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ABSTRACT

The mitogen-activated protein kinase (MAPK) p38 is a Ser/Thr kinase, originally isolated from lipopolysaccharide -
stimulated monocytes. MAPK p38alpha represents a point of convergence for multiple signaling processes that are
activated during inflammation, making it a key potential target for various diseases such as inflammatory diseases and
cancer. In continuation of our studies on indole derivatives, two new compounds were synthesized and subjected to
single crystal X-ray studies in order to investigate their molecular structure. Hirshfeld surface, docking analysis and
Molecular Dynamics Simulations were also studied. Compound 1 and 2 crystallized in the monoclinic and orthor hombic
crystal structure with P2,/n and Pbca space groups respectively. The structures were solved by SHELXS and refined by
SHELXL. In compound 1, the molecules are stabilized by a single weak C---H...O intermolecular interaction, four C---
H...O intramolecular hydrogen bonds and an additional weak C---H...O intramolecular interaction. In compound 2, the
molecules are stabilized only by weak C---H...O intra and intermolecular interactions, which generate S(6) ring motifs
with the sulfone oxygen atoms. The intermolecular interactions of the compounds were analyzed using Hirshfeld surface
analysis and two dimensional fingerprint plots, which confirms the XRD data. Induced fit docking method was used to
find binding affinities parameters docking score, glide energy, favorable hydrogen bonding and hydrophobic interactions
on the protein targets. The stability of the molecule in the presence of active site environment was found by using
molecular dynamics simulation. All compounds shows better binding affinity similar to known existing cancer inhibitors.

Keywords: Crystal structure, Indole, Hirshfeld surface analysis, Molecular docking, Molecular Dynamics simulation.

1. INTRODUCTION also found to possess hypertensive, muscle relaxant [14]

Indoles are heterocyclic compounds containing a pyrrole
ring with a benzene ring fused to the a, b-position. Indole
is an important heterocyclic system because it is the basis
for the structure of amino acid tryptophan, and drugs like
Indomethacin [1]. In the pharmaceutical industry indoles
are used as intermediates for preparation of bioactive
drugs [2]. Indole, being the important compound in
nature, shows significant biological activity [3]. Indole
derivatives are known to exhibit anti-depressant [4], anti-
bacterial, anti-fungal [5], anti-inflammatory [6] anti-
tumour [7] and physiological properties [8-9]. The
Phenyl sulfonyl group of these Indole derivatives exhibit
fungicidal, germicidal, and insecticidal activity [10-11].
They exhibit high aldose reductase inhibitory [12], and

antimicrobial activities as well [13]. Indole derivatives are

and antiviral [15] activities.

In the pharmaceutical industry, indoles are used as a
popular component of fragrances and as a precursor such
that, Indoles form the main classes of N-heterocycles. A
survey on the literature of indoles showed more than
45000 results for indoles with biological activity [16].
Indoles are used in novel drugs with better and improved
power [17]. Various synthetic methods have been used in
the preparation of Indoles like Stoichiometric and
catalytic reactions [18]. Researchers have found many
methods for the preparation of indoles and numerous
methods continue to be reported [19]. Indoles that are
occurring naturally and synthetic indole containing
molecules produced by various methods have important
uses and potential as drugs with a wide range of
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applications in many therapeutic classifications, like non-
steroidic, anti-migrain, anti-depressant, anti-neoplastic
and many others [20].

A Literature survey reveals that plants also contain the
indole ring system [21]. Cytotoxic and anti-parasitic,
properties were observed in Indole alkaloids extracted
from plants [22]. Indole derivatives find applications as
dyes, plastics, perfumes, as vitamin supplements and
flavor enhancers [23]. Indoles, are used as anti-
psychoticagents, anti—hypertensive drugs, anti-emetics,
anti-depressants,  anti-asthmatics, anti-virals, beta
blockers, inhibitors of RNA polymerase-11, agonists for
the cannabinoid receptor, non-nucleoside reverse,
transcriptase inhibitors, opioid agonists, sexual dysfunc-
tional agents, etc [24-28].

Cancer is one of the major life threatening diseases [29].
Chemotherapy treatment generally makes a patient suffer
from serious adverse toxic effects. Hence, there is a urge
for planning new chemotherapeutic agents targeting
cancer cells with minimum side effects associated with
the normal cells collateral damage [30]. Among the wide
range of tested compounds as potential anticancer agents,
indole derivatives have been described to exhibit
outstanding antitumor activities [31].

In continuation of our studies on indole derivatives, two
new compounds were synthesized and subjected to single
crystal X-ray studies in order to investigate their
molecular structure. Hirshfeld surface analysis, Docking
studies and molecular simulations of the indole
derivatives have been carried out to understand their
intra and inter molecular interactions and the possibility
of these compounds to act as an effective target.

2. EXPERIMENTAL

2.1.  Synthesis of compoundl, CH,,;NO,S

A suspension of ethyl (E)-3-(2-(bromomethyl)-1-
(phenylsulfonyl)-1H-indol-3-yl) acrylate (1.0 g, 2.23
mmol) and potassium acetate (0.43 g, 4.46 mmol) in
DMEF (10 mL) was stirred at room temperature for 8 h.
After completion of the reaction (TLC), it was poured
over crushed ice (100 g) containing Conc. HCI (5 mL).
The precipitate obtained was filtered, washed with water
(200 mL) and dried (CaCl,).

The crude product upon crystallization from MeOH (5
mL) afforded ethyl (E)-3-(2-(acetoxymethyl)-1-(phenyl-
sulfonyl)-1H-indol-3-yl)acrylate as a colorless solid
(0.867 g, 91%); mp 114-116°C.'"H-NMR (300 MHz,
CDCl,): 6 8.22 (d, J = 8.1 Hz, 1H), 7.95-7.82 (m, 4H),
7.57 (t, ] = 7.05 Hz, 1H), 7.47-7.27 (m, 4H), 6.55 (d, |
=16.2 Hz, 1H), 5.61 (s, 2H), 4.29 (q, ] = 6.9 Hz, 2H),

2.03 (s, 3H), 1.35 (t, J = 7.05 Hz, 3H) ppm. "C-NMR
(75 MHz, CDCL,): 6 170.1, 166.7, 138.7, 136.9, 134.5,
134.2, 129.3, 126.8, 126.7, 126.4, 124.5, 121.8,
120.8, 120.5, 115.0, 60.8, 55.9, 20.7, 14.3 ppm.

o (o}
OEt OEt
= KOAc, DMF =
\ Br —_ \\ OAc
':l I't,24l-) h ';l
SO,Ph 92% SO,Ph

Scheme 1: Synthesis of Ethyl (E)—3—(2—(acet0xy—
methyl)-1-(phenylsulfonyl)-1H-indol-3-yl)
acrylate

2.2. Synthesis of compound2, C,; H; NO;S

To a solution of 2-(bromomethyl)-3-methyl-1-(pheny-
Isulfonyl)-1H-indole (1.0 g, 2.74 mmol) in DMF (15
mL), potassium acetate (0.54 g, 5.49 mmol) was added.
The reaction mixture was allowed to stir at room
temperature for 4 h. After completion of the reaction
(TLC), it was poured over crushed ice (100 g). Then,
the solid obtained was filtered and crystallized from
methanol to furnish the (3-methyl-1-(phenylsulfonyl)-
1H-indol-2-yl)methyl acetate as a colorless solid (0.79 g,
84%); mp 82-84°C.The synthesis of compound 3 and
compound 4 has already been reported [32].

CHs, KOAc, DMF CHs
\ Br —— > \ OAc
rt, 4 h

"\ 86% \
SO,Ph ° SO,Ph

Scheme 2: Synthesis of (Bromomethyl)-3-methyl
—1—(phenylsulfonyl)—1H—indole

2.3. X-Ray Data collection, structure refine-
ment and solution

X-ray diffraction intensity data were collected at room
temperature (293K) on a Brukeraxs SMART APEXII
single crystal X-ray diffractometer [33] equipped with
graphite monochromatic MoK o (A=0.71073 A) radiation
and a CCD detector.

The unit cell parameters were determined from 36
frames measured (0.5° phi-scan) from three different
crystallographic zones using the method of difference
vectors. The intensity data collection, frames integration,
Lorentz and polarization corrections and decay
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correction were carried out using SAINT-NT (version
7.06a) software [34].

An empirical absorption correction (multi-scan) was
performed using the SADABS program [35]. A total of
42341 and 63123 reflections were collected for
compound 1 and 2 respectively and among them 5788
and 2688 reflections were found to be unique for
compound land compound 2, respectively. The Crystal
structures were solved by direct methods and then
refined by the full matrix least- squares method using
SHELXL [36] Figures were created using mercury and
ORTEP-PLATON [37-39].

2.4. Hirshfeld surface analysis

Intermolecular contacts and their influence on the
packing of the crystal structures were identified using
Hirshfeld surface analysis [40-41]. The CIF files were
used as input in the Crystal Explorer 17.5 [42] software
package to draw the Hirshfeld surface mapped over d,,.
The combination of three colours red, blue and white in
the factor d,,,, has been used to analyze the
intermolecular contacts. d, and d' are the two elements
which denotes the distance of any surface point nearest
to the interior atoms and the distance of the surface point
nearest to the exterior atoms, respectively and also with
the van derWaals (vdW) radii of the atom [43-44].
Hydrogen bonding contacts with negative d,,,, value are
indicated by the red colourcircular spots. Longer

contacts with positive d,,, value are indicated by the

norm

blue colour and the white colour indicates the

intermolecular distances close to van der Waals radii

with d

norm

value equal to zero [45]. The shape of the

electron density surface around the molecular
interactions is indicated by the shape index. 2D
fingerprint plots show the contribution of different type
of intermolecular interactions of the molecule in the

crystal [46-50].

2.5. Molecular docking

2.5.1. Protein preparation

The molecular docking study and modifications were
carried out anti-cancer drug target proteins the
Epidermal growth Factor receptor and p38alpha MAP
Kinase PDB ID: 3POZ and 1W84 [51-52] which were
retrieved from the protein data bank.

Missing hydrogen atoms were added and correct bond
orders were assigned, and then formal charges and
orientation of various groups were fixed. Following this,
optimization of the amino acid, orientation of the
hydroxyl and amide groups were carried out. All amino

acid flips were assigned and H-bonds were optimized.
No hydrogen atoms were minimized until the average
root mean square deviation reached the default value of
0.3A. Sitemap 2.3 was used to explore the binding site
in the docking studies [53].

2.5.2. Ligand Preparation

All four synthesized indole compounds were constructed
using the builder panel in Maestro. The compounds were
taken for ligand preparation by the Ligprep 2.3 module
[54] which performs addition of hydrogen, 2D to 3D
conversion, realistic bond lengths and bond angles, low
energy structure with correct chiralities, ionization
states,

tautomers, stereo chemistries and ring

conformations.

2.5.3.  Induced Fit Docking

Induced fit docking (IFD) is one of the main complicating
factors in docking studies which predicts accurate ligand-
binding modes and concomitant structural movements in
the receptor using Glide and Prime modules. In IFD,
when a ligand binds to the receptor, it undergoes a side
chain or a  backbone conformational change or both in
many proteins.

These conformational changes allow the receptor to
achieve better binding according to the shape and binding
mode of the ligand. Here, the prepared protein was
loaded in the workspace and the sitemap predicted active
site. was specified for IFD. The grid was calculatedat
about 20 A to cover all the active site residues defined by
the site map. The van der Waal's radii of the non-polar
receptor and ligand atoms were scaled by a default factor
of 0.50. IFD calculations were carried out forthe anti-
cancer target proteins. Following this, 20 conformational
poses were calculated where the best conformational
pose was selected based on the docking score, glide
energy, hydrogen bonding and hydrophobic bonding

interactions.

2.5.4. Molecular Dynamics Simulation

Based on the induced fit docking results, the best docking
score of Compound 3 and Compound 4 and the cocrystal
native compounds from the both target proteins and
docked complexes were investigated to understand their
stability of docked conformations of theligands. A
Molecular dynamics simulation was carried out using the
Desmond program (version 5.0) with an inbuilt OPLS
2005 force field . The protein-ligand systems were set up
for simulation using a predefined water model (TIP3P) as
a solvent in an orthorhombic box of size 10 A X 10 A X
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10 A with periodic boundary conditions. The neutral
system for simulation was accomplished with the
addition of 0.15 M NaCl using the system-built option.
The system was relaxed using the predefined protocol
consisting of the Steepest Descent and the limited-
memory Broyden-Fletcher-Goldfarb Shanno algorithms
in a hybrid manner. The system was simulated under the
NPT ensemble. A constant temperature of 300K was
maintained throughout the simulation wusing the

Nose-Hoover thermostat algorithm and the Martyna-

Tobias-Klein Barostat algorithm to maintain 1 atm of
pressure with the isotropic coupling type. The final
production run was carried out for 10 ns, and trajectory
sampling was done at an interval of 1.0ps. Finally, the
overall MD trajectories were analyzed and plotted using
simulation interaction analysis. The Simulation trajectory
was found to be stable and hence it confirms the

appropriate docking of ligand and protein [53-58].

3. RESULTS AND DISCUSSION

3.1. Single crystal X-ray diffraction

The molecular structure of compound 1 is shown in Fig.
1. The compound crystallizes in monoclinic system with
P21/n space group with two molecules per asymmetric
unit. Similar structures were reported [59]. The three
dimensional molecular structure of the compound was
determined by Xray crystallography using SHELXS and
later refined by SHELXL. The R-factor value is slightly
higher in compound 1 and this may be due to the small
number of unique reflections. The mean plane of the
sulfonyl bound phenyl ring [(C31-C36) in molecule A
and (C13-C18) in molecule B] is almost orthogonal to
the indole ring system [(N2/C19-C26) in molecule A,
and (N1/C1-C8) in molecule B] making a dihedral angle
of 80.3(2f and 82.8(2Y, respectively. The mean plane of
the acrylate ring[(C26-C29/07-08) in molecule A,
(C8-C11/03-04) in molecule B ] forms a dihedral angle
of 72.9(3) in molecule A and 89.02(8)° in molecule B
with the indole ring system. The torsion angles for C27-
0O7-C28-C29 in molecule A and C9-O3-C10-C11 in
molecule Bare175.(°and -175.54, respectively. The sum
of the bond angles at N2 is (359.12) °in molecule A and
at N1 is (358.99)° in molecule B indicating sp’ hybridi-
zation [60].

The molecular structure of compound 2, C17 H15 N
O3S is shown in Fig. 2. Literature survey shows that
geometric parameters ofcompound 2 are in close
agreement with those of similar structures [61]. The

mean plane of the sulfonyl-bound phenyl ring (C1-C6) is

almost orthogonal to the mean plane of the indole ring
system (N1/C7-C14), making a dihedral angle of
87.44(14). The C13-C14-C15-C16 torsion angle is
145°. The sum of the bond angles around N1 is 358.4°,
indicating sp2 hybridization.

cez C28

% ) 4 r
c21 Q_@_ﬁcz czs c30

Fig.1: The ORTEP diagram of the compound 1
showing atom labeling with two molecules in
the assymetric unit. Displacement ellipsoids are
drawn at the 40% probabilitylevel.

Fig. 2: The ORTEP diagram of compound 2 with
the atom labeling. Displacement ellipsoids are
drawn at the 40% probabilitylevel.

Atom S1 has a distorted tetrahedral configuration with
angles O1-S1-O2 = 120.0% and N1-51-C13 =106.56
(19)° for compound 1 and O1-S1-02 = 121.17 (13)°
and N1-81-C6 = 105.16 (11y for compound 2, differing
from the ideal tetrahedral values attributing to the
Thorpe-Ingold effect [62]. As a result of the electron
withdrawing character of the phenylsulfonyl group, in
both compounds the N-C bond lengths [N1-C1 =
1.4215(2) A and N1-C8 = 1.435(2)A for compound 1
and N1-C14 =1.387 (4)A and N1-C7 = 1.418 (3)A for
compound 2 are longer than the mean value of 1.355

(14)A [63] .
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In compound 1, the molecules are stabilized by a single
weak C---H...O intermolecular interaction, four C---
H...O intramolecular hydrogen bonds and an additional
weak C---H...O intramolecular interaction (Table 5). In
compound 2, the molecules are stabilized only by weak
C---H...O intra and intermolecular interactions (Table
6), which generate S(6) ring motifs with the sulfone

oxygen atoms.

Fig. 4: The crystal packing of compound 2
viewed along the a- axis with dashed lines
showing weak C---H...O intramolecular and
intermolecular interactions.

In the crystal of compound 1,the molecules are linked via
weak C29---H29...04 intermolecular interactions and
C2---H2...02, C9---H9B...O1, (C20---H20...06 and
C27---H27B...05 intramolecular hydrogen bonds as
well as an additional weak C29-H29C...O4 intra-

viewed along the b- axis with dashed lines molecular interaction. In the crystal of compound 2, the

showing C---H---O hydrogen bonds and weak molecules are linked via weak C1---H1...03 and C14---
C---H---O intermolecular interactions. H14...01 intermolecular interactions and a weak C14---

Fig. 3: The crystal packing of compound 1

H14...01 intramolecular interaction.

Table 1: Crystal data and structure refinement for compounds

Parameter Compound 1 Compound 2
CisH;NO,S C;H;sNO;S
Formula weight 343.38 313.36
Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Orthorhombic
Space group P2,/n Pbca
a=8.2174(4) A a=11.3123(5 A
Unit cell dimensions b =23.1736(12) A b = 15.5403(7) A
c=17.344609) A c=17.44838) A
Volume 3286.0(3) A3 3067.4(2) A3
Z 8 8
Density (calculated) 1.388 Mg/rnj 1.357 Mg/rnj
Absorption coefficient 0.219 mm"™ 0.223 mm"
F(000) 1440 1312
Crystal size 0.150 x 0.150 x 0.700 mm’ 0.150 x 0.150 x 0.700 mm’
Theta range for data collection 2.117 to 24.994°. 3.227 to 24.996°.
-9<=h<=9, -13<=h<=13,
Index ranges S27<=k<=27, -18<=k<=18,
-14<=1<=20 -20<=1<=20
Reflections collected 42341 63123
Independent reflections 5788 [R(int) = 0.0681] 2688 [R(int) = 0.0354]
Completeness to theta = 24.994° 100.00% 99.40%
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents
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Max. and min. transmission

0.7452 and 0.6862

0.7460 and 0.7005

Refinement method

Full-matrix least-squares on F2

Full-matrix least-squares on F2

Data / restraints / parameters

5788 / 0/ 433

2688 / 0/ 201

Goodness-of-fit on F2

1.06

1.207

Final R indices [I>2sigma(l)]

R1=0.0621, wR2 = 0.1536

R1=0.0491, wR2 = 0.0995

R indices (all data)

R1=0.1314, wR2 = 0.2146

R1=10.0626, wR2 = 0.1141

Largest diff. peak and hole

0.677 and -0.433 ¢.A-3

0.261 and -0.310 e.A-3

Table 2: Selected Bond lengths [A] for Compounds

Compound I

Compound 11

Bond Bond length [A] Bond Bond length [A] Bond Bond length [A]
C(1)-C(2) 1.392(6) C(16)-C(17) 1.363(7) C(1)-C(6) .376(4)
C(1)-C(6) 1.401(6) C(17)-C(18) 1.381(6) C(1)-C(2) 1.380(4)
C(HN(I) T.421(5) C(19)-C(20) 1.384(6) C(2)C(3) 1.357(4)
C(2)-C(3) 1.372(7) C(19)-C(24) 1.402(6) C(3)-C4) 1.368(5)
C(3)-C4) 1.385(7) C(19)-N(2) 1.416(6) CH#H)-C(5) 1.382(5)
CH#H-C() 1.375(7) C(20)-C(21) 1.378(7) C(5)-C(6) 1.368(4)
C(5)-C(6) 1.387(6) C(21)-C(22) 1.385(8) C(6)-S(1) 1.755(3)
C(6)-C(7) 1.430(6) C(22)-C(23) 1.361(8) C(7)-C(8) 1.390(4)
C(7)-C(8) 1.357(6) C(23)-C(24) 1.394(7) C(7)-C(12) 1.395(4)
C(7)-C(12) 1.507(6) C(24)-C(25) 1.431(6) C(7)-N(1) 1.418(3)
CR)N(D) T.435(5) C(25)-C(26) 1.350(6) C(®)-CO) T.383(5)
C(3)-CO) T.473(6) C(25)-C(30) 1.503(6) C(9)-C(10) T.389(5)
C(9)-0(3) 1.460(5) C(26)-N(2) 1.427(6) C(10)-C(11) 1.377(5)
C(10)-O4) 1.195(5) C(26)-C(27) 1.478(6) C(11)-C(12) 1.393(4)
C(10)-O(3) 1.338(5) C(27)-O(7) 1.458(6) C(12)-C(13) 1.446(4)
C(10)-C(11) 1.483(7) C(28)-0O(8) 1.174(7) C(13)-C(14) 1.357(4)
C(13)-C(1%) 1.382(6) C(28)-0(7) T.272(6) C(13)-C(15) T.469(%)
C(13)-C(18) 1.385(5) C(28)-C(29) 1.446(8) C(14)-N(1) 1.387(3)
C(13)-S(1) 1.754(4) C(31)-C(36) 1.384(6) C(15)-0(3) 1.217(3)
C(14)-C(15) 1.376(7) C(31)-C(32) 1.385(6) C(15)-C(16) 1.498(4)

C(15)-C(16) 1.370(7) C(31)-S(2) 1.754(4) C(16)-C(17) 1.502(4)
C(32)-C(33) 1.391(7) N(1)-S(1) 1.662(3) N(1)-S(1) 1.663(2)
C(33).C(3%) T.360(7) N()SQ2) T.666(%) o) S(D) T.425(2)
C(3%)-C(35) T.374(7) O(1)-5(T) T.421(3) 0)S() T.426(2)
C(35)-C(36) 1.379(7) O(2)-S(1) 1.427(3)
0(6)-S(2) 1.425(4) 0(5)-S(2) 1.423(4)
Table 3: Selected bond angles [A] for Compounds
COMPOUND 1 COMPOUND 2
Bond Bond Bond Bond

Bond Angle [0] Bond Angle [0] Bond Angle [0] Bond Angle [0]
C(2)-C(1)-C(6)  121.4(4)  C(15)-C(14)-C(13)  119.4(4) C(1)-C(2) 119.0(3) C(10)-C(9)-H(9) 119
C(2)-C(1)N(1)  131.2(4)  C(15)-C(14)-H(14) 120.3 C(6)-C(1)-H(1) 120.5 C(11)-C(10)-C(9) 121.0(3)
C(3)-C(2)-C(1)  117.3(5)  C(13)-C(14)-H(14) 120.3 C(2)-C(1)-H(1) 120.5 C(11)-C(10)-H(10) 119.5
C(3)-C(2)-H(2) 121.4 C(16)-C(15)-C(14)  120.0(5)  C(3)-C(2)-C(1) 120.8(3) C(9)-C(10)-H(10) 119.5
C(1)-C(2)-H(2) 121.4 C(16)-C(15)-H(15) 120 C(3)-C(2)-H(2) 119.6 C(10)-C(11)-C(12) 118.7(3)
C(2)-C(3)-C(4)  122.2(5)  C(14)-C(15)-H(15) 120 C(1)-C(2)-H(2) 119.6 C(10)-C(11)-H(11) 120.6
C(2)-C(3)-H(3) 118.9 C(17)-C(16)-C(15)  120.6(5)  C(2)-C(3)-C(4) 119.7(3)  C(12)-C(11)-H(11) 120.6
C(4)-C(3)-H(3) 118.9 C(17)-C(16)-H(16) 119.7 C(2)-C(3)-H(3) 120.1 C(11)-C(12)-C(7) 118.9(3)
C(5)-C#)-C3)  120.3(5)  C(15)-C(16)-H(16) 119.7 C(4)-C(3)-H(3) 120.1 C(14)-C(13)-C(15) 125.9(3)
C(5)-C(4)-H(4) 119.9 C(16)-C(17)-C(18)  120.7(5)  C(3)-C(#)-C(5) 120.6(3) C(12)-C(13)-C(15) 127.2(2)
C(3)-C(4)-H(4) 119.9 C(16)-C(17)-H(17) 119.7 C(3)-C(4)-H(4) 119.7 C(13)-C(14)-H(14) 125
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C(4)-C(5)-C(6)  119.2(5)  C(18)-C(17)-H(17) 119.7 C(5)-C(4)-H(4) 119.7 N(1)-C(14)-H(14) 125
C(4)-C(5)-H(5) 120.4 C(17)-C(18)-C(13)  118.7(4)  C(6)-C(5)-C(4) 119.0(3) 0(3)-C(15)-C(13) 120.7(3)
C(6)-C(5)-H(5) 120.4 C(17)-C(18)-H(18) 120.7 C(6)-C(5)-H(5) 120.5 0O(3)-C(15)-C(16) 121.9(3)
C(5)-C(6)-C(1)  119.5(4)  C(13)-C(18)-H(18) 120.7 C(4)-C(5)-H(5) 120.5 C(13)-C(15)-C(16) 117.5(2)
C()-C6)-C(7)  132.2(5)  C(20)-C(191-C(24) _ 120.3(5) _ C(5)-C(6)-C(1) 120.8(3) C(15)-C(16)-C(17) 115.4(3)
C(8)-C(7)-C(12)  127.8(4)  C(20)-C(19)-N(2)  132.2(5) C(5)-C(6)-S(1) 119.7(2) C(14)-N(1)-S(1) 121.48(19)
C6)-C(7)-C(12)  123.7(4)  C(21)-C(20)-C(19)  117.8(5) C(1)-C(6)-S(1) 119.5(2) C(7)-N(1)-S(1) 127.82(18)
C(7)-C8)-C(9)  127.6(4)  C(21)-C(20)-H(20) 121.1 C(8)-C(7)-C(12)  123.2(3) O(1)-S(1)-0(2) 121.17(13)
Table 4: Selected Torsion angles [f&] for Compounds
COMPOUND 1 COMPOUND 2
TORSION TORSION TORSION
BOND ANGLE [°] BOND ANGLE [°] BOND ANGLE [°]
N(1)-C(1)-C(2)-C(3) 179.4(4)  S(2)-C(31)-C(36)-C(35) -178.0(4) C(#)-C(5)-C(6)-S(1) 179.93)
C(#)C(5)-C(6)-C(7) T798(5)  C(2) C()-N(1)-C(8) __-180.0(4) C(2)-C(1)-C(6)-S(1) T79.7(2)
N(1)-C(1)-C(6)-C(5) 179.2(4) C(6)-C()-N(I)-S(1) __-170.1(3) N(1)-C(7)-C(8)-C(9) 178 4(3)
C(2)-C(1)-C(6)-C(7) T793(4) C(O)-C(8)-N()-C(1) __-177.8(4) C(10)-C(I1)-C(12)-C(13) __179.5(3)
C(5)-C(6)-C(7)-C(8) 177.9G)  C(7)-CB)N(1)-S(1)  170.23)  N(1)-C(7)-C(12)-C(11) __ 179.2(2)
C(1)-C(6)-C(7)-C(12) T78.1(%)  C(20)-C(19) N(2) C(26) _1793(5)  C(8)-C(7)-C(12)-C(13) __-178.8(2)
C(12)-C(7)-C(8)-N(1) 177.1(4)  C(24)-C(19)N(2)-S(2) _ -168.0(3) C(11)-C(12)-C(13)-C(14) _ 179.4(3)
C(6)-C(7)-C(8)-C(9) T78.1(4)  C(27)-C(26)N(2)-C(19) -179.6(4) _ C(7))-C(12)-C(13)-C(15) __179.9(2)
S(1)-C(13)-C(14)-C(15) __176.1(#4) _ C(25)-C(26)-N(2)-S(2) _ 167.3(3) _ C(15)-C(13)-C(14)-N(1) _ -178.6(2)
S(1)-C(13)-C(18)-C(17) ___175.6(4) C(I1)-C(10)-0(3)-C(9) _1755(#)  C(14)-C(13)-C(15)-0(3) __179.4(3)
N(2)-C(19)-C(20)-C(21) ___178.5(4) _ C(8)-C(9)-O(3)-C(10) _ -174.2(4) C(12)-C(13)-C(15)-C(16) _ 178.5(3)
C(22)-C(23)-C(24)-C(25) __179.6(5) __ C(29)-C(28)-O(7)-CZ7 _175.05) C(13)-C(15)-C(16)-C(17) __-168.703)
N(2)-C(19)-C(24)-C(23) __-179.9(4)  C(26)-C(27)-O(7)-C(28) _ 163.9(5) _ C(13)-C(14)-N(1)-S(1) __ -166.00(18)
C(20)-C(19)-C(24)-C(25) 17984 (D) N()-S(D)-O(1) __-157.7(3) __C(8)-C(7)-N(1)-C(14) T79.703)
C(23)-C(24)-C(25)-C(26) __-178.6(5) _ C(8)N(1)-S(1)-O(2) __165.03) _ C(12)-C(7) N(1)-S(1) __ 164.18(19)
C(19)-C(24)-C(25).C(30) __179.7(4) __C(18)-C(13).S(1)-O(1) __ 174.6(3) __ C(I4H) N(1)S(1)-O(1) ___-163.8(2)
C(30)-C(25)-C(26) N(2) __178.4(4) _ C(36)-C(31)-5(2)-O(5) _ 174.0(4) C(7)-N(1)-S(1)-0(2) 165.4(2)
C(2%) C(25)-C(26)-C(Z7) 17954 C(32)-C(31)5(2)-0(6) _-137.1(%) C(5)-C(6)-S(1)-O(1) 149.703)
S(2)-C(31)-C(32)-C(33) __ 178.4(4) C(1)-C(6)-S(1)-0(2) 166.0(2)
Table 5: Hydrogen bonds for the Compound 1 [A]
D-H...A d(D-H) H---A DA D—H—A
C(2)-H(2)...0(2) 0.93 2.3 2.886(6) 120.3
C(9)-H(9B)...O(1) 0.97 2.25 2.908(6) 123.9
C(20)-H(20)...0(6) 0.93 2.33 2.906(7) 119.9
C(27)-H(27B)...O(5) 0.97 2.33 2.899(7) 116.9
C(29)-H(29B)...O(4)#1 0.96 2.65 3.452(7) 141.4
C(29)-H(29C)...04) 0.96 2.66 3.405(6) 135.1
Symmetry trangformations cHI -x+2, -y+1,-z+1
Table 6: Hydrogen bonds for the Compound 2 [A]
D-H...A d(D-0) H A DA DH A
C(1)-H(1)...0(3)#1 0.93 2.56 3.194(4) 126.1
C(8)-H(8)...0(1) 0.93 2.46 3.028(4) 119.4
C(14)-H(14)...0(1)#2 0.93 2.54 3.412(3) 156.1

Symmetry transformations HIx+1/2, -y+3/2,-2+1 H2 x-1 /2,y,-z+3/2
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3.2. Hirshfeld surface analysis
Fig. 5-8 shows the d
fragment patches of indole derivatives. In the d

curvature, shape index, and
the

sum of vdw radii is denoted by the presence of a white

norm?»

norm?

color and blue color shows the short contact distances
from the vdw radii. In the curvature, we can see the
presence of green and blue colors which show the
stacking of the molecules in the crystal. The fingerprint
plots are shown in Fig. 9-12 and indicate the
contribution of different type of intermolecular
interactions of the molecule in the crystal. The bright-
red spots on the Hirshfeld surface mapped over d,,,,,
show the presence of C-H-O interactions with
neighbouring molecules. The large flat region, shows on
the curvature map, and confirms the presence of C-H-O

interactions in compound 2.

Fig. 5: View of the Hirshfeld surface mapped

over a) d b) shape index c) Curvatured)

norm

fragment patches for compound 1.

a. b.

Fig. 6: View of the Hirshfeld surface mapped
over a) d b) shape index c) curvatured)
fragment patches for compound 2.

norm

Fig. 7: View of the Hirshfeld surface mapped
over a) dnorm b) shape index c) curvature d)
fragment patches for compound 3.

Fig. 8: View of the Hirshfeld surface mapped
over a) dnorm b) shape index c) curvature d)
fragment patches for compound 4.

The fragment patches on the Hirshfeld surface show the
coordination environments of the molecules. The H- H
interactions make the largest contributions to the
overall Hirshfeld surfaces [46.1% for compound 1,
40.6% for compound 2, 33.3% for compound 3 and
33.4% for compound 4]. The C- H interactions appear
as two wings in the fingerprint plot, showing a
contribution of 18.9% for compound 1, 29.3% for
compound 2, 20.2% for compound 3 and 26.9% for
compound 4 of the Hirshfeld surfaces.

3.3. Molecular Docking studies

Several literature citations indicate that indole based
derivatives are show biological activity of anti-tumor
and anticancer activity [64-65]. Based on a literature
survey, anti-cancer drug target proteins, epidermal
growth factor receptorsand p38 alpha MAP kinase have
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been chosen for molecular docking and carried out for of 3.03A, with a docking score of -8.38 and glide
these four compounds. To understand the binding energy -39.49 kcal/mol. Compound 2 binds with the
affinity of synthesized compounds againstcancer drugs, a active sites of Thr854 and Lys745 at a distance of 2.84A
targetprotein was studied. From the EGFR docking and 2.95A, respectively, with the docking score of -
results, compound 1 interacts with Met793 at a distance 6.98 and a glide energy of -38.65 kcal/mol.
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H-O 26.8% | al

_di

Fig. 9: The two-dimensional fingerprint plots for (a) all interactions, (b) C...C, (¢) C...H,(d)H...O (e)
C...Nand (f) H...H interactions for compound 1.
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Fig. 10: The two-dimensional fingerprint plots for (a) all interactions, (b) H...H, (c) C...H,(d) C...O (e)
C...Cand (f) C...O interactions for compound 2.

Fig. 11: The two-dimensional fingerprint plots for (a) all interactions, (b) H...H, (c) C...H,(d) C...O (e)
C...Cand (f) C...O interactions for compound 3.
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Fig. 12: The two-dimensional fingerprint plots for (a) all interactions, (b) H...H, (¢) C...H,(d) C...O (e)

C...Cand (f) C...O interactions for compound 4.

AspSSS(A)
%771'6‘\ Thi854(A)
. 4 GIn791(A)
' FITHSA) CTT5(A) 4 %77]“\
o 26 e =

Ala743(A)

o %mm
o

%;7;:“ j
.\,vsssri% %
ys797(A)
o ValT26(A)

Leul ol ’E %
P ylw(/ Lea?83(A) f% :
FIIIAY 7900A) TNA)

Met793(A) Ly

Giy719(A)
Leu?t :;% E %:::\A)
"
<
Leu792(A) ”

: ] %;s:im
- - kot
e o\ if 1y721(A) & e P
il

%:4 -
y3797(A)
%s#)( A)

o
LysT45(A)

o

c3 Cc4
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Fig. 14: Ligand interaction of native cocrystal inhibitors against theanti-cancer target EGFR protein (a)

Cartoon representation (b) Ligplot view.

Fig. 15: Superposition of all synthesized compounds docked conformation at the active sites of EGFR.

Similarly, compounds 3 and 4  also bind with active
sites of Ala722, Thr790 and Lys745 at a distance of
2.96A, 2.83A and 2.854, respectively, with a docking
score of -7.03, -9.48 and a glide energy of -52.96 & -
50.51 kcal/mol. To compare the binding affinity of an
active cocrystal the compounds were docked with the
epidermal growth factor receptor at the active site.
Cocrystal native inhibitor (TAK) showed a docking
score of -14.83 and glide energy of -81.41, and it has
hydrogen bond interaction with Asp855, Arg841,
Met793 and Lys745. All the synthesized compounds
bind with catalytic sites similar to the cocrystal
compound. Interestingly compounds 1, 2 and 4 are
havecommon hydrogen bond interactions with the
active sites of Lys745and thesame hydrogen bond can be
found to be a cocrystal inhibitor.

IFD results were tabulated in Table 7 and ligand
interactions of the compounds and cocrystal are shown
in Figure 13 and Figure 14. Figure 15 depicts a
superposition of all of thedocked complexes of the
compounds, and emphasizes that all of the compounds
bind with active sites of thecancer target EGFR protein.
In addition, we have also taken p38 alpha MAP kinase
cancer target for docking studies  which plays an
important role in the coordination of the cellular
responses to many stress stimuli and p38 alpha involved
with several upstream MAP3K’s, with apoptosis signal
regulating kinase. The four synthesized compounds
were docked in top38 alpha,and all of the compounds
have hydrogen bond interaction with catalytic sites of
Met109, Lys35, Phe169, Asp168 and Ala51.
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Fig. 16: Ligand interaction of native cocrystal inhibitors againstthe anti-cancer target target p38 MAP
kinase (a) Cartoon representation (b) Ligplot view
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Fig.17: Ligand interaction of native cocrystal inhibitors against the anti-cancer target target p38 MAP
kinase (a) Cartoon representation (b) Ligplot view
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Fig.18: Superposition of all synthesized compounds docked conformation at the active sites.

Table 7: Docking score and Glide energy of Crystal compounds docked with EGFR.

Compounds Docking score Glide energy Hydrogen Bond Interactions Distgmce
(kcal/mol) (kcal/mol) (D-H...A) (A)
(C1) -8.38 -39.49 MET793 (N-H...O) 3.03
(C2) -6.98 -38.65 THRS854 (O-H...O) 2.84
LYS745 (N-H...O) 2.95
(C3) -7.03 -52.96 ALA 722 (N-H...O) 2.96
(C4H -9.48 -50.51 THR790 (O-H...O) 2.83
LYS 745 (N-H...O) 2.85
Cocrystal ASP855(O-H...0O) 2.73
(TAK) -14.83 -81.41 ARG841(N-H...O) 3.02
MET793(N-H...N) 3.12
LYS745(N-H...O) 3.02

Table 8: Docking score and Glide energy of Crystal compounds docked with P38 MAP/Alpha. ** Active
sites amino acids are highlighted in bold text

Compounds Docking score Glide energy Hydrogen Bond Interactions Distgnce
P (kcal/mol) (kcal/mol) (D-H...A) (A)
1) 7.80 46.95 METI09(NI1...0) 3.28

MET109(N-H...O) 3.07

(€2) 845 “44.08 LYS 53(N-H...0) 2.85
POET69 (N-H...0) 315

(€3) -8.40 -38.30 LYS53 (N-H...O) 3.08
ASPI68(N-I...0) 3.23

(€4 915 -53.09 LYS53 (N-H...O) 2.98
L2 N-I...O (ALA 51) 3.01
(Cocrystal) 799 -36.25 (MET 109) N-H...O 3.14

** Active sites amino acids are highlighted in bold text

In the co-crystal a native inhibitor has same hydrogen compounds indicate docking scores of-7.80, -8.45, -
bond with Met109 similar to and all of the compounds. 8.40, -9.15 and glide energies of 46.95, -44.08, -38.30,
The IFD result shows that the cocrystal inhibitor has -53.09 kcal/mol. Docking results revel that all of the
adocking score of -7.99 and glide energy of -36.25, compounds show better binding affinity (docking score
respectively. IFD results of the four synthesized as well as glide energy) compared with cocrystal (L12)
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native inhibitor against p38 alpha map kinase target
protein. Docking parameters and hydrogen bond
distances are tabulated in Table: 8. The Ligand
interaction profile of the docked compounds and
cocrystal inhibitor are shown in Figure 16. Figure 17
represents a cartoon model of cocrystal binding with
respect to the target protein, and cocrystal which are
highlighted in the surfacemodel. To confirm the mode
of thebinding at the catalytic sites of target protein, all
four docked complexes are superimposed. Figure 18
shows that all are binding at the active sites.

From above these molecular docking results suggest
that all four compounds are having better binding
affinity with respect to the anti-cancer targets. It reveals

that this indole derivative has anti-cancer properties.

3.4. Molecular Dynamics simulation (MDS)

The tyrosine kinase EGFR and p38-MAP kinase alpha
docked complexes of compound C3, C4 and TAK, L12
(Cocrystal native inhibitors) was subjected 10 ns MD
simulation. To understand the dynamic behavior of  the
protein, structural properties were analyzed through
RMSD and theCa- atom of theoverall protein. The
protein active sites fluctuations were observed via RMSF
plots, and from the overall MD simulation time

A)

Pratein RMSD |

O
Teme (nsec)

C3

Frotein RMSD (A

Proten RMSD (4)

variation in the ligand interaction of the active sites.
Residues in the cavity were also observed  through
interaction histograms and protein—ligand contact
graphs.

The target protein EGFR docked complexes, MD
simulation of compound C3 from 0 ns time scale until
5ns  showshigher RMSD deviations up to 2.7 A,
afterwards it has slowly gotten converged until 10ns
toward the end of the simulation and it shows alesser
RMSD value of 1.5A. Compound C3 shows that in the
overall entire simulation (0-10 ns) time scale there is no
higher deviation and its RMSD values were observed up
to (0.8-1.6 A). Comparatively, the EGFR protein
cocrystal on active inhibitor(TAK) shows a convergence
RMSD value of 0.84 (Figure 19). Root mean square
fluctuation (MSFs) provide residual atoms in structural
flexibility of upon ligand binding in the overall protein
structure. All three docked complexes, EGFR were
calculated from side chain rmsf values from the figure
20. From figures 21 and 22, throughout the 10 ns time
period of MD simulation trajectory, different types of
protein ligand interactions were monitored and specific
hydrogen and hydrophobic interactions werealso

observed for compounds

inhibitor.

3, 4 and cocrystal native

r v
Time (nsec)

c4

:_ [m= Ca == (Lig) fit on Prot]

i .
Time [nsec)

TAK (cocrystal)

Fig. 19: RMSD plots of docked Complexes of EGFR during the MD simulation.
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Fig. 21: Hydrogen and Hydrophobic interactions of EGFR docked complex from MD simulation.
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Fig.22: 2D ligand interactions of during the MD simulation for EGFR docked complexes.

Hydrogen bond interactions are more important for
of the
interactions. Compound 3 has a direct hydrogen bond
interaction with the Ala722, Lys745 and Cys797
catalytic residues of EGFR. Compound 4 also has two
Hbond interactions with Lys745 and Thr790, in the
case of cocrystal compound has Lys745, Met793,
Arg841, Asn842 and Asp855. Water
interactions are also observed from all three docked

specific binding affinity protein ligand

mediated

complexes during the MD simulations involvingAla722,
Asp800, Arg841, Lys745, Thr790 and Thr854. Several
hydrophobic interactions were also found such as with
Leu718, Val726, Ala743, Leu844, Phe856, Ala743 and
Leu792.2D. Ligand interactions are shown in figure 22.
Similarly, another target of P38 MAP kinase alpha
protein with compound 3, 4 and cocrystal inhibitor MD

simulations were carried out with a time period of 10

ns. To understand the structural stability of a protein
ligand complex, the RMSD is an important quantitative
parameter of MD simulation. During the MD run
compound 3 shows stable conformations and its RMSD
value 2.4 A. Compound4 showed little deviations
compared to compound 3 and RMSD value of 3.0A.
Finally, in case of the cocrystal, the native inhibitor
shows higher RMSD deviations and in indicates that
itsdepict that overall complex structure hasa less stable
conformation with an RMSD value between 1.0 A -
3.5A. In the case of RMSD, compounds 3 and 4 show
lesser deviations compared to cocrystal native inhibitor
(Figure 23). RMSFs of all three complexes were
calculated during the MD simulations, with compounds
3 and 4 it showing overall residual fluctuations are
much lower as it reachesa maximum below 3.0A. The

cocrystal compound was also observed with a similar
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RMSF value (Fig. 24). To find the major contributions
in protein residues and ligands, protein-ligand
interactions analysis was calculated throughout the MD
simulation. Various types of interactions are observed
during the MD simulation, including ionic, water
mediated, Hbond and Hydrophobic interactions.
Compounds 3 and 4 they have Hydrogen bond
interactions with Lys45, Phe165 and Asp168 catalytic
residues. In case of cocrystal (L12) only observed one

Hbond with Asp168.In addition, several hydrophobic

29
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interactions also perceived such as Leu75, Ile84,
Met109, Leul67, Leul71, Ala51, Ile84, Leul04,
Alal57, Lys53, Val38, Arg67, Glu71, Leu74, and
Leu75 (Figure: 25). 2D Ligand interactions were shown
in figure 26). From the above of the MD simulation
studies of both EGFR and P38 MAP kinase anti-
cancerous drug target protein docked complexes of
compound 3 and compound 4 have good stability and
binding properties (Hbond and Hydrophobic) similar to
cocrystal native inhibitors.
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Fig. 23: RMSD plots of docked complexes of P38/ MAP kinase during the MD simulation
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Fig 25: Hydrogen and Hydrophobic interactions of P38/MAP kinase docked complex from MD

simulation.
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4. CONCLUSION

The compounds were synthesized according to
schemesl and 2. The XRD studies on the compound
showed that in both compounds atom S1 has a distorted
tetrahedral ideal

tetrahedral values attributing to the Thorpe—Ingold

Configuration differingfrom the

effect. Asaresult of the electron withdrawing character
of the phenylsulfonyl group, in both compounds the N-
C bond lengths arelonger than the mean value of
1.355(14)/0\.The geometrical results of the compounds
are in good agreement with the X-ray crystallographic
data and Hirshfeld surface analysis. The intermolecular
contacts obtained by Hirshfeld analysis substantiates the
XRD results.
compounds show better binding affinity with anti-

Based on docking results all of the

cancer target proteins. The four compounds were
employed with molecular docking studies against anti-

cancer target proteins, epidermal growth factor

receptor and p38 alpha MAP kinase. All of the

compounds show better binding affinity and similar to
known existing cancer inhibitors. MD simulation
studies suggest that both EGFR and P38 MAP kinase
anti-cancerous drug target protein docked complexes of
compounds 3 and 4 show good stability and binding
properties (H bond and Hydrophobic) similar to

Cocrystal native inhibitors.

5. SUPPLEMENTARY INFORMATION (SI)

Supplementary crystallographic data were deposited in
CCDC (Cambridge Crystallographic Data Centre, No:
1858381, 1890533). The data can be acquired free of
charge via http:/www.ccde.cam.ac.uk/conts/retrie-

ving.html, or e-mail: deposit@ccdc.ac.uk.
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