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In this study, molecular docking, quantum mechanics and molecular dynamics methods were used to investigate the protein-ligand
interactions of the epidermal growth factor receptor 2 (HER2). The virtual screening was performed by docking among 2000 chemicals
derived from the ZINC library to find specific inhibitors. Trastuzumab is the active site in the HER2 extracellular domain and the target
area. The scoring function was used to calculate the binding affinity of the identified inhibitors to the active site of HER2. Among the
inhibitors identified, six ligands were chosen based on their suitable electronic structures and energies. The H-bond interaction energies
between six ligands and HER2 were investigated and bond critical points were determined for each bond path between the two
corresponding atoms by the quantum theory of atoms in molecules. Root mean square deviation, root mean square fluctuation, the radius of

gyration and binding free energy were calculated to evaluate the stability and mobility of the simulated system using molecular dynamics

simulation.
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INTRODUCTION

Breast cancer is one of the major health problems
causing a great suffer for humane in almost all countries. It
is the most prevalent neoplasia among women and the first
cause of death in women in the 40-59 age groups [1]. The
epidermal growth factor receptor 2 (HER2) is a member of
the EGFR family and its overexpressing occurs from 20% to
25% of invasive breast cancers [2]. Two vitally important
kinds of HER2 inhibitors which are currently used in
clinical treatment of breast cancer include humanized
antibodies directly limiting EGFR/ErbB2 inhibitors and
inhibitors of tyrosine kinase (TKIs) competed with ATP in
the tyrosine kinase domain of the receptor [3]. In preclinical
models, both inhibitors quickly downregulate PI3-AKT,
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MAPK, SRC and STAT signaling which subsequently
block the growth of tumor cells and human xenografts in
nude mice [4]. Trastuzumab is one of the humanized
monoclonal antibodies binding to HER2 extracellular
domain. A significant number of metastatic breast cancer
patients first respond to treatment with trastuzumab;
however, within one year of treatment, the resistant to it and
the disease will extend. Moreover, the studies performed in
recent years have proved the contribution of trastuzumab in
one kind of drug-induced cardiac dysfunction [5]. Different
trastuzumab
resistance in breast cancer treatment are as follows: (a)
to HER2 protein:
truncated HER2 and epitope masking. (b) Upregulation of
HER2 downstream signaling pathways: PTEN loss,
increased PI3K/Akt activity, and PDKI1 changes. (c)

Alternative signaling pathways: increased signaling from

molecular mechanisms  describing the

Binding of impaired trastuzumab

HER family and other receptors. (d) Impaired immune-
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mediated mechanisms and

[6].

Western blot methods have revealed that breast tumor cell

Immunoprecipitation

lines treated in vitro with trastuzumab increase the
interaction with CDK2 and levels of p27kip1, leading to a
CDK2 activity [6-7]. HER2-mediated

obstruction  causes  phosphorylation

inhibition, and consequently uncontrolled cell growth and

decrease in

multimerization

division will be limited. Therefore, a strategic target for
breast cancer therapies is the blocking of HER2-mediated
signaling [8-11]. The interactions of the protein with
different other proteins and protein with different ligands
are important for biological functions [12-13]. Prediction of
the protein-ligand interaction is used in modern structural-
based drug design [12]. The biophysical methods used in
protein-ligand and protein-protein interactions study include
calorimetric, spectroscopic and structural methods; though,
they are expensive techniques [14-16]. Development of
computer power and algorithms has made easy the way to
study protein-ligand interaction utilizing computational
methods. In addition, a computer-aided docking process that
identifies the lead compounds by the energy minimizing of
intermolecular interactions is a significant approach for
structure-based drug designs [17]. A computer method to
find a solution to a protein-ligand docking problem
comprises two crucial components: a good scoring function
and an efficient algorithm for searching conformation and
orientation spaces [18-19]. In recent years, Eugene et al
have focused on the safety and effectiveness of dual HER2
blockade strategies, such as trastuzumab combined with
lapatinib or pertuzumab. For the first time, the term “virtual
screening” appeared in a peer-reviewed publication in 1997.
Since then the field of virtual screening has become more
and more prevalent and has experienced rapid growth in
pharmaceutical research. Seetharama et al. used an in silico
screening technique to study the chemical diversity of the
compounds designed and exhibited low-energy docked
structures for chemical synthesis and biological activity.
Shao-Yong Lu et al. calculated the electronic interaction
energies between several proteins-halogenated complexes
using a two-layer quantum mechanics/molecular mechanics
(QM/MM) ONIOM method [20]. In 2013, Mirzaie et al.
combined 3D-QSAR modeling and molecular docking
study on multi-acting quinazoline derivatives as HER2
kinase inhibitors [21]. Diana J. Bigler et al. calculated the
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electronic interaction energies between eight dopaminergic
ligands and resveratrol and the SULT1A3 active site using
MP2 and M062X with the 6-311+G basis set [22]. Recently,
Tripathi er al. have used the natural compounds from the
ZINC database and performed the computational studies to
identify the potential inhibitors of FgTrx1. Based on the
binding free energy analyses, they found that compounds
with IDs ZINC9312362 and ZINC9312661 could be
potential drug candidates to fight against F. gigantica
parasites [23]. The discovery of innovative leads is a costly
and time-consuming procedure. It is estimated that a typical
drug discovery cycle, from lead identification through to
clinical trials, can take 14 years with a cost of 800 million
US dollars [24]. However, expensive and time-consuming
process, toxic side effects and the development of drug
resistance within a year of treatment, and the appearance of
truncated forms of HER2 (p95SHER2 and HER2A16) have
shifted the focus of research to targeting the HER2
extracellular region for therapeutics development [25].
Using the predicting the
interactions of chemical compounds (drugs) with proteins

computational methods,
and finding the compounds binding to the target are
possible. Then,
investigated in the live systems or in the laboratory. In this

the binding of these compounds is
study, we used virtual screening, molecular docking,
quantum mechanics/molecular mechanics (MM/QM) and
molecular dynamics (MD) methods to protein-ligand
interactions from the different point of views.

METHODS

Materials

Crystal structure of the extracellular region of human
HER2 complexed with Herceptin Fab (1N8Z) was retrieved
from the Brookhaven protein data bank. All non-polar
hydrogen atoms and water molecules were removed, and
atom charges were computed using the Gasteiger-Marsili
method [26]. Before docking study, the structure was
minimized by the steepest descent method implemented in
GROMACS 5.0.4 to relax closed contacts [27]. In the
present study, to find a special inhibitor for HER2
extracellular region, virtual screening was performed by
docking among 2000 molecules from the ZINC database.
There are three reasons for using a ZINC database in the
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current study; first, the ZINC database represents a much
larger database of commercially available compounds for
ligand discovery and virtual screening than before. The
database is actively maintained and is freely available
online (http://ZINC.docking.org). Second, ZINC molecules
are represented in improved, biologically relevant forms and
organized into discovery-relevant subsets such as lead-like
and fragment-like. Those are ready for downloading and
docking. Third, ZINC can now be used to discover the
biological targets for a compound by simple mouse-click, or
to find purchasable compounds for a given target, based on
literature annotations. We take up each of these results in
turn. At over 20 million purchasable molecules, ZINC is the
largest database of commercially available compounds for
virtual screening. In this study, we used standard ligands file
with (B-PO.1.mol2.gz) cod [28].

Molecular Docking

Molecular docking of ZINC library to the active site of
HER2 complexed with Herceptin Fab was carried out by
Molegro virtual Docker. This software is a virtual screening
that works on MolDock scoring function evaluation with a
cavity prediction algorithm. Molegro virtual Docker can
automatically compute the grid maps [29]. As presented in
the introduction, trastuzumab is one of the humanized
monoclonal antibodies which binds to HER2 extracellular
domain, so we considered a cavity with (x = 83.00, y= 6.00,
z=-32.44, R = 15) as substrate-binding site [15].

To obtain the validation of docking calculation, Molegro
Virtual Docker program used MolDock scoring function
evaluation with a cavity prediction algorithm. The MolDock
scoring function is based on a piecewise linear potential
(plp) and takes into consideration the directionality and
charges of hydrogen bonding, defined here as follows:

E (D

score -

+F

inter intra
Eier 18 protein-ligand interaction energy, defined by the
following equation:
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Eiwa describes the internal energy of the ligand according to
Eq. (3):

Eie = Z z Ep/p(m)+ z AI:l_cos(m’9_90):I+E<1m-ham

i cligand j eprotein flexiblebonds

The summation encompasses all heavy atoms in the protein
and the ligand as well as any cofactor atoms and water
molecule atoms. The second term is torsional energy and is
the torsional angle of the bond. E,g, term assigns a penalty
of 1000 provided that the distance between two heavy atoms
is less than 2.0 A.

Before initiation of docking operation, the molecular
structures of the HER2 extracellular domain and ligands,
retrieved from the ZINC database, were prepared. The
binding site of HER2 was considered as the trastuzumab
Restriction (Fig. 1) to this end; charges were calculated by
MVD and then appointed to the models. In the initial step of
docking operation, the side chain flexibility was set for key
residues to predict the binding sites of the HER2
extracellular. MolDock SE was used as a docking algorithm
and the energy threshold for pose generation was kept
100.000. Furthermore, similar poses and weak connections
were ignored. To this end, the structures of six ligands were
evaluated by Molegro virtual Docker with MolDock scoring
function; also it was utilized to measure the binding affinity
of the identified inhibitor to the active site of the HER2
extracellular domain [30-32]. Then, FAF-Drugs4 program, a
free adaptable tool for ADMET (absorption, distribution,
metabolism, excretion and toxicity), was used for filtering
the electronic compound collections [33].

MD Simulation

All MD simulations were carried out using the
GROMACS 5.0.4 package with the AMBER 99SB force
field [27]. The partial charges and topology files of
inhibitors were produced by ACPYPE which is based on
ANTECHAMBER [34]. Each system was hydrated with
TIP3P water molecules in a cubic periodic cell [35].
Adequate numbers of chlorine and sodium atoms were
added to neutralize the system. Energy minimization was
accomplished with the steepest descent integrator and the
conjugate gradient algorithm consecutively to achieve a
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Fig. 1. Surface representation (left side) of extracellular domain of human HER2 (purple) complexed with

Herceptin (trastuzumab) Fab (blue and green). Secondary structure presentation of HER2 (right side).

Extracellular region of HER2 consists of four distict domains.

maximum force of less than 1000 kJ mol’ nm™ on any
atom. To evaluate short-range, non-bonded interactions, a
twin-range cutoff scheme was assigned in which Van der
Waals
truncated at 1.4 nm and 0.9 nm, respectively. Particle mesh

interactions and electrostatic interactions were
Ewald (PME) method was utilized to treat the Long-range
electrostatic interactions [36,37]. The temperature was fixed
at 300 K using velocity rescaling with a stochastic term and
coupling time constant of 0.1 ps [38] Parrinello-Rahman
barostat with a coupling constant of 2 ps was used to fix
pressure at 1.0 atm [39]. All Simulations were conducted
with a time step of 2 5. To constrain all bonds involving
hydrogen atoms, a linear constraint solver (LINCS)
algorithm was used. Each system was equilibrated under a
constant volume (NVT) ensemble (1000 ps) and a constant
pressure (NPT) ensemble (1000 ps). All MD simulations
were carried out for 30 ns. The trajectories were visualized
using VMD software and the standard tools implemented in
the GROMACS package [40].

RESULTS AND DISCUSSION

Docking Studies
In the current study, virtual screening was performed by
docking among 2000 chemicals derived from ZINC library
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to find specific inhibitors against binding site of HER2
extracellular. The scoring function was used to calculate the
binding affinity of the identified inhibitors against the
binding site of the HER2 extracellular domain; the twenty-
three high
screening results obtained are shown in Table 1 [41].

scores function compounds from virtual

Finally, among the inhibitors found, six ligands having
satisfying electronic structure and MolDock energy were
chosen. Moreover, it can provide several distribution
diagrams of major physicochemical properties of the
screened compound libraries. The obtained results for the
toxicity of compounds are presented in Table 2. In addition,
Table S1 indicates the results for other compounds. In Table
S2, details of physico-chemical property filters available in
FAF-Drug are listed. Tables S3 and S4 (also Figs. S1 to S4)
present oral toxicity prediction, 2D structure, and FAF-
Drugs rule for ligand 12, respectively. Also, these values for
hits 7, 10, 19, 22 and 23 were reported in supporting
information.

Quantum Theory of Atoms in Molecules

Six protein-ligand complexes, cropped within a radius
of 15 A (Molegro virtual Docker), were investigated by
using a two-layer quantum mechanics/molecular mechanics
(QM/MM) ONIOM method by Gauss View 5.0 software
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Table 1. Structures of Potential Inhibitors, their Toxicites and Total Energies

Number Structure Tox E total
(Mole dock)
Ligand (1) N—N o 3000 mg kg’ -150
1D /- \ o
[00]ZINCO0852
O
8998 1 ~
HN
/
©/ N— N
(S)-1-(5-phenyl-1,3,4-oxadiazol-2-yl)ethyl 3-methyl-1-phenyl-
1,6-dihydropyrrolo[2,3-c]pyrazole-5-carboxylate
Chemical formula: C23H]9N503
Ligand (2) o\ 1190 mg kg™ -139
o J o\ p
Unknown_1 1 (\C‘ N HN
CH- 7/ N\
N_\(NJr\\
NH,
(E)-1-(3-((2-amino-3-ethylimidazo[4,5-b]pyridin-3-ium- 1 -ide-
6-carboxamido)methyl)-1,2,4-oxadiazol-5-yl)buta-1,3-diene-
1,4-diide
Chemical formula: C](,H]5N7022-

Ligand (3) 900 mg kg 94
1))

Unknown_1 1

O HO
2-(6-methyl-[1,1"-biphenyl]-3-carbonyl)benzoic acid
Chemical formula: C,H;cO;
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Table 1. Continued

Ligand (4) 1152 mg kg -183
ID
Unknown 1 1 XN
- - HN
\
N
HN
(o]

/N
N

(S)-N-((R)-1-(5-methyl-4H-1,2 4-triazol-3-yl)ethyl)-2-(o-tolyl)-
6,7-dihydro-5H-pyrrolo[1,2-a]imidazole-5-carboxamide
Chemical formula: C,oH,,N¢O

N—N
Ligand (5) /i \ / 2112 mgkg’  -131
ID Z
Unknown 1 1 /\
—— NH
/
N\N

(S)-(S)-1-(5-phenyl-1,3,4-oxadiazol-2-yl)ethyl 3-methyl-1-
phenyl-4,5-dihydro-1H-pyrazolo[4,3-d]oxazole-5-carboxylate
Chemical formula: C22H19N504

Ligand (6)

ID
[00]ZINC1966
4289 1

2082 mg kg -156

(S)-N-((3-benzyl-1,2,4-oxadiazol-5-yl)methyl)-5-(tert-butyl)-
4,5,6,7-tetrahydrobenzo[d]isoxazole-3-carboxamide
Chemical formula: C22H26N403

66



Molecular Docking-based Virtual Screening, Molecular Dynamics and Atoms/Phys. Chem. Res., Vol. 8, No. 1, 61-90, March 2020.

Table 1. Continued

Ligand (7) 1400 mg kg™ -112
D
[01]ZINC130067 AN
54 1 HN
0 —N
Z NH
E 0
I
N—S8S
Il
O

3-(((3S,58)-3,5-dimethylpiperidin-1-yl)sulfonyl)-N-(5-(p-tolyl)-
4H-1,2 4-triazol-3-yl)benzamide
Chemical formula: C23H27N503S

Ligand (8) o O— 1530 mg kg™ -146
ID —
[00]ZINC085289 % /|K/N//\N

N Y

98 1
CH
. _
A name could not be generated for this structure.

Chemical formula: C2]H20FN402
Ligand (9) 1400 mg kg™ -186
1))
[00]ZINC NH
Unknown_1 1 0

=

i \
Hl\\l C)>__O \N/N
HO

A name could not be generated for this structure.
Chemical formula: C23H24N503
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Table 1. Continued
Ligand (10) cl N 2580 mg kg’ -131
D A
[00]ZINC0852 Ng\‘
8998 1 o NH
_0O
N-((3-(3-chlorophenyl)-1,2 4-oxadiazol-5-yl)methyl)-4-
methoxybenzamide
Chemical formula: C]7H]4C]N303
Ligand (11) 0 1000 mg kg -161
ID 0 N<q
[00]ZINC /
Unknown 1 1 — >
X 7 NH
N
F
(5-(4-fluorophenyl)isoxazol-3-yl)methyl 3-(cyclohexa-1,3-dien-
1-yl)-1H-pyrazole-5-carboxylate
Chemical formula: C20H]6FN303
Ligand (12) N H 1000 mg kg -141
1)) == —o0
[00]ZINC \NI)=O
Unknown_1 1 z
(@)
Cl
(S)-6-(3-(5-chloro-2-methoxyphenyl)-2-oxopropyl)-2-phenyl-
4H-imidazo[1,2-b][1,2,4]triazol-5(6H)-one
Chemical formula: C20H17C]N403
Ligand (13) 2000 mg kg -122
ID Q 0 Ha

Unknown_1 1

wllZ

NH
\ N = \\
\ Y N H o)
N \N/ ——y

(R)-N-(amino(5-methylisoxazol-3-yl)methyl)-3-(3,5-dimethyl-
1-(4-methyl-6-0x0-1,6-dihydropyrimidin-2-yl)-1H-pyrazol-4-
yl)propanamide
Chemical formula: C] 3H23N703

68



Molecular Docking-based Virtual Screening, Molecular Dynamics and Atoms/Phys. Chem. Res., Vol. 8, No. 1, 61-90, March 2020.

Table 1. Continued

Ligand (14) o 1400 mg kg -120
1))
k 11 N = N:
Unknown 1 W W/\”/U\(I N\ -
o—N N/ N\\
2-amino-N-((5-(cyclopenta-1,3-dien-1-yl)-1,2,4-oxadiazol-3-
yl)methyl)-3-ethyl-3H-imidazo[4,5-b]pyridine-6-carboxamide
Chemical formula: C]7H]7N702
Ligand (15) 2580 mg kg -125
1)) N
[00]ZINC2037 Y, N
2088 1 HN’—< \
N .||||\\§ s
o} e}
O L
Cl
(S)-N-(5-((4-chlorophenoxy)methyl)-1,3,4-thiadiazol-2-yl)-1-(2-
ethylphenyl)-5-oxopyrrolidine-3-carboxamide
Chemical formula: C22H2]C]N403S
Ligand (16) 0 o 1300 mg kg -146
AN N
nknown_ [ S N \
\ />\N\ H/\m/@
N-((5-(cyclopenta-1,3-dien-1-yl)isoxazol-3-yl)methyl)-3-(3,5-
dimethyl-1-(4-methyl-6-oxo-1,6-dihydropyrimidin-2-yl)-1 H-pyrazol-
4-yl)propanamide
Chemical formula: C22H24N603
Ligand (17) 1000 mg kg -123
1))

Unknown_1 1

—=N
NH \
\ N
0]
N
NH,

(R)-N-((5-aminocyclohexa-1,3-dien- 1 -yl)methyl)-4-((2-methyl-6,7-
dihydropyrazolo[1,5-a]pyrimidin-4(5H)-yl)methyl)benzamide
Chemical formula: C,,H,7NsO
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Ligand (18) 3200 mg kg’ -170
D 7-——NH
Unknown_1 1
= /
O
OH \
3-(4-methoxyphenyl)-5-(7,8,9,10-
tetrahydrocyclopenta[4,5]pyrrolo[3,2-¢][1,2,4]triazolo[1,5-
c]pyrimidin-2-yl)-1H-pyrazol-4-ol
Chemical formula: C20H17N702
Ligand (19) _N 1000 mg kg -151
ID N \>/s /
[00]ZINCO0852 \ \N
8998 1 N o
F
5-(((5-benzyl-4-(4-fluorophenyl)-4H-1 2 A4-triazol-3-
yl)thio)methyl)-3-methylisoxazole
Chemical formula: C20H17FN4OS
Ligand (20) o—N 800 mg kg -146
D =N A\
Br S
Unknown_1 1 \{ ~ N \
N
\N/
(Z)-5-(6-bromopyrazolo[ 1,5-a]pyrimidin-3-yl)-3-styryl-1,2 4-
oxadiazole
Chemical formula: C,¢H;(BrNsO
Ligand (21) 1500 mg kg™ -160
ID
[00]ZINCO0910
8756 1

HoN

\
N
I

2-((4-amino-5-(5-phenyl-1H-pyrazol-3-yl)-4H-1,2 4-triazol-3-
yl)thio)-1-(p-tolyl)ethanone
Chemical formula: C,0HsNcOS
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Table 1. Continued

Ligand (22) 0 /N\ 1000 mg kg’ -34.2485
ID l/ N
[00]ZINC8142 ~ NN
1556 1 \ H
N/NH
N-(2-(3-isopropyl-4H-1,2 4-triazol-4-yl)ethyl)-3-(p-tolyl)-1H-
pyrazole-5-carboxamide
Chemical formula: C;sH,,N¢O
Ligand (23) " o 2000 mgkg'  -141
ID N
[00]ZINC3849 N ) N
0087 1 \ H | \
N-(3-(1H-pyrazol-3-yl)phenyl)-5-amino-1H-pyrazole-3-
carboxamide
Chemical formula: C;3H;,N¢O
Table 2. The 2D Structures, Toxicities and Docking Energies of Six Hits
Compound Abbreviation Structure Tox E
(kJ mol™")
Ligand (12) A 1000 mgkg'  -435.8315
ID [00]ZINC ®_< —o
Unknown_1 1 n—N \_)=
e}
cl
(S)-6-(3-(5-chloro-2-methoxyphenyl)-2-
oxopropyl)-2-phenyl-4H-imidazo[1,2-
b][1,2,4]triazol-5(6H)-one
Chemical formula: C20H]7C]N403
1000 mgkg'  -174.3339

998-1

F
5-(((5-benzyl-4-(4-fluorophenyl)-4H-1,2 ,4-
triazol-3-yl)thio)methyl)-3-methylisoxazole
Chemical formula: C,0H,7,FN,OS

Ligand (19 B N
H;gan (19) N \/ \>_,s \/(\\(
[00]ZINCO08528 N o N
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Table 2. Continued

Ligand (19) B 1000 mgkg'  -174.3339
D N N
[00]ZINC08528998-1 \ \>/3 / \
N N
O/
F
5-(((5-benzyl-4-(4-fluorophenyl)-4H-1,2 4-triazol-3-
yl)thio)methyl)-3-methylisoxazole
Chemical formula: C20H]7FN4OS
Ligand (10) \ cl 2580 mgkg'  -153.7077
D C /N\o
[00]ZINC08528998 1 )\
N
o) NH
/O
N-((3-(3-chlorophenyl)-1,2,4-oxadiazol-5-yl)methyl)-4-
methoxybenzamide
Chemical formula: C]7H]4C]N303
Ligand (23) D y 0 2000 mgkg'  -133.9403
ID N
[00]ZINC38490087 1 N N
\ H M\
HoN N

N
H

N-(3-(1H-pyrazol-3-yl)phenyl)-5-amino-1H-pyrazole-3-
carboxamide
Chemical formula: C]3H]2N(,O
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Table 2. Continued

Ligand (7) E 1400 mg kg’] -98.1656
1D
[01]ZINC13006754 1 HN/N\
0 >;N
Z NH
- o]
I
—S8
I
(0]
3-(((3S,5S)-3,5-dimethylpiperidin-1-yl)sulfonyl)-N-(5-(p-
tolyl)-4H-1,2 A-triazol-3-yl)benzamide
Chemical formula: C23H27N503S
Ligand (22) I4N\ 1000 mg kg’] -34.2485
1D N

[00]ZINC81421556_1

F o)
N
\MNN
\ H
\—NH

Y4

N-(2-(3-isopropyl-4H-1,2 4-triazol-4-yl)ethyl)-3-(p-tolyl)-1H-
pyrazole-5-carboxamide
Chemical formula: C] 3H22N(,O

[42]. Then, the structures of the six ligands bound in the
active site were optimized with Gaussian 0.3 software [43].
The hydrogen binding between ligands and protein, cropped
within a radius of 3 A, are shown in Fig. 2 [20].

AIM Analysis on the Bond Critical Points
Quantum-mechanical calculations were carried out to
optimize all geometries by the Gaussian03 program [44]
using the Becke3-Lee-Yang-Parr (B3LYP) functional
[45,46] supplemented with the standard 6-311++G(d,p)
basis set [47]. To evaluate the intramolecular interaction
energy, the following equation, given by Espinosa et al.
[48], has been used. According to the properties of electron
density distribution in the bond critical points (BCPs), we
have E = 0.5 V [49]; where V is the value of the local
potential energy at the BCP for interaction. The theoretical
calculations of delocalization index between H, N and H,
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O and transition state as well as topological analyses of
electron density were performed usingthe AIM theory
implemented in the AIM All program [50]. The Bader
theory is a useful tool to analyze hydrogen bonds. The
analysis of the BCPs’” (Bond critical points) properties has
generally been conducted to estimate the nature of the
hydrogen bonds [49,51-55].

In this study, the H-bond interaction energies between
six ligands and HER2 extracellular domain IV were
investigated. BCPs were identified in the QM layer for each
bond path between the two corresponding atoms. This result
indicates that the ligand can form multifaceted hydrogen-
bonding interactions with the residues. The properties at the
BCPs were analyzed in terms of some parameters such as
the electron density (py) and its Laplacian (V’py), and the
electron energy density (Hy). The following components of
Hp have been also included: the kinetic electron energy
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Fig. 2. Molecular docking interactions for protein with six ligands which having higher energy in both docking
score and binding energy calculations.
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Fig. 3. Amino acid residues which form the active site of the HER2/ligand 12(A) at 15 A distance away from A.

density (Gy) and the potential electron energy density (Vy,).
The AIM results were examined for the ligand-protein bond
in the QM layers after ONIOM calculations for all the
complexes. In the X-bonding parts, as shown in Tables 3-9,
it can be seen that the values of p, and V’p, were calculated
to be in the range of 0.0018-0.0924 au and 0.0060-0.1371
au, respectively. These values at BCPs are within the
accepted ranges for H-bonding interactions, suggesting that
H-bonding interactions occur in these systems. The electron
energy density, Hb, was considered as an index to gain a
better understanding of non-covalent interactions. The signs
of the Hb values at the BCPs determine whether the
dominant interaction is electrostatic (Hb > 0) or covalent
(Hb < 0) [56]. The parameters such as the Laplacian of the
electron density, V?p, the electron energy density, H, the
sum of the kinetics electron energy density, Gc, and the
potential electron energy density, V¢, as well as -G¢/V, are
driven from the Bader theory, implying the interaction type
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and changing stability of the bonds after molecular rotation,

intermolecular or intra-molecular interactions. For a
negative value of Laplacian, V’p < 0, the interaction is
completely covalent. If both V?p and Hc are simultaneously
positive (V’p > 0, Hc > 0), the interaction is categorized
among the closed shell interactions; most hydrogen bonds
and Van der Waals interactions belong to this category. If
V?p is positive while H¢ is negative, and the -G¢/Vc is
smaller than 1, the nature of the interaction is considered as
partly covalent [57].

AIM analysis on the BCP for Protein-Ligand12
(COM A). The strong interactions between Glu479 and
ligand indicate the fundamental role of this residue in
interaction with ligand. The interaction of N54 from amino
acid with O79 of ligand having a significant amount of
energy is a quasi-covalent interaction. The two interactions
of 061 with C96 and N88 and also interactions of C58-

H104 and H64-C81 have a Van der Waals nature. The other
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interactions of this residue with ligands are H-bond type.
Considering Val455 residue, H28 from amino acid has an
interaction with H102 of imidazole ring. Moreover, there is
an interaction between the residue’s H30 with N85 of
imidazole group. Imidazole ring causes the stability of these
interactions. From the obtained topological values, they can
be considered as quasi-covalent interactions. His456 residue
has seven interactions with ligand 12 including H50-H97,
H50-H68, H51-H68, H53-070, H50-N90, H51-H104 and
H53-H104 (Fig. 3). Among them, the H51-H104 interaction
is a strong dihydrogen interaction. In another residue,
Phe454, the only interaction is the interaction of H12 with
NO90 of ligand. The value of interaction energy and length is
-13.517 kJ mol ™" and 4.532 A, respectively. The obtained
topological values show that this is a H-bond type
interaction; this information is depicted in Table 3.

Also, Figs. 25 to 28 depict the residues located at the active
site near the COM B, COM C, COM D, COM E, and COM
F at 15 A, respectively. Moreover, atom energies obtained
through Molegro virtual docker, docking results and energy
overview are listed in Tables S15, S16 and S17 for COM B.
The similar results were reported for the COM B, COM C,
COM D, COM E, and COM F in supporting information.
Considering the energy values obtained, the orders of
interactions based on stability are as follows:

E: Glu479 (N54-079) > val455 (H28-H102) > His456
(H51-H104) > His456 (H53-070) > Glu479 (061-C96) >
Phe454 (H30-N85) > Phe454 (H12-N90) > Phe454 (H64-
N88) > Glu479 (H68-N88) > Glud79 (H66-070) > His456
(H51-H68) > Glud79 (H64-C81) > His456 (H53- H106) >
Glu479 (C58-H104) > Glu479 (0O61-N88) > His456 (H50-
H97) > His456 (H50-H68) > His456 (H50-N90)

AIM analysis on the BCP for Protein-Ligand19
(COM B). There are two interactions between val455 and
ligand 19. The first one is the interaction of H8 from amine
group with N53 from imidazole ring and the second is the
interaction between H10 of amino acid and O52 of ox
diazole ring. Here, the interaction energies and lengths are -
21.216 and -37.324 kJ mol' and 4.122 A, 3.622 A,
respectively. One of the interactions of His456 residue with
the ligand is H33-S55 interaction, with the interaction
energy -17.848 kJ mol’, indicating that this residue
has stronger interaction than Asn 476 and val455. The
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interaction of H33and H27 from imidazole ring with N53
from oxdiazole ring and S55 respectively leads to further
stability of His 456 residue, as depicted in Table 4. Based
on the energy values obtained, the order of interactions
based on stability is as follows:

His456 (H27-N53)>val455 (H10-052) > val455 (H8-N53)
> His456 (H33-S55) > Asn476 (H45-H87) > Asn476 (H42-
N58) > Asn476 (H45-N57) > His456 (H12-C24) > His456
(N23-052) > Asn476 (037-H79) > His456 (H30-N53) >
Asn476 (037-H80) > Asn476 (N34-H79) > Asnd76 (H47-
H86)

AIM analysis on the BCP for Protein-Ligand10
(COM Q). There are three strong interactions between
His456 and imidazole ring of the ligand. In two interactions,
H31 and H34 from residue react with N64 of imidazole
ring with interaction energies -8.394 kJ mol' and
-16.918 kJ mol’, and distances 4.8595 A, 4.228 A,
respectively. The calculated values of p, V’p and H imply to
hydrogen bonding type of these interactions. The third
interaction is the interaction of N27 of methyl group with
063 of ligand having energy and distance of, respectively,
-15.092 kJ mol™ and 5.487 A. Considering the BCP values,
it can be realized that this is a Van der Waals interaction. In
another residue, Asn476, H49 and H51 simultaneously
interact with O68 of carbonyl group which possess energies
-8.234 kJ mol" and -43.729 kJ mol” and distance 5.445 A,
3411 A, respectively. Based on the topological values,
these interactions can be regarded as hydrogen bonding. The
third interaction of Asn476 belongs to C70-H46 which is a
weak Van der Waals interaction. In the case of Phe454
residue, the interaction of H12 and H87is associates with
the energy value -40.842 kJ mol” and distance 2.847 A.
Herein, V°p < 0 and -G/V is smaller than unity representing
that although this interaction is dihydrogen, it is partially
covalent in nature. Also, the interaction occurring between
H12 with N61 of oxadiazol ring has energy and distance of,
-16.294 kJ mol' and 4.379 A, respectively, and is a
hydrogen bonding interaction. Finally, the interaction of
C8 with H88 of ligand has energy and distance of
-3.190 kJ mol” and 5.741 A, respectively. According to the
BCP values, it can be considered as a Van der Waals
interaction. This information is depicted in Table 5. From
the energy values obtained, the order of interactions based
on stability is as bellow:
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Table 3. Topological Properties of the Ligand 12-HER2(COM A) Bond Critical Points (XBCPs) for all the Systems

Considered
COM A Atoms BPL p VZp G \" H -G E
V) (kJ mol ™"
Phe454  HI12-N90  4.5322 0.0153 0.0529 00118 -0.0104  0.0014 1.1356 -13.5174
val455 H28-H102 22556 0.0621 0.1742 0.0537 -0.0639  -0.0102  0.8408 -83.0531
H30-N85 47110 0.0154 0.0604 0.0130 -0.0110  0.0021 1.1869 -14.2766
His456 H50-H97 44320 0.0057 0.0213 0.0040 -0.0026  0.0013 1.5045 -1.9357
H50-N90 6.1724 0.0030 0.0102 0.0020 -0.0015  0.0005 13714 -3.4398
H51-H104  3.0103 0.0286 0.0937 0.0247 -0.0260  -0.0013  0.9502 -1.9006
H53-070  4.3041 0.0167 0.0567 0.0136 -0.0131 0.0006 1.0430 -33.8026
H51-H68 4.0680 0.0123 0.0456 0.0096 -0.0078  0.0017 1.2263 -10.2219
H53-H106 4.16331 0.01156  0.0463 0.0093 -0.0070  0.0022 1.3236 -9.1377
H50-H68 5.1381 0.0035 0.0117  0.00221 -0.0014  0.0007 1.4869 -1.9357
Glu479  C58-H104  5.3135 0.0095 0.0394 0.0079 -0.0060  0.0019 1.3182 -7.8429
H64-C81 4.7291 0.0113 0.0465 0.0096 -0.0076  0.0020 1.2618 -9.1377
H64-N88 44067 0.0148 0.0505 0.0113 -0.0100  0.0013 1.1278 -16.9754
H66-070  4.5524 0.0113 0.0391 0.0091 -0.0085  0.0006 1.0756 -7.8429
H68-N88 4 4475 0.0147 0.0487 0.0111 -0.0100  0.0011 1.1095 -9.9203
N54-079 3.5529 0.0924 0.4686 0.1238 -0.1305  -0.0067  0.9489 -13.0598
061-C96 5.0036 0.0170 0.0612 0.0136 -0.0118  0.0017 1.1478 -11.0396
061-N88 5.7166 0.0087 0.0275 0.0064 -0.0059  0.0005 1.0805 -12.9935
N54-079 3.5528 0.0924  0.46860  0.1238 -0.1304  -0.0066  0.9488 -169.6461
061-C96  5.00356 0.01695 0.06124 0.01356 -0.01181 0.00174 1.147837 -15.3621
061-N88 57165  0.00873  0.0275  0.00640  -0.0059  0.00047 1.080465 -7.7064

E: Asn476 (H51-068) > Phe454 (H12-H87) > His456
(H34-N64) > Phe454 (H12-N61) > His456 (N27-063) >
His456 (H31-N64) > Asn476 (H49-068) > Phe454 (C8-
H88) > Asn476 (H46-C70)

AIM analysis on the BCP for Protein-Ligand23
(COM D). The single interaction of Leu452 with ligand23
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is a hydrogen bond occurring between O4 and H65 of
imidazole group. In Val455, there interaction
between H27 and N63 with energy and distance of
-37.961 kJ mol™ and 3.603 A, respectively. This interaction
is dihydrogen and partial covalent in nature. Besides, H29

is an

interacts with N64 and O59 of carbonyl group. The values
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Table 4. Topological Properties of the Ligand 19-HER2(COM B) Bond Critical Points (XBCPs) for all the Systems

Considered

COMB Atoms BPL p Vp G \" H -G E
V) (kJ mol ™)
His456  H12-C24 4.879014 0.009381 0.031392 0.006455 -0.005061 0.001394 1.2754396  -6.5793
H27-N53  3.412361 0.040979 0.137123 0.035576 -0.036872 -0.001296 0.9648514 -47.9336
H30-N53  5.674445 0.005251 0.017176 0.003605 -0.002917  0.000688  1.2358588  -3.7921
H33-S55 4.736301 0.019138 0.065058 0.014997 -0.013729 0.001268  1.0923592 -17.8477
N23-052 6.215581 0.006227 0.019575 0.004627  -0.00436  0.000267 1.0612385 -5.668
val455  HI10-O52 3.621783 0.031246 0.120549 0.029424 -0.028711 0.000713  1.0248337 -37.3243
H8-N53  4.122437 0.020196  0.07544  0.01759  -0.01632 0.00127  1.0778186  -21.216
Asn476  H42-N58 4741752  0.009238 0.032851 0.007186 -0.006159  0.001027 1.1667478  -8.0067
H45-H87 3.757136 0.011449 0.042271 0.008977 -0.007387  0.00159 1215243 -9.6031
H45-N57  4.942029 0.009546 0.029255 0.006487 -0.005661 0.000826 1.1459106  -7.3593
H47-H86 525197  0.002375 0.009721 0.001706 -0.000983  0.000723  1.7355036  -1.2779
N34-H79 5.959262 0.002667 0.009633 0.001855 -0.001302 0.000553  1.4247312  -1.6926
037-H79 5246521 0.004636 0.019439 0.003909 -0.002958  0.000951 1321501 -3.8454
037-H80 5.799893  0.00279  0.012565 0.002412 -0.001683  0.000729  1.4331551  -2.1879

Table 5. Topological Properties of the Ligand 10-HER2(COM C) Bond Critical Points (XBCPs) for all the

Systems Considered

COMC Atoms BPL p VZp G \Y H -G E
(V)  (kImol™)

Phe454  C8-H88  5.7408 0.0055 0.0171 0.0034 -0.0025 0.0009 13696  -3.1902
HI2-H87 2.8468 0.0332 0.0990 00281 -0.0314 -0.0033 0.8941  -40.8421
HI2-N61 43795 0.0168 0.0650 00144 -0.0125 0.0019 1.1484 -16.2942

His456 ~ H31-N64 4.8595 0.0099 0.0335 0.0074 -0.0065 0.0010 1.1491  -8.3941
H34-N64 42282 0.0178 0.0600 00140 -0.0130 0.0010 1.0761 -16.9182
N27-063 54873 0.0148 0.0616 00135 -00116 0.0019 1.1636 -15.0917
Asnd76  H46-C70  6.5278 0.0022 0.0060 0.0011 -0.0008 0.0004 14679  -1.014
H49-068 54452 0.0101 0.0383 0.0079 -0.0063 0.0016 12550  -8.2342
H51-068 3.4108 0.0355 0.1335 00331 -0.0329 0.0002 1.0076  -43.729
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of energy and distance for these two interactions are,
respectively, -21.056, -5.890 kJ mol! and 4.084 A and
5.232 A. From the data in Table 6, these interactions can
classify as Van der Waals. The other interaction belongs to
a hydrogen bond between H30 of methyl group H30 and
059 having energy and distance of -5.147 kJ mol” and
5.283 A, respectively. Considering Asn476, the 039 of
residue has interaction with phenol and imidazole ring.
These interactions belong to 039-C53 and 039-N82,
respectively. Both of these interactions have Van der Waals
nature. Moreover, H49 from amid group and H47 interact
with O59 of carbonyl group. The values of interaction
energy and distance are -28.1346, -13.253 kJ mol" and
3.690 A, 4.462 A, respectively. The achieved topological
parameters infer that the hydrogen bond occurring between
H49 and 059 is stronger than H47-O59 one. Finally, the
interaction of H44 with C51is weak Van der Waals
interaction with energy and length -3.427 kJ mol” and
5.507 A, respectively. According to the obtained values of
energy, the order of interactions based on stability is as
follows:

E val455 (H27-N63) > E Asn476 (H49-059) > E val455
(H29-N64) > EAsn476 (H47-059) > E Leu452 (04-H65) >
E val455 (H29-059) > E Asn476 (039-N82) > Asn476
(H44-C51) > Asn476 (039-C53)

AIM analysis on the BCP for Protein-Ligand 7(COM
E). In COM E, three residues interact with ligand. His 456
has three interactions with ligand as H47-O71, H53-C58
and H51-N64 having interaction energies and -23.356,
-12.152,-16.441 kJ mol™ and distances 3.897 A, 5.228 A,
and 4.336 A, respectively. From the BCP parameters
presented in Table 7, the first interaction between H47 of
amid group and O71 of carbonyl group is a hydrogen bond
interaction. Similarly, the other interaction which is between
H51 and N64 of imidazole ring is also hydrogen bonding in
type. However, the interaction of H53 with C58 is Van der
Waals in nature. In another residue, Phe454, the only
interaction is N1 with O71 having the energy of
-13.684 kJ mol" and distance of 5.516 A. Here, the BCP
parameters show that the nature of this interaction is Van
der Waals. Two interactions of val455 residue include H30-
N68 with the energy of - 12.549 kJ mol™” and distance of
4464 A and interaction of N21-O71 with energy and
distance of -11.440 kJ mol” and 5.516 A, respectively.
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From the information of BCP parameters, it can be
deduced that the first is a hydrogen bonding interaction but
the latter is a weak Van der Waals. This interaction is a
hydrogen bonding interaction. Regarding the energy values
obtained, the order of interactions based on stability is as
follows:

E: His456 (H47-O71) > His456 (H51-N64) > Phe454 (N1-
071) > val455 (H30-N68) > His456 (H53-C58) > val455
(N21-071)

AIM analysis on the BCP for Protein-Ligand

22(COM F). There are four interactions in Asn476 residue
with ligand including O23-H65, 023-H68, H31-050 and
H33-050, the energies of interactions are: -1.266, -1.195,
-11.657 and -9.396 kJ mol, respectively. The BCP values
for these interactions imply to their hydrogen bond nature.
The only interaction of Leu452 with the ligand is O4-H47
having energy and distance -9.841 kJ mol” and 4.489 A,
respectively. From the BCP parameters given in Table 8, it
can be concluded that this is a hydrogen bond interaction.
From the energy data obtained, the order of interactions
based on stability is as follows:
E: val455 (H27-N63) > Asn476 (H49-059) > val455 (H29-
N64) > Asnd76 (H47-059) > Leud52 (04-H65) > val455
(H29-059) Leud52 (039-N82) > val455 (H44-C51) >
Asn476 (039-C53)

The AIM results indicated that the best pose of ligand
12 in the binding site of HER2 extracellular has a binding
affinity of -435.831 kJ mol" and also the weakest pose is
related to ligand 22 that has a binding affinity of
-34.248 kJ mol™, the results are shown in Table 9. From the
obtained quantum computational results point of view, the
complex of COM A has stronger interactions than others
and the weaker interactions belong to COM F.

Flexibility and Mobility Study

Analyzing the MD simulation trajectories provides a
better picture of the overall stability and behavior of the
protein. Root mean square deviation (RMSD), root mean
square fluctuation (RMSF) and radius of gyration (Rg) are
useful parameters to evaluate the stability and mobility of
the simulated system.

Root mean square deviation (RMSD). After docking
studies, COM A, COM B, COM C (with -435.831,-174.334
and -153.708 kJ mol" docking energies, respectively) were
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Table 6. Topological Properties of the Ligand 23-HER2(COM D) Bond Critical Points (XBCPs) for all the
Systems Considered

COMD  Atoms BPL P Vp G \% H -G E

V) (kT mol™)
Leu452 O4-H65  4.5022 0.0117 0.0482 0.0107 -0.0093 0.0013  1.1440 -12.1524

val455 H27-N63  3.6030 0.0335 0.1082 0.0281 -0.0292 -0.0011 09631 -37.9613
H29-N64  4.0844 0.0211 0.0720 0.0171 -0.0162 0.0009 1.0559 -21.0561
H29-059 5.2324 0.0068 0.0246 0.0053 -0.0045 0.0008 1.1788 -5.8903
H30-059 5.2828 0.0063 0.0240 0.0050 -0.0040 0.0010 1.2579 -5.1467

Asn476 H44-C51 55073  0.0055 0.0180 0.0036 -0.0026  0.0009  1.3536 -3.4268
H47-059 44619 0.0134 0.0456 0.0108 -0.0102 0.0006 1.0596  -13.2535
H49-059 3.6896 0.0238 0.0950 0.0227 -0.0216 0.0011 1.0487  -28.1346
039-C53 63858 0.0047 0.0154 0.0032 -0.0026  0.0006  1.2302 -3.4216
039-N82  6.3662 0.0040 0.0147 0.0032 -0.0027 0.0005 1.1840 -3.497

Table 7. Topological Properties of the Ligand 7-HER2 (COM E) Bond Critical Points (XBCPs) for all the Systems Considered

COME  Atoms BPL P Vp G \% H -G E
V) (kJ mol ™)

His456  H30-N68 4.463998 0.014006 0.047613 0.010778 -0.009653 0.001125 1.11654408  -12.5489
H31-H108 4.770611 0.003649 0.013368 0.002401 -0.001461  0.00094  1.643394935 -1.8993
H32-C44 4877241 0.009576 0.031681 0.006553 -0.005186 0.001367 1.263594292  -6.7418
H47-071 3.896752 0.020534 0.074138 0.01825 -0.017966 0.000284 1.015807637  -23.3558
H51-N64 4335573 0.017297 0.057182 0.013471 -0.012647 0.000824 1.065153791 -16.4411
H53-C58  5.228193 0.015084 0.05838 0.011972 -0.009348 0.002624 1.280701754  -12.1524
val455 N21-0O71 5.863289 0.01143  0.042093 0.009624 -0.008725 0.000899 1.103037249  -11.3425
Phe454  N1-O71 5516274 0.015397 0.046026 0.011016 -0.010526 0.00049  1.046551397  -13.6838

selected by virtual screening analysis along with HER2 of MD simulation. MD simulation provided the details
alone. The free HER2 and HER2 in complex with COM A, about the overall stability of unbound or inhibitor-bounded
COM B, and COM C were subjected to independent 30 ns HER2 at nanosecond time scale. The RMSD, RMSF, and
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Table 8. Topological Properties of the Ligand 22-HER2(COM F) Bond Critical Points (XBCPs) for all the Systems
Considered

COMF  Atoms BPL P \) G \Y H -G E
V) (kJ mol ™)

Leu452 O4-H47 4.488928 0.009311 0.036857 0.008392 -0.00757 0.000822 1.1085865  -9.841

Asn476 H31-O50 453379 0.012121 0.041905 0.009722 -0.008967 0.000755 1.0841976 -11.6571
H33-050 4.521156 0.009078 0.037354 0.008283 -0.007228 0.001055 1.1459602  -9.3964
023-H65 6.211915 0.001768 0.007795 0.001462 -0.000974 0.000488 1.5010267 -1.2662
023-H68 6.136284 0.001755 0.00766 0.001417 -0.000919 0.000498 1.5418934  -1.1947
023-H73 6.785641 0.001845 0.006806 0.001194 -0.000687 0.000507 1.7379913  -0.8931

Table 9. Energy Collection by the Type and Amount Tails of Receptor Binding with Complexes (A, B, C, D, E and F)

Number Ligand 12- Ligand 19- Ligand 10- Ligand 23- Ligand 7- Ligand 22-
HER2(COM A) HER2(COMB) HER2(COMC) HER2(COMD) HER2(COME) HER2(COM F)

E total His456 774137 -81.8207 -40.404 0 -52 0
(kI mol™)

E total Val455 -97.3297 -58.5403 0 -70.0544 -23.92 0

(kI mol™)

E total -13.5174 0 -60.3265 0 -13.78 0
PHE456

(kJ mol™)

Total Asn476 0 -33.9729 -9.2482 -51.7335 0 244075
(kI mol™)

E total Glu479 -247.5707 0 0 0 0 0

(kI mol™)

Total leu452 0 0 0 -12.1524 0 -9.841
(kI mol™)

E total -435.8315 -174.3339 -153.7077 -133.9403 -89.7 -34.2485

RG were occupied to evaluate the stability and mobility of ~ variations and estimate the stability, According to the
the simulated system. calculated RMSD for all systems, the RMSD variation of
RMSD isa popular factor to investigate conformational HER2: COM A complex is higher than that of the others. At
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Fig. 4. The comparison of RMSD values of free HER2 (violet line), HER2-ligand10 (blue line) HER2-ligand 12

(red line), and HER2-ligand 19 (green line).
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Fig. 5. The comparison of RMSF values of free HER2 (violet line), HER2-ligand10 (blue line), HER2-ligand 12

(red line) and HER2-ligand19 (green line).

first, there is an increase in RMSD value to 0.31 nm around
10000 ps. Then, it decreased to 0.22 nm at 11520 ps.
Subsequently, it was increased to 0.38 nm at 18780 ps
(based on Fig. 4). Finally, it was reached steady state at
22000 ps with negligible changes in RMSD. On the other
hand, for free HER2, the RMSD value was increased to
0.32 nm at 10000 ps. Then, a decreasing trend to 0.2 nm at
30000 ps started. The RMSD profiles of COM C and COM
B at 10000-30000 ps are almost similar to each other [4,6].

According to Fig. 4, the highest and lowest mobility at
18790 and 17660 picoseconds are related to the COM A and
Her2 alone, respectively. Eventually, the equilibrium state
arrived at 45780 ps.

83

Root mean square fluctuation (RMSF). The average
residue’s fluctuation was calculated through root mean
square fluctuation (RMSF), as presented in Fig. 5; the
RMSF describes the flexibility of different residues [58].
Figure 5 shows that the N-terminus of all systems have the
high flexibility, which is predictable due to being free in one
side and there are four regions having significant
fluctuations. A point should be taken into account is that the
more flexibility of these regions can be associated with their
secondary structures, which are mainly random coil, and
this fact that the number of hydrogen bonds in the structure
of coil is less than those in helical and B-sheet. So, the

study of the residue’s nature in these regions can help us to
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discuss the nature of the interactions [59].

The first region consists of twenty amino acids ranging
from Cys246 to Phe269. Previous studies showed that
residues Leu244-Tyr267 corresponded to the dimerization
loop of domain II [60]. These residues are mostly involved
in turn and beta sheet structures. The nature of the involved
residues is mainly polar or charged. Therefore, it can be
concluded that the interactions in this region likely occur
electrostatically. In the second region including thirty-three
residues (Val300-Ala333), there are roughly equal amount
of polar/charged residues and hydrophobic residues. Hence,
in this area, there are both electrostatic and Van der Waals
interactions simultaneously. In the third and fourth sections,
which respectively contain 15 (Leu355 to Leu370) and 32
(ranging from Gly502-Asn534) amino acids, similarly, there
are comparable amounts of polar/charged residues and
it
electrostatic and Van der Waals

hydrophobic/nonpolar residues. can be
deduced that both

interactions can occur concurrently. The most of residues in

Therefore,

the four mentioned areas predominantly are engaged in beta
sheet and turn structures.

The extracellular region of HER2 comprises four
distinct domains; domain I (residues GIn2-Argl96), domain
I (Thr197-Val320), domain III (Cys321-Ala489) and
domain IV (Cys490-Cys566) [61]. The change in the
orientations of domain I-II pair relative to the domain II-IV
pair is necessary for HER2 activation. This re-orientation in
the presence of an activator ligand is mediated through the
rotations of residues 316-323. The largest rotation occurs
about Val320 in HER2 [62]. In Fig. 5, the residues
mentioned above are shown as stick presentation. In
comparison with free HER2, the RMSF values of COM A
and COM C were decreased. In unbound HER2, the RMSF
value of Val 320 was 2.0 A, whereas in COM A and COM
C, it was reduced to 1.2 and 1.1 A, respectively.

In the current study, the average RMSF of HER2
residues was assessed in unbound HER2, or bound with
COMA and COMC MD trajectories, to study the effect of
inhibitor binding on protein conformational stability. The
average RMSF value of HER2 alone was 1.5 A, while for
COMA: HER2 complex and COM C: HER2 complex, the
RMSFs were 1.5 and 1.3 A, respectively. The data suggest
that the binding of COM A into the HER2 has not a
remarkable effect on the fluctuations of the residues. On the
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contrary, upon COM C binding, the residues fluctuations
were reduced probably due to the stabilizing inter-residue
interactions that restrict the conformational freedom. Table
S30 illustrated RMSF values for HER2 alone, COM A,
COM B and COM C.

Radius of gyration (Rg). Rg is a parameter indicating
the compactness of protein. To estimate the effects of
different ligand bindings on protein, Rg for free HER2, and
HER?2 in the presence of COM A, COM B and COM C
were calculated and analyzed (Fig. 6). For free HER2, there
are fluctuations in the Rg curve. However, a slight decrease
is seen in the curve during 30 ns MD simulation. Similarly,
there is a downward trend in the Rg curves of COM C and
COM A complexes. It means that in these cases HER2
protein tends to further pack. Figure 7 illustrates the
superimposed presentation of free HER2, COM A: HER2
and COM C: HER2 complexes. Upon this figure, binding of
COM A or COM C to HER2 made domain I and domain III
close together. This rearrangement was derived through
approaching the alpha helix and beta sheets located in the
interface of domains I and III.

On the other hand, COM B shows the nearly constant
Rg around 2.71 nm. It can be concluded that the presence of
ligand19 does not allow further protein packing leading to
the compactness retaining.

Binding Free Energy

Modified molecular mechanics-Poisson Boltzmann
surface area (MM-PBSA) is a program written in Python to
streamline end-state free energy calculations by using
ensembles derived from molecular dynamics (MD) or
Monte Carlo (MC) simulations. Binding free energies are
calculated by subtracting the free energies of the unbound
receptor and ligand from the free energy of the bound
complex.

AG 4

binding — I complex _(Gpmtein +Gligmd>
In which Geempiex represents the total free energy of the
protein—inhibitor complex and Gioein and Giigna are total
free energies of the separated form of protein and inhibitor
in solvent [63], respectively. As mentioned earlier, MM-
PBSA method was used to estimate the free energy of

interaction between HER2 in COM A, COM B and COM C
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Fig. 6. The comparison of Rg values for free HER2 (violet line), Her2-ligand10 (blue line), Her2-ligand12(COM A)
(red line) and Her2-ligand19 (green line) compounds.

Interface of domain
I and III

Fig. 7. The superposition of 3D structures of free HER2 (blue), COM A (red) and COM C (yellow) complexes.
The superposing was done by Multiseq code in VMD.

[64]. The snapshots were extracted from the last 20 ns of =~ COM C are given in Table 10. The obtained values show
MD trajectories to analyze the binding free energy. The that under equal conditions, the polar and Van der Waals
values of binding free energy for COM A, COM B, and energies are the most effective energies playing a key role
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Table 10. Molecular Energy Terms for Complexes A, B and C

Ligand 10-HER2 Ligand 19-HER2 Ligand 12-HER2 Energy
(COM C) (COM B) (COM A) (kcal mol™)
-193.658 + 15.678 0+0 -147.892 + 6.635 AE 4w
-59.778 +£3.664 -0.138 £ 0.045 -32.776 + 3.346 AEcject
151.355£5.841 16.784 £9.636 151.868 = 10.091 AEgy
-15.740 £ 0.847 1.737+0.579 15.998 £ 10.091 AEgasa
-117.819 + 18.702 18.383 +£9.011 -44.799 + 0.982 AGpinding

in binding of complex A, B and C to the binding site of
HER2 (Table 10).

CONCLUSIONS

Crystal structure of the extracellular region of human
HER2 complexed with Herceptin Fab (1N8Z) was retrieved
from the Brookhaven protein data bank. All non-polar
hydrogen atoms and water molecules were removed, and
atom charges were computed using the Gasteiger-Marsili
method.  After the predicted
surrounding residues, the binding site in the HER2

finding residues and
extracellular domain was identified. The virtual screening
was performed among 2000 chemicals retrieved from ZINC
library to find specific inhibitors for the binding site of
HER2 extracellular region. The binding site of protein was
obtained using the scoring function to measure the binding
affinity of the identified hits. It was found that different
ligands interact with His456, Val455, Phe456, Asn476 and
Glu479 residues. The strongest interaction with protein
belongs to ligand 12 (COM A) with the binding energy of
-435.831 kJ mol', the ligand 22 with the binding energy
value of -34.248 kJ mol ' was the weakest inhibitor.

The RMSD data showed that all systems reached the
equilibrium during MD simulations. Considering the RMSF
results, in the presence of COM A and COM C, flexibilities
of residues 316-323 from HER2 were restricted. It was
shown that the mobility of this region is necessary for the
HER2 activation. Temporal Rg exhibited that upon COM A
or COM C binding, the Rg of HER2 was decreased. Further
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showed that this
approaching the domains I and III.

Based on MM-PBSA results, the bonding fiee energy of
ligand 10 is -117.819 + 18.702 kJ mol” and the value
obtained for the total bonding energy from quantum theory

analysis decreasing belonged to

of atoms in molecules calculations is -153.708 kJ mol ™.
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