparticles as means for the targeted
EMAP II delivery. Methods. Computational modeling of the complexes of EMAP II with
TiO, using molecular docking approach, characterization of complexes. Results. Spatial
structures of the complexes of EMAP II protein with TiO, nanoparticles have been modeled
and analyzed. The results obtained by EMAP II cytokine docking against a 5 nm TiO, nano-
particle indicated that TiO, nanoparticles are likely to prevent the formation of aggregates by
blocking the unstructured 3*DVGEIAPR#*! loop and the hydrophobic tryptophan “pocket” in
EMAP II structure. Also, TiO, nanoparticles are likely to reduce the conformational flexibil-
ity of EMAP II molecule by involving a significant part of amino acid residues in the forma-
tion of the nanocomposite complex. Conclusion. In the complex of EMAP II cytokine with
5 nm TiO, nanoparticles, the binding of TiO, to areas on the protein surface responsible for
the formation of protein aggregates can prevent the aggregation and stabilize the structure of
EMAP II in solution.

Keywords: cytokine, EMAP II, nanoparticle, titanium dioxide, TiO,, computational mod-
eling, molecular docking.

Protein drugs represent a unique and versatile and in a reproducible manner. Some proteins
class of biotherapeutic agents with high bio- have shown high antitumor activity and have
logical activities and specificities. This rapid- become the alternatives to cytotoxic chemo-
ly developing biotechnology makes it possible therapeutic agents for cancer treatment. At the

to produce various

proteins on a large scale present stage, the development of new stable
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non-toxic drugs of targeted action based on
recombinant proteins is required [1]. One of
the most promising areas of targeted therapy
is the use of antiangiogenic and proapoptotic
proteins in the form of nanocomposite com-
plexes, which can specifically target tumor
cells and inhibit pathological processes [2].
Among a fairly wide range of biological ap-
plications of nanoparticles, in particular TiO,
nanoparticles, one of the most promising is their
use for targeted delivery of biologically active
substances [3,4]. This is due to a number of
properties inherent in nanoparticles, in particular,
the ability to accumulate several or many mol-
ecules of bioactive substance on their surfaces
depending on the ratio of sizes of nanoparticle
and bound molecule. A wide range of substanc-
es are capable of interacting with the nanopar-
ticle surface — from low molecular weight or-
ganic compounds to large protein molecules.
The presence of a certain selectivity for target
cells and the ability to penetrate these cells, as
well as the ability to release bound substance as
a result of changes in environmental cell condi-
tions, in particular in response to changes of
extracellular pH, makes it promising to use TiO,
nanoparticles for targeted delivery of antitumor
drugs giving the fact that the environment inside
the malignantly transformed cells is usually
characterized by low pH values. Several “smart”
stimuli-sensitive drug delivery systems respond-
ing to certain stimuli like pH, temperature, and
magnetic force were proposed [4]. It is well
known that the acidic extracellular pH is a major
feature of tumor tissue and extracellular acidifi-
cation is primarily considered to occur due to
lactate secretion from anaerobic glycoly-
sis. Tumors have successfully adapted to acidic
pH and use it for cellular activation, this in-

creases drug resistance and leads to more ag-
gressive behavior [5]. Therefore, an anticancer
protein delivery system should retain the drug
at pH 7.5 but release it at acidic pH 5.0-6.0. The
nanosized protein delivery system can be inter-
nalized by tumor cells through the endocytosis
pathway, thus improving effective release of the
anticancer drug in the tumor tissue [6].

Endothelial monocyte-activating polypep-
tide II (EMAP II) is a cytokine that shows
antitumor and anti-inflammatory activity, it
participates in angiogenesis, embryogenesis,
and some pathological processes, and induces
apoptosis of endothelial cells [7-10]. Previous-
ly the tendency of this polypeptide to form
aggregates of different sizes in solution was
shown, even at room temperature [11]. This
tendency increases with increasing tempera-
ture, which leads to a constant increase in the
size of the aggregates [11, 12]. In addition to
the targeted delivery, TiO, nanoparticles can
potentially be used as a stabilizer and to coun-
teract the aggregation of EMAP II.

The data on the spatial structure of comple-
xes obtained by computer simulation are quite
important for understanding the mechanisms
of interaction of EMAP II with various nanopar-
ticles. In this article, we present the study of
the interaction of TiO, nanoparticles with an-
titumor cytokine EMAP II using the molecular
docking method and analysis of the complexes.

Materials and Methods

Modeling of the spatial structure of TiO,
nanoparticles

The spatial structure of TiO, nanoparticles
with a diameter of 5 nm has been reconstruc-
ted. The nanoparticle modeling procedure was
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as follows: an elementary lattice of anatase
crystal (one of the natural polymorphic modi-
fications of titanium dioxide) was multiplied
to fill a cubic space of 5.1x5.1x5.1 nm to cre-
ate a 5 nm titanium dioxide nanoparticle. The
procedure of construction and multiplication
of the crystal was performed using VESTA
software (Visualization for Electronic and
Structural Analysis) [13]. In the center of the
prepared cubic nanoparticle, a region with a
diameter of 5 nm was limited, after which the
atoms outside the selected sphere were re-
moved. Therefore we obtained a spherical TiO,
nanoparticle with a diameter of 5 nm.

Modeling of the complex of EMAP 11
cytokine with TiO, nanoparticle

The EMAP II spatial structure determined by
X-ray diffraction analysis and deposited in the
Protein Data Bank spatial structure database
(PDB, https://www.rcsb.org/) was used for the
docking procedure. Since the EMAP II struc-
ture in the PDB base is deposited in the ab-
sence of hydrogen atoms, the corresponding
protonation and optimization of the protein
structure were performed using the UCSF
Chimera software package [14].

The spatial structure of the complex was
simulated using the PATCHDOCK web ser-
ver [15]. The server’s working algorithm con-
sists of three stages:

1. Molecular Shape Representation — the
computation of the molecular surface with the
following detection of geometric “patches”
(concave, convex and flat surface areas) by a
segmentation algorithm. After filtration, only
the patches with “hot spot” are chosen.

2. Surface Patch Matching is carried out
using a combination of Geometric Hashing and
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Pose-Clustering matching techniques. The
patches detected on the surface of the receptor
in the previous step are matched with corre-
spondent matches on the surface of the ligand.
Concave patches are matched with convex and
flat patches with any type of patches.

3. Filtering and Scoring — the candidate
complexes from the previous step are exam-
ined. All complexes with unacceptable pene-
trations of the atoms of the receptor to the
atoms of the ligand are discarded and the re-
maining candidates are ranked according to a
geometric shape complementarity score [16].

A complete scan and analysis of the regions
of the interacting components were performed.
Electrostatic potentials on the surface of the
receptor and ligand were calculated, resulting
in about 200 complexes with the calculated
energy of interaction between the nanoparticle
and the protein. Estimation of interaction en-
ergy was performed using PATCHDOCK ACE
score (Atomic contact energy). Atomic Contact
Energy is an atomic desolvation energy mea-
sure that is defined over the energy of replac-
ing a protein-atom/water contact, with a pro-
tein-atom/ligand-atom contact. The pre-deter-
mined score of effective contact energy be-

tween atom type i and type j is defined as

]\[l..
<
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where type 0 corresponds to the solvent. The
number of i-j contact (V;;) and the number of
i-0 contact (Nj,) are estimates of the actual
contact numbers of known complexes. In ad-

dition, C;; and C; are defined as the expected
numbers of ij contact and i-0 contact.
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For a given configuration, the ACE score is
a summation of each of the atom pairs (one
from each subunit) within threshold distance d.
If the sets of atoms from the two subunits are
denoted as S, and §,, respectively, then the
ACE is computed as

seS, teS, ||s—t||, <d

Eyce= T [s,1]

where |s—¢| is the Euclidean distance be-
tween s and ¢, and 7Ts,?] is the pre-determined
score of the atom pair s and ¢. The ACE score
can be considered an estimate of the change
in desolvation energy of the two molecules in
going from the unbound state to the complex.
A lower ACE value implies a lower (and hence
more favorable) desolvation free energy [16].
Highly separate improvement and optimization
of the structure of the complexes were carried
out using Mod Refiner program [16]. The final
verification of the models of macromolecule
structures was performed using MolProbity
program [17]. Visualization and analysis of the

spatial structure of complexes were performed
using UCSF Chimera software [14].

Results and Discussion

Modeling of the spatial structure of TiO,
nanoparticles

The spatial structure of titanium dioxide
nanoparticle modeling was performed using
the software package VESTA (Visualization
for Electronic and Structural Analysis). To
create an elementary cell of TiO, crystal
(Fig. 1A), the parameters of crystal length (A,
B, C) and angles (a, B, y) were entered accor-
ding to the parameters of the anatase lattice
(A=B=3.785,C=9.514, Lo=4Lp=Ly=
= 90°), where A, B, C are the lengths of the
crystal lattice, and La, /B, £y are the dimen-
sions of the angles of the crystal. The type of
crystal lattice I, / AMD was chosen as the
spatial group of the crystal.

The next step was to expand the elemen-
tary cell TiO, in the directions of the XYZ

Fig. 1. Crystalline structure of TiO, (A) — Elemental cell of anatase crystal (TiO,), (B) — Multiple elementary TiO,
cell expanded in the directions of the XYZ plane by 5 nm, (C) — Spherical TiO, nanoparticle of 5 nm. Titanium atoms

are shown in blue and oxygen atoms in red.
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planes by 5 nm (Fig. 1B). We used the VESTA
Boundary algorithm to construct additional
cells and calculate the corresponding coordi-
nates. The final step was to limit the spherical
region with a diameter of 5 nm in the multi-
plied section of TiO,, followed by the removal
of atoms outside the selected sphere. As a re-
sult we obtained a TiO, nanoparticle with a
diameter of 5 nm (Fig. 1C).

EMAP 11 — TiO, nanoparticle complex
modeling

We performed molecular docking of the
crystallographic structure of EMAP II protein
(PDB code 1EUJ) against the TiO, nanopar-
ticle molecule. As a result of modeling the
interaction of TiO, nanoparticles with EMAP II
cytokine, about 200 complexes with different
contact interfaces and interaction energy were
obtained. The next step was the selection of
complexes according to the interaction energy
of the protein and the nanoparticle, contact
interface area and overall score of the solution.
The range of ACE score values for all models
varies from — 222.84 to — 396.27 kJ/mol.
Analysis of the obtained complexes showed
that the formation of a protein complex with
a negatively charged TiO, nanoparticle occurs
mainly with two contact interfaces on the sur-
face of EMAP II molecule. In one case (com-
plex 1) the cytokine motif °VSRLDLRIGCIIT!®
was involved in the complex formation to-
gether with the unstructured 3*DVGEIAPR#*!
loop (Fig. 2), and in the other (complex 2) the
hydrophobic environment of the aromatic resi-
due Trpl125 (tryptophan “pocket™) was in-
volved in complex formation (Fig. 3).

In the complex 1 (Fig. 2) with the surface
of 5 nm nanoparticles TiO,, 15 amino acid
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residues interact with protein: Argl2, Gly14,
Cysl5, Ilel7, Thrl8, Arg20, Asp34, Gly36,
I1e38, Ala39, Pro40, Asn58, Val100, Pro101
and Gly102. The ACE of the complex is —
393.85 kJ/mol with an approximate interaction
interface area of 36.496A2

In the complex 2 (Fig. 3) the surface of
5 nm TiO, nanoparticles interact with 13 ami-
no acid residues: Asn49, Ser86, Pro87, Glu&8,
Trp125, Glul26, GIn129, Pro130, His133,
Asnl62, Gly164 and Lys166. The ACE of the
complex is — 396.27 kJ/mol with an approxi-
mate interaction interface area of 42.717A2

We previously studied the aggregation pro-
perties of the EMAP II cytokine in solution
[11]. It was found that the key sites contribut-
ing to the formation of protein aggregates in
solution are 3*DVGEIAPR#! site and hydro-
phobic tryptophan “pocket” [11]. Blocking of
these sites leads to a significant reduction in
aggregation properties. The obtained results of
the docking of cytokine EMAP II against a 5
nm TiO, nanoparticle indicate that it is likely
that TiO, nanoparticles may be able to inhibit
the formation of the aggregates by blocking
the unstructured 3*DVGEIAPR#! loop and the
hydrophobic tryptophan “pocket” at the EMAP
IT surface, which are involved in the aggrega-
tion process.

As known, EMAP II cytokine is highly ho-
mologous to the C-terminal non-catalytic do-
main of mammalian tyrosyl-tRNA synthetase
[18]. The C-terminal module after proteolytic
cleavage from the catalytic mini-TyrRS also
displays the cytokine functions similarly to
EMAP II [19-20]. Both EMAP II and the
C-terminal module of TyrRS are potential pro-
tein drugs for anticancer therapy in terms of
their proapoptotic and antiangiogenic activities.
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ACE : -393.85

EMAPII
f

Fig. 2. Structural organization of the complex 1 of TiO,
nanoparticle with EMAP II and amino acids residues in-
volved in the complex formation.

Earlier, Autodock 4.0.5 program was used
in order to evaluate the interaction of titanium
dioxide nanoparticles with different pro-
teins [21]. The analysis of docked structures
was performed with regard to the most efficient
binding with amino acids without any TiO,
surface modification. The higher negative bind-
ing energy revealed strong binding of titanium
dioxide with proteins and more specifically
TiO, nanoparticles showed frequent interaction
with positively charged R-group, nonpolar ali-
phatic R-group, aromatic R-groups, polar un-
charged R-groups and negatively charged
R-group-containing amino acids [21]. Our data

ACE: -396.27

Fig. 3. Structural organization of the complex 2 of TiO,
nanoparticles with EMAP II and amino acids residues in-
volved in the complex formation.

for TiO, nanoparticle complex with EMAP II
correlate well with these Autodock data.
Currently, modern protein-based nanotech-
nologies offer novel perspective biomedical
complexes with unique physicochemical pro-
perties for targeted delivery and sustained re-
lease of therapeutics at the site of action [3-5,
22, 23]. The pH-induced “smart” drug delivery
systems have been greatly developed in recent
years, leading to the controllable release of
antitumor proteins at the tumor sites since the
acidic extracellular pH is a major feature of
tumor tissue [22, 23]. pH-responsive nanocom-
posite composed of self-assembled daunoru-
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bicin and TiO, nanoparticles was developed
for a “smart” stimuli-sensitive drug delivery
system [22]. Daunorubicin release from the
drug delivery system was significantly accele-
rated by decreasing pH from 7.4 to 5.0, which
is of particular interest to cancer therapy due
to the acidic extracellular tumor environment
[22]. Application of daunorubicin-TiO, nano-
composites resulted in the accumulation of the
anticancer drug in tumor cells and induced
caspase-dependent apoptosis, enhancing anti-
cancer activity [22]. All these data demonstrate
that the use of novel pH-responsive systems
based on TiO, nanoparticles may be a very
promising strategy for the clinical application
of anticancer proteins.

Conclusions

Structural modeling of the complexes of TiO,
nanoparticles with the cytokine EMAP II by
molecular docking was performed. Analysis
of these complexes showed that the formation
of a protein complex with TiO, nanoparticle
occurs mainly with two contact interfaces on
the surface of EMAP II — a part of the cyto-
kine motif *°VSRLDLRIGCIIT!® together with
an unstructured loop 3*DVGEIAPR#! in one
case and with the microenvironment of Trp125
in another complex.

Our results indicate that TiO, is likely to
reduce the conformational mobility of the
EMAP II molecule, by involving a significant
portion of amino acid residues in the formation
of the complex, which will stabilize the protein
structure, and most importantly, the nanopar-
ticle blocks the sites on the protein surface
which are responsible for the formation of pro-
tein aggregates. A novel nanocomposite com-
plex of antitumor EMAP II cytokine and TiO,
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nanoparticles is able to expand the possibilities
of EMAP II in biomedical applications.
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EMAP II 3 nanouactuakamu TiO,

J. 1. ®yroprwuit, 1. M. Jloxko, O. 1. Kopaemtok

Mera. Komm’1oTepHe MOAETIOBaHHS! KOMILIEKCY €HA0Te-
JIaJIFHOTO MOHOITUT — aKTHUBYIOYOTO Torirentuny 11
(EMAP II) 3 Hanouactuakamu TiO,. OCKiJIbKH cepeioBH-
11 3MOSKICHUX KIIITHH MOXKE XapaKTepH3yBaTHC HU3EKUM
pH, mHanougactuaku TiO, 3MOXyTb BHBUIBHSATH 3B’S3aHI
crioyku mipu 3MiHi pH. Lle 103BoMsie po3nisiaaTH HAaHO-
gacTuHKH TiO, sk 3aco0M MiTboBOi goctaBku EMAP 11
1o myximH. MeTtoau. KoMt roTepHe MoaeTFoBaHHS KOMIT-
nekciB EMAP I 3 TiO, i3 BUKOpPHUCTaHHSIM MOJIEKYJISIPHO-
O JOKIiHTY Ta XapaKTePHUCTHKA KOMIUIEKCiB. Pe3yssTaTm.
[TpoBeneHO MONIETIOBaHHS Ta IMTPOAHATI30BAaHO TPUBUMIP-
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Hi CTpYKTypH KoMIutekciB Oinka EMAP 11 3 HaHO9acTHH-
kamu TiO,. Pesyneratnn mokiary nominentuay EMAP 11
npoTH HaHoYacTHHOK TiO, po3MipoM 5 HM IoKa3aiy, 1o
HaHoyacTUHKHU TiO, 1pu 3B’s13yBaHHI 3 OLTKOM, IMOBIpHO,
3aro0iraloTh YTBOPEHHIO OIJIKOBHX arperaris, OJIOKyIOUH
HecTpykTypoBany mneriio 3*DVGEIAPR*! i rinpopobuy
TpunroaHoBy «kumieHo» Ha moBepxHi EMAP II. Kpim
Toro, HaHo9acTHHKH Ti0,, HMOBIpHO, 3MEHIIYIOTh KOH-
(hopmariiiiny pyxiuBicTb Makpomoiniekyan EMAP 11, 3a-
JIy4Yaro4y 3HaYHY YACTHHY aMiHOKUCIIOTHHX 3aJIMILKIB 10
YTBOPEHHS HAHOKOMITO3UTHOTO KOMILICKCY. BUCHOBOK.

32

V HaHokomno3utHOMY Komruiekci TiO, 3 HUTOKiHOM
EMAP II 3B’s3yBanns TiO, 3 mijsiHKaMu Ha TOBEPXHI
OiyKa, SIK1 BiAMOBIIATOTH 32 YTBOPEHHS OLJIKOBHX arperaris,
MO)KE TIEPELIKOPKATH arperarii Ta crabinizyBaTu CTpyK-
typy EMAP Il y po3uusi.

Kawuosi cJioa: nutokin, EMAP II, naHO"acTHHKa,
niokcun tutany, TiO,, KOMIT FOTepHE MOICTIOBAHHS, MO-
JIEKYJSIPHAHN TOKIiHT.
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