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A B S T R A C T

A method of 4-fluoro-3-(morpholinosulfonyl)benzo[b]thiophene-2-carboxylate synthesis has been developed and
the electronic and spatial structure of a new biologically active molecule has been studied both theoretically and
experimentally. The title compound was crystallized from acetonitrile and the single crystal X-ray analysis has
revealed that it exists in a monoclinic P21/c space group, with one molecule in the asymmetric part of the unit
cell. Hirshfeld surface analysis was used to study intermolecular interactions in the crystal. Molecular docking
study evaluates the investigated compound as a new potential inhibitor of hepatitis B. Testing for anti-hepatitis B
virus activity has shown that this substance demonstrates in vitro nanomolar inhibitory activity against HBV.
1. Introduction

Benzothiophene and its derivatives belong to an important class of
heterocyclic compounds that have been extensively exploited in medical
chemistry, natural products, and materials science [1, 2, 3, 4]. Among
them, 3-substituted benzothiophenes are especially important since
many pharmaceuticals as well as drug candidates contain this scaffold [5,
6, 7] (Fig. 1).

Despite the wide spectrum of biological activity of this scaffold, this
range can be supplemented by introducing of certain functional groups,
in particular, a fluorine atom, which is often used to modify drugs (about
Mitkin).
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25% of new drugs contain at least one fluorine atom or trifluoromethyl
group). A fluorine atom can significantly affect the binding of a biolog-
ically active substance to receptors, the flow of metabolism and mem-
brane permeability [8]. Of particular interest is the introduction of a
sulfamide group into the molecule, which can lead to the appearance of
antibacterial, diuretic, hypoglycemic, antiseptic and other types of
pharmacological activity [9]. However, to date, only a few patents are
known in which sulfamide derivatives of benzo[b] thiophene were re-
ported and their use for inhibiting the binding of an endothelin peptide to
an endothelin receptor is proposed [10, 11, 12, 13]. Morpholine moiety
is also often employed in the field of medicinal chemistry for its
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advantageous physicochemical, biological, and metabolic properties. A
large body of in vivo studies has demonstrated morpholine's potential to
improve pharmacokinetics in addition to promising drag-likeness [14].
Therefore, it is of substantial interest to develop efficient methods for the
synthesis of such structures and their derivatives and to study their
pharmacological potential. In this paper, we turned our attention to study
anti-hepatitis B virus activity of the mentioned structures relatively to
their electronic and spatial structure. The mentioned 3-substituted ben-
zothiophenic core was synthesized and the title molecule was chosen in
frames of wide row potentially pharmacophoric small molecules testing
Fig. 1. Structure of 3-substituted benzothiophenes which are used as drugs and drug candidates.
in newly designed HBV-infection model with the usage of human hepa-
toma line HepG [15] as an optimal result of activity – cytotoxicity
analysis. The model was elaborated in our laboratories and described
earlier in [16].

Despite significant progress in the etiology of viral hepatitis studying,
the incidence of this disease remains quite high especially due to resis-
tance from time to time evolving on the therapeutic course. Hepatitis B is
an infectious inflammatory liver disease that occurs as a result of the
introduction of HBV into the body and is a serious global public health
problem. It can cause both acute and chronic diseases and put people at
high risk of death from cirrhosis and liver cancer. Despite the presence of
an effective HBV prophylactic vaccine, the burden of chronic HBV
infection is still a serious unmet global medical problem due to subop-
timal treatment options and a steady new infection rate in most parts of
the developing world. In this regard an acute demand for novel HBV
therapeutic agents that improve treatment or/and prevent HBV infection
still exists. Therefore, the search for new drugs for the treatment of
hepatitis B is an actual and important task. In a continuation of our efforts
to obtain a new HBV inhibitor for treatment and prevention of human
HBV infections [16, 17, 18], we initiated design, synthesis, and
anti-hepatitis B virus activity testing of a new methyl 4-fluoro-3-(mor-
pholinosulfonyl)benzo[b]thiophene-2-carboxylate (Fig. 2).

Single crystal X-ray analysis and different spectroscopic techniques
assured the assigned chemical structure of the title compound. In addi-
tion, Hirshfeld surface analysis, conformational analysis and molecular
docking simulations were also executed for the title compound.

2. Experimental

2.1. Materials and methods

All chemicals were obtained from Sigma-Aldrich or Merck. NMR
Spectra were registered on Bruker DPX 300 spectrometer at room tem-
perature (298K) on a using DMSO-d6 as the solvent and processed using
Bruker XWinNMR software. LC/MS was developed by means of chro-
matography with PHENOMENEX GEMINI NX C18 110Å 4.61 � 150 mm
column (0.05% TFA, gradient MeCN/H2O), UV-detector SHIMADZU
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SPD-10AD VP (registered absorption at 254 nm), ELSD (evaporative light
scattering detector) SEDEX-75 and API-150EX mass-spectrometer.
Elution started with 0.1 M solution of TFA in water and ended with 0.1 M
solution of TFA in acetonitrile used a linear gradient at a flow rate of 0.15
mL/min and an analysis cycle time of 25 min. FT-IR spectrum was
registered in KBr pellet with Shimadzu IR Prestige-21 Fourier Transform
Infrared (FTIR) Spectrophotometer. UV/Vis spectrum was registered in
acetonitrile with Agilent 8453 UV-Vis Spectrophotometer. Melting point
was registered with Buchi M-560. Elemental analysis was performed on
EuroEA-3000 CHNS-O Analyzer.
2.1.1. Methyl 3-(chlorosulfonyl)-4-fluorobenzo[b]thiophene-2-carboxylate
(2)

3-Amino-4-fluorobenzo[b]thiophene-2- carboxylate (1) (126 g, 0.6
mol) was added in one portion to a mixture of concentrated hydrochloric
acid (200 mL) and glacial acetic acid (100 mL) in a 1000-mL beaker
arranged for efficient mechanical stirring. The white hydrochloride salt
was precipitated. The beaker was placed in a dry ice-ethanol bath and,
when the temperature of the stirred mixture reached -10 �C, a solution of
sodium nitrite (44.9 g, 0.65 mol) in water (65 mL) was added drop wise
so fast that the temperature did not exceed -5 �C. After the sodium nitrite
solution has been completely added, the mixture was stirred for 45 min
while the temperature was retained between -10 �C and -5 �C. While the
diazotization was being completed, glacial acetic acid (600 mL) was
placed in a 4000-mL beaker and cuprous chloride (15 g, 0.15 mol) was
added with magnetic stirring. Sulfur dioxide was bubbled through a
bubbler tube with a fritted end immersed below the surface of the acetic
acid until saturation was completed and the yellow-green suspension
became blue-green. Most of the solids dissolved during this time (20–30
min). Then the mixture was placed in an ice bath and cooled with stir-
ring. When the temperature approached 10 �C, the diazotization solution
was added portion wise over a 30 min period to the sulfur dioxide re-
action mixture. Considerable foaming occurred after each addition, and a
few drops of ether could be added to break it. The temperature increased
during the addition, but it should not exceed 30 �C. After the diazonium
salt mixture had been added, the whole reaction mixture was poured into
ice-water mixture (1 : 1, 2000 mL), stirred magnetically until the ice had
melted, and transferred to a 4000-mL separatory funnel. The product was
separated as a dark-yellow oil. The aqueous layer was extractedwith 200-
mL portions of CHCl3, and these extracts were added to the initial
product. The combined organic layer was washed with saturated aqueous
sodium bicarbonate until neutral, then with water, and then dried over
magnesium sulphate and concentrated. Yield 111 g (60%), dark yellow
viscous liquid. The product (2) was used for the next reaction stage
without additional purification.



Fig. 2. Chemical structure of the title compound (4).
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2.1.2. Methyl 4-fluoro-3-(morpholinosulfonyl)benzo[b]thiophene-2-carbox-
ylate (4)

A solution of compound (2) (1.0 mmol, 309 mg) and 1.1 mmol of
morpholine (3) in DMF (5 mL) was stirred for 1 h at 60 �C. After cooling,
water (20 mL) was added and the formed solid was filtered off and
recrystallized from aqueous i-PrOH (10 mL).

Yield 259 mg (72%), white crystal-like powder, m.p. 93.2–95.0 �C;
UV (Acetonitrile) λmax (nm) 204, 234, 262, 271, 298, 303 (Figure S1); IR
(KBr): ν (cm–1) 3069, 3011, 2964, 2908, 2872 (C–H), 1729 (C¼O), 1608,
1561, 1497, 1465, 1452, 1358, 1266, 1247, 1167, 1112, 1077,963, 947,
929, 853, 793, 769, 737, 674, 591, 512 (Figure S2); 1H NMR (300 MHz,
DMSO-d6) δ 3.26 (t, 4H, J ¼ 4.3 Hz, NCH2), 3.59 (t, 4H, J ¼ 4.3 Hz,
OCH2), 3.92 (s, 3H, OCH3), 7.44 (ddd, 1H, J ¼ 1,0, 8.1, 12.3 Hz, H-5),
7.65 (td, 1H, J ¼ 4.6, 8.1 Hz, H-6), 8.06 (dd, 1H, J ¼ 1.0, 8.1 Hz, H-7)
(Figure S5); 13C NMR (75 MHz, DMSO-d6) δ 45.16 (2C, NCH2), 54.00
(OCH3), 65.89 (2C, OCH2), 113.21 (d, J ¼ 21.3 Hz), 120.12 (d, J ¼ 4.2
Hz), 121.42 (d, J ¼ 16.9 Hz), 127.60 (d, J ¼ 4.7 Hz), 128.65 (d, J ¼ 8.0
Hz), 140.32 (d, J ¼ 5.2 Hz), 142.81, 156.25 (d, J ¼ 255.5 Hz, C-4),
162.55 (Figure S4); 19F NMR (377 MHz, DMSO-d6) δ -107.59 (dd, J ¼
4.5, 12.2 Hz) (Figure S3); LC/MS m/z (%): 360.4 [MH]þ (99)
(Figure S6); Found, %: C 46.92; H 3.83; N 3.99. C14H14FNO5S2. Calcu-
lated, %: 46.79; H 3.90; N 3.93.

Further crystallization by slow evaporation of i-propanol solution was
carried out to provide single block colourless crystals suitable for X-ray
diffraction analysis (Fig. 3).
Fig. 3. Crystals of the title compound (4).
2.2. X-ray experimental part

The crystals of compound (4) (C14H14FNO5S2) are monoclinic. At 293
K a ¼ 10.1712(7), b ¼ 19.8982(1), c ¼ 7.6814(6) Å, β ¼ 95.347(7)�, V ¼
1547.9(2) Å3, Mr ¼ 359.40, Z ¼ 4, space group P21/c, dcalc ¼ 1.542 g/
cm3, m(MoKa) ¼ 0.379 mm�1, F(000) ¼ 744. Intensities of 11494 re-
flections (2719 independent, Rint ¼ 0.088) were measured on the «Xca-
libur-3» diffractometer (graphite monochromated MoKα radiation, CCD
detector, ω-scaning, 2Θmax ¼ 50�).

The structure was solved by direct method using SHELXTL package
[19]. Position of the hydrogen atoms were located from electron density
difference maps and refined by “riding” model with Uiso ¼ nUeq of the
carrier atom (n ¼ 1.5 for methyl group and n ¼ 1.2 for other hydrogen
atoms). Full-matrix least-squares refinement of the structures against F2

in anisotropic approximation for non-hydrogen atoms using 2719 re-
flections was converged to: wR2¼ 0.164 (R1¼ 0.065 for 1788 reflections
with F > 4σ(F), S ¼ 1.038). The final atomic coordinates, and crystal-
lographic data for structure (4) have been deposited to the Cambridge
Crystallographic Data Centre, 12 Union Road, CB2 1EZ, UK (fax:
þ44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk) and are available
3

on request quoting the deposition numbers CCDC 1934743).
2.3. Theoretical calculations

Crystal Explorer 17.5 was utilized to generate fingerprint plots and
Hirshfeld surface map of the title compound (4) [20]. The conformations
of the title compound were optimized using m06-2x/cc-pvdz method
[21]. Character of the stationary point on potential energy surface was
checked by calculations of Hessian at the same level of theory. All sta-
tionary points possess zero imaginary frequencies. All the quantum
chemical calculations were carried out using Gaussian 09 [22]. The
Quantum Theory Atoms in Molecule (QTAIM) analysis was carried out
using wave function obtained at the same level of theory with the use of
AIMAll program [23].

The pharmacophore model generation and docking were performed
using Ligandscout 4.3 program [24].
2.4. Biological activity test

The experiment protocol is the following [15]. HepAD38 cells were
passaged in a DMEM medium containing 10% fetal calf serum, pen-
icillin/streptomycin and essential amino acids. The culture medium was
taken once every 2 days, clarified by centrifugation (200 g, 15 min) and
stored at 4 �C for no longer than 7 days. Next, dry PEG 8000 was added to
the culture media to a final concentration of 7.5% and incubated at 4 �C
on a rotary platform overnight. The viral precipitate was separated by
centrifugation (2000 g, 30 min) and the precipitate was suspended in
1/100 of the initial volume in OPTI-MEM medium. Thus obtained viral
preparation was aliquoted and stored at �80 �C.

Infection was carried out as follows: The HepG2-NTCP cell suspension
was distributed to 96-well plates at 2000 cells per well. After the cells
were attached (on the same or the next day), the initial solution was
removed by aspiration, and 50 μL of a solution of test compound dis-
solved in OPTI-MEM medium (with a final DMSO concentration of 2%)
was added to each well or OPTI-MEM with 2% DMSO (in the wells of the
positive and negative controls of the infection) and 50 μL of the HBV
preparation diluted in OPTI-MEM with 2% DMSO (except negative
infection control). After incubation for 24 h in a humidified atmosphere
containing 5% CO2, the HBV medium was removed by aspiration, and
200 μL of DMEM culture medium containing the corresponding test
compound in 10 mkM concentration was added to the cultures. The cells
were additionally incubated for 6 days at 37 �C in a humidified atmo-
sphere containing 5% carbon dioxide. Next, cell supernatants (50 μL)
were analyzed for viral antigen content using a commercial HBeAg ELISA
4.0 kit (Creative Diagnostics, catalog number DEIA003) according to the
kit manufacturer's protocol and the optical density of each analyzed well

mailto:deposit@ccdc.cam.ac.uk


Fig. 4. Molecular structure of the title compound (4). Thermal ellipsoids are shown at 50% probability level.

Table 1
Geometric characteristics of the hydrogen bonds in the crystal of compound (4).

Hydrogen bond Symmetry operations H⋅⋅⋅A, Å D—H⋅⋅⋅A, �

C2-H2…O1 x, 0.5-y,-0.5þz 2.60 133
C4-H4…O4 -1þx, y, z 2.54 169
C12-H12B…F1 2-x, 1-y, 1-z 2.60 120

A.V. Ivachtchenko et al. Heliyon 5 (2019) e02738
was measured at a wavelength of 450 nm using a plate densitometer
[35].
Scheme 1. Synthesis of the methyl 4-fluoro-3 (morpholinosulfonyl)benzo[b]thiophen
60 �C.

4

3. Results and discussion

The initial methyl 3-amino-4-fluorobenzo[b]thiophene-2-carboxylate
(1) was obtained according to the method described earlier [25]. Then
3-amino-4-fluorobenzo[b]thiophene-2-carboxylate (1) was diazotized
and treated with SO2 to give methyl 3-(chlorosulfonyl)-4-fluorobenzo[b]
thiophene-2-carboxylate (2) which was employed in the next reaction
stage without additional purification. Further product (2) was converted
to the title compound (4) by mechanical stirring with morpholine (3) in
DMF medium (see Scheme 1) .

The obtained compound (4) was studied using UV-, IR-, 1H NMR, 13C
e-2-carboxylate (4): (i) – NaNO2, HCl, HOAc, SO2, CuCl, -10 �C; (ii) – DMF, 1h at



Fig. 5. Packing of molecules (4) in the crystal phase. a- Projection along a crystallographic axis, b- Projection along b crystallographic axis, c- Projection along c
crystallographic axis.
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NMR and 19F NMR spectra (Supporting Information, Figs. S1-S5) as well
as LC/MS data for structural determination (Fig. S6). Finally, the struc-
ture of the title compound was confirmed by X-ray analysis (Fig. 4).

According to the X-ray diffraction data all atoms of the benzothio-
phene fragment lie in the plane within 0.02 Å. The morpholine ring
adopts a chair conformation (the puckering parameters [26] are S¼ 1.16,
Θ ¼ 3.3�, Ψ ¼ 19.8�). Deviations of the N1 and O3 atoms from the
mean-square plane of the remaining atoms of this ring are -0.61 Ǻ and
0.66 Ǻ respectively. The morpholine substituent is almost orthogonal to
the C7-C8 endocyclic double bond (the C8-C7-S2-N1 torsion angle is
101.8(3)�) and it is turned with respect to the C7-S2 bond (the
C7-S2-N1-C11 torsion angle is 75.4(3)�). Such position of this group
leads to the appearance of the H11A…F1 2.50 Å (van derWaals radii sum
[27] 2.62 Å) shortened intramolecular contact which cannot be consid-
ered as hydrogen bond owing to very small value of the C-H…F angle
(110�).

The presence of vicinal substituents at the C7–C8 endocyclic double
bond causes disturbing of conjugation between π-systems of bicyclic
fragment and carboxylic fragment of the ester group. The ester substit-
uent is turned significantly to the bicycle (the C7-C8-C9-O5 torsion angle
is -76.5(5)�) and its methyl group is located in ap-conformation in rela-
tion to the С8-C9 bond (the С8-C9-O5-С10 torsion angle is 179.7(4)�).
The C9…O2 shortened intramolecular contact (the distance is 2.65 Å as
Fig. 6. The Hirshfeld surface of the titled compou
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compared to the van der Waals radii sum 3.00 Å) is observed between
vicinal substituents.

In the crystal phase, molecules 4 form columns along the [0 0 1]
crystallographic direction. Molecules within a column are bound by very
weak C2-H2…O1 intermolecular hydrogen bond and interaction be-
tween bicyclic fragments (the angle between bicyclic planes is 15.1� and
the distance between centroids is 3.841 Ǻ) (Table 1). The molecules
within the columns are arranged in “head-to-tail” type (Fig. 5). The
molecules of neighbouring columns are bound by the C4-H4…O4, C12-
H12B…F1 and C10-H10B…C13 weak intermolecular hydrogen bonds
(Table 1).

The crystal packing peculiarities are caused by the molecule ability to
form certain types of intermolecular interactions. On the other hand, the
biological activity depends on the formation of intermolecular in-
teractions between the target molecule and the corresponding receptor.
Therefore the study of intermolecular interactions is a very important
task.

One of the newest methods of the intermolecular interactions analysis
in the crystal phase is the study of Hirshfeld surfaces and 2D fingerprint
plots generated by the CrystalExplorer program [20]. The Hirshfeld sur-
faces and their associated 2D fingerprint plots for the title compound (4)
were calculated taking the single-crystal X-ray data as input. The
Hirshfeld surface emerged from an attempt to define the space occupied
nd (4) mapped with dnorm(projection a and b).



Fig. 8. Two-dimensional fingerprint plots with a dnorm view of the H…H (36.1%), O…
H…S (4.0%), C…S/S…C (3.6%) and C…H/H…C (3.5%) contacts in the title compo

Table 2
Selected torsion angles of the title molecule according to the quantum chemical
calculations as compared to the experimental and docking data.

Torsion angle, deg Conf1 Conf2 X-ray Docking

N1–S2–C7–C8 103.7 -92.9 101.8 -98.1
C7–C8–C9–O5 70.1 46.3 76.5 55.0
C7–S2–N1–C11 71.7 -88.6 75.4 -56.0
C8–C9–O5–C10 171.5 173 179.7 83.0

Fig. 7. Fingerprint plot of the title compound.

A.V. Ivachtchenko et al. Heliyon 5 (2019) e02738
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by a molecule in a crystal for the purpose of partitioning the crystal
electron density into molecular fragments [28]. It provided a 3D picture
of the close contacts in the crystal, and these contacts can be summarized
in a fingerprint plot [29]. The areas of the short contacts are shown by a
red color on the Hirshfeld surfaces, while the long distances can be
detected as blue areas (Fig. 6). The intermolecular interactions outward
the H⋅⋅⋅H/O⋅⋅⋅H/F⋅⋅⋅H/C⋅⋅⋅C/S⋅⋅⋅O/S⋅⋅⋅H/C⋅⋅⋅S/C⋅⋅⋅H contacts, as well as
the overall fingerprint region of the title molecule, are displayed in Fig. 7.
With this analysis, the division of contributions is possible for different
interactions including H⋅⋅⋅H, O⋅⋅⋅H, C⋅⋅⋅S, and C⋅⋅⋅H, which commonly
overlap in the full fingerprint plots. Fig. 8 shows the dnorm surface of
compound (4), the contribution of the O…H/H…O contacts, corre-
sponding to the C-H…O interactions, is represented by a pair of sharp
spikes (29.0%). The absence of long sharp spikes indicates the absence of
strong hydrogen bonds in the crystal of the title compound (4) (Fig. 8).

Using computational methods for studying the properties of poten-
tially biological active molecules allows us to predict its behavior in the
real environment. To clarify the effects of ligand incorporation into
protein we have performed the calculation of title molecule geometry.
The M06-2x DFT functional with cc-pVDZ basis set has been used. The
torsion angles shown in Table 2 are the most important parameters that
are closely related with the molecular conformation. We have described
two conformations that are important in the description of the interac-
tion between ligand and protein. They were generated by the rotation
around the C7-S2 and S2–N1 single bonds (Fig. 9). The energy differences
between the more stable conformers were rather small and amounted to
H/H…O (29.9%), F…H/H…F (6.4%), C…C (6.1%), S…O/O…S (5.1%), S…H/
und.
-0.94 kcal/mol. The values of selected torsion angles are collected in
Table 2. The atom numerations are corresponded to Fig. 4.

As one can see, the calculated torsion angles of less stable conformer 1
were rather close to those obtained in the crystal phase (Table 2) while
the values of torsion angles in more stable conformer 2 demonstrated
significant differences between the experimental and calculated values.
Taking into account very small difference in energy between two con-
formers calculated in vacuum approach we can presume that the



Fig. 9. Two conformations (a and b) of the title compound calculated by m06-2x/cc-pvdz method.
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presence of conformer 1 in the crystal phase is caused by the packing
effects. The difference in molecular conformations means the presence of
different intramolecular contacts stabilizing the certain molecular form.
The modern method of intramolecular interactions studying is the
analysis of electron density distribution using the Bader's theory “Atoms
in Molecules” (AIM) [30]. This theory allows transition from qualitative
to quantitative analysis of electron density ρ(r). Within this theory, each
the electron density extremum in three-dimensional space is described by
a corresponding critical point. For example, each atom is described by a
(3, -3) critical point, and each chemical bond or intermolecular in-
teractions are described by a (3, -1) critical point. Moreover, this method
allowed to estimate the energy of intramolecular interactions using
Espinosa's correlation equation: Econt ¼ 0.5 V(r), where V(r) is a value of
local potential energy in bond critical point (BCP) of intermolecular
contact [31]. The contact energies obtained from the Espinosa's corre-
lation equation for all intramolecular interactions found in two con-
formers are shown in Fig. 10.

The results showed that four bond critical points (BCP) in Conformer
1 and seven BCPs in Conformer 2 were found. The contact energies vary
in the range from 2.57 to 4.11 kcal/mol in Conformer 1 and from 1.73 to
4.19 kcal/mol in Conformer 2 (Fig. 10). It can be assumed that
Conformer 2 is more stable due to a greater number of intramolecular
Fig. 10. Molecular graphs of title molecule conformers (a and b) obtained from th
Molecules” (AIM). All values of intramolecular contact energies are given in kcal/m
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interactions, which correlates well with relative stability (Conformer 2
on 0.94 kcal/mol more stable than Conformer 1).

The next stage of our study was molecular modeling of the potential
interaction of the target molecule with receptors before conducting
experimental tests on the biological activity in order to find out which of
the conformations is realized when the title molecule interacts with
receptors.

The title molecule (4) has been tested as a systemwhich interacts with
the capsid of HBV (Hepatitis-B virus). The main approach to anti-HBV
agents’ development is associated with the search of potent inhibitors
of HBV replication [32, 33, 34, 35]. Such ligands demonstrate effective
interactions with corresponding HBV capsid and newly synthesized core
protein. After ligand-protein interaction the core protein cannot assemble
properly. Among the most important proteins there are 5E0I, 5GMZ,
5WRE and 5T2P which can be obtained from protein Data Bank [36].

In the present study we performed the virtual screening and docking
of the title molecule with above mentioned proteins using LigandScout
4.3 program [24]. For the above mentioned structures of proteins there
are six chains (designated as A, B, C, D, E, and F). The residual mean
square deviation (RMSD) between docking-generated poses for reference
molecule and ones obtained from X-ray crystal structure study were
calculated. The minimal values of RMSD, calculated for all the above
e analysis of electron density distribution using the Bader's theory “Atoms in
ol.



Fig. 11. Generated docking pose for complexes “title molecule— protein” (a-interaction with 5E0I protein, b-interaction with 5GMZ protein, c-interaction with 5WRE
protein, and d-interaction with 5T2P protein).

A.V. Ivachtchenko et al. Heliyon 5 (2019) e02738
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Table 3
Selected parameters of title molecule docking with proteins.

Protein Binding Affinity Score Est. Binding Energy (kcal/mol)

5E0I -28.39 -15.96
5GMZ -19.15 -14.80
5WRE -16.18 -14.78
5T2P -32.37 -16.50

Table 4
HBV inhibition in vitro measuring with the HepAD38 line, carrying the stably
integrated HBV genome under the tetracycline-regulated promoter control.

Primary data, OD Mean
signal, 3
wells

SD % INH/AC (ODPos-
IDTest)/(ODPos-
ODNeg) *100%

p-
value

Negative control, DMSO 2% 0.12 0.17
Title compound,
concentration,
МкM

32 7.76 0.26 84.98 0.0119
10 31.90 0.46 37.54 0.0694
3.2 39.50 0.34 22.60 0.1731

Positive control, DMSO 2%,
HBV

47.00 0.40

A.V. Ivachtchenko et al. Heliyon 5 (2019) e02738
mentioned proteins are correspond to D-chain, where RMSD <1 Å. The
active site as well as pharmacophore structure was found using corre-
sponding LigandScout option. The resulting docking poses are presented
in Fig. 11.

Selected docking parameters are collected in Table 3. For the detailed
description of estimated parameters and pharmacophore selection see
LigandScout 4.3 manual. One can see that the title molecule has signif-
icant interaction with corresponding proteins.

The “receptor-ligand” complexes (proteins are 5E0I, 5GMZ, 5WRE
and 5T2P) can be seen in Fig. 11. Here the plain 2D representation of
correspondence of ligand to generated parmacophore and special 3D
structure of complexes is demonstrated. For the 2D picture the hydrogen
bonds are designated with the red dotted line, while the hydrophobic
interaction is designated with the yellow one.

The obtained geometrical structure of the ligand in all the “ligand-
protein” complexes was qualitatively close to more stable in vacuum
conformer 2 (see Fig. 9 and Table 2). For instance for the complex of title
molecule with 5E0I protein we obtained the following values (Table 3).
Comparison of the corresponding data with conformer 2 from the ab initio
calculations shows clearly the good agreement.

The docking of the title molecule with corresponding proteins
demonstrated effective interaction. So compound (4) can be utilized as a
potential inhibitor of HBV replications. It may ensure as a basis for
further studies of the title molecule biological activity.

It should be noted that according to the calculations of calculations of
the three-dimensional structure of "receptor-ligand" complex (Fig. 11),
the morpholine part of the studied molecule does not participate in any
interactions with the binding site. However, it is known that, in practice,
molecules containing a morpholine fragment often exhibit higher bio-
logical activity than their analogues with other substituents [14].

We performed the study of the title molecule biological activity ac-
cording to the experimental in vitro hepatitis B virus infection model
Table 5
HBV inhibition in vitromeasuring with the HepG2 line stably transfected with the
NTCP gene.

Primary data, OD Mean
signal, 3
weals

SD % INH/AC (ODPos-
IDTest)/(ODPos-
ODNeg) *100%

p-
value

Negative control, DMSO 2% 0.10 0.21
Title compound,
concentration,
МкM

32 0.36 0.26 99.44 0.0017
10 9.91 0.31 79.08 0.0134
3.2 24.50 0.76 47.97 0.0513

Positive control, DMSO 2%,
HBV

47.00 0.34
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with the usage of human hepatoma line HepG2 [34,35]. This model was
designed in two manners in order to determine the precise stages of HBV
infection development that is affected by the tested compound. Identi-
fication of the “viral entry” inhibitors could be visualized via the effect
comparing for HBV infecting of the cultivated HepG2/NTCP cells before
and after the tested compound adding.

For the further confirmation of the action stage for the title com-
pound, a model of either a) the HepAD38 human hepatoma cell line,
carrying the stably integrated HBV virus genome under the tetracycline-
regulated promoter control [37] or b) the HepG2 line stably transfected
with the NTCP gene [15] maintaining a full virus replication cycle.
Contrary in the first model design the stage of penetration of the virus
into the cell is absent. Using this model, inhibitors of the infection
development acting only at the stages following the penetration of the
nucleocapsid into the cell could be detected and measured, while in-
hibitors of the interaction of the viral particle with core NTCP could be
identified in the second model only.

The primary results obtained for the title compound in the both
models are given in Tables 4 and 5 consequently.

As we see from the tables, the title compound (4) reliably demon-
strated in vitro hepatitis B virus infection inhibition in 10 μM concen-
tration in the second model (with the usage of human hepatoma line
HepG2 stably transfected with the NTCP gene) and significant but not
reliable inhibition in the HepAD38 human hepatoma cell line, carrying
the stably integrated HBV virus genome under the tetracycline-regulated
promoter control model (79 % and 37 % consequently). Taking into
account low cytotoxicity of the tested compound it could be identified as
a rather promising “viral entry” inhibitor.

Currently no “small molecule” NTCP-associated viral inhibitor is
observed on the market. The only FDA-approved HBV-entry receptor
inhibitor is Myrcludex B, a synthetic peptide with picomolar activity [38]
but with all problems associated with its nature such as short plasma
half-life due to unstable in front of digestive enzyme system amide bonds
in proteins and negligible oral bioavailability in view of high polarity and
molecular weight of peptides severely limiting intestinal permeability
[39]. As oral delivery seems highly attractive for long-playing therapy
synthetic small molecules sound much better in this concern. The tested
for viral entry inhibition zafirlukast (IC50 6.5 μM), TRIAC (IC50 6.9 μM),
and sulfasalazine (IC50 9.6 μM) demonstrated comparable to our sub-
stance activity [38]. As viral entry inhibition is a promising approach to
prevent development of resistant viral forms elaboration a new
NTCP-associated HBV inhibitor development seems to be an inspirational
task.

4. Conclusions

The new biologically active compound of 4-fluoro-3-(morpholinosul-
fonyl)benzo[b]thiophene-2-carboxylate has been studied using both
theoretical and experimental methods. The title compound was charac-
terized by spectral methods and the molecular and crystal structure has
been confirmed by X-ray diffraction study. At the first stage, it was shown
the existence of two the most stable conformers which realized in vac-
uum, X-ray and docking study. Being very important to provide the
interaction with receptors intermolecular interactions were studied
thoroughly. Some approaches to quantum chemical modeling of possible
interaction of the title molecule with receptors have been used. Finally,
the experimental study of biological activity has shown that a promising
drug for hepatitis B treatment has been developed.
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