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A B S T R A C T

Dihydropteroate synthase (DHPS) is an alluring target for designing novel drug candidates to prevent infections
caused by pathogenic Escherichia coli strains. Diaryl Sulfone (SO) compounds are found to inhibit DHPS com-
petitively with respect to the substrate pABA (p-aminobenzoate). The extra aromatic ring of diaryl sulfone
compounds found to stabilize them in highly flexible pABA binding loops. In this present study, a statistically
significant 3D-QSAR model was developed using a data set of diaryl sulfone compounds. The favourable and
unfavourable contributions of substitutions in sulfone compounds were illustrated by contour plot obtained from
the developed 3D-QSAR model. Molecular docking calculations were performed to investigate the putative
binding mode of diaryl sulfone compounds at the catalytic pocket. DFT calculations were carried out using SCF
approach, B3LYP- 6-31 G (d) basis set to compute the HOMO, LUMO energies and their respective location at
pABA binding pocket. Further, the developed model was validated by FEP (Free Energy Perturbation) calcula-
tions. The calculated relative free energy of binding between the highly potent and less potent sulfone compound
was found to be −3.78 kcal/ mol which is comparable to the experimental value of −5.85 kcal/mol. A 10 ns
molecular dynamics simulation of inhibitor and DHPS confirmed its stability at pABA catalytic site. Outcomes of
the present work provide deeper insight in designing novel drug candidates for pathogenic Escherichia coli
strains.

1. Introduction

Dihydropteroate synthase (DHPS) is known to be a validated drug
target to block folate production in bacterial cells (Domagk, 1935). This
particular enzyme catalyses the condensation between 7,8-dihy-
dropterine pyrophosphate (DHPP) and P-aminobenzoic acid (pABA) to
produce 7,8-dihydropteroate, a precursor of tetrahydrofolate (Alun and
Derrick Jeremy, 2002; Griffin and Brown, 1964). Folate analogs like
tetrahydrofolate reported to be a crucial co-factor for synthesizing es-
sential amino acids, nitrogen bases and play an important role in re-
action associated with one carbon transfer (Bourne, 2014; Rossi et al.,
2011). Higher eukaryotic cells consume folate from dietary sources due
to the presence of membrane-associated folate transport protein
(Matherly and Goldman, 2003; Whetstine et al., 2002). On contrary, all

bacterial cells and some lower pathogenic eukaryotes lack the folate
transport protein hence compelled to synthesize folate de novo (Levin
et al., 2004). Therefore, the growth of bacterial cells can be prohibited
by inhibiting DHPS competitively.

Diaryl sulfone class of compounds are proved to be, successful in
preventing broad range protozoal, microbial infections due to it’s
structural similarity with pABA (Roland et al., 1979, Woods, 1940).
They act as, alternative substrates of DHPS which subsequently form
dead-end sulfa-pterin conjugates. The sulfa-pterin conjugates are also
reported to block enzymes present later in folic biosynthetic pathway
(Chakraborty et al., 2013; Roland et al., 1979; Yun et al., 2012). Hence
sulfone class of antimicrobials plays an important role in depleting fo-
late pool in the prokaryotic, lower pathogenic eukaryotic cells (THEN,
ANGEHRN, 1973). Sulfone derivatives have been reported to be, a
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successful, widely used agent for preventing pneumonia, malaria, tu-
berculosis, toxoplasmosis etc. by inhibiting folate biosynthetic pathway
(Campbell et al., 2012; Forgacs et al., 2009; Manyando et al., 2013;
Nzila, 2006; Walzer et al., 1988). Pathogenic Escherichia coli strains are
reported as the causative agent of various health hazards including
diarrhoea, colitis, infant mortality, UTI etc. (Russo and Johnson, 2003).
Therefore understanding the key non-bonded interaction of diaryl sul-
fone molecules at EcDHPS catalytic pocket is of great importance for
designing new drug candidates of higher affinity. For greater insight
into sulfonamide binding at pABA, pocket of DHPS, structural and
theoretical studies have been reported on the co-crystal structure of
bacterial DHPS (Hampele et al., 1997; Lawrence et al., 2005; Levin
et al., 2004; Morgan et al., 2011; Yun et al., 2012). One co-crystal
structure of EcDHPS with sulfonamide has been reported to date
(Achari et al., 1997) and presented in Fig. 1. This structure provides a
valuable insight to revisit diaryl sulfone interaction at pABA binding
pocket.

EcDHPS structure is highly conserved and consists of two identical
monomers of a classical triosephosphate isomerase (TIM) type barrel.
This TIM barrel consists of eight parallel beta strands encircled by eight
alpha helices. The active site of DHPS monomer is located at the C-
terminal end of the β-barrel which comprises of three conserved sub-
site: the pterin binding site, the pABA binding site and the anion
binding site. The pterin binding pocket is situated in a deep cleft of the
C-terminal end of β-barrel, whereas the pABA binding pocket is located
at the surface and comprises of two flexible loops (loop1 and loop2)
(Achari et al., 1997; Hampele et al., 1997). Initially, DHPP binds with
DHPS active site and it catalyses the slow release of pyrophosphate
moiety from DHPP. The released pyrophosphate moiety plays an im-
portant role in stabilizing the conformation of flexible pABA binding
loops (Yun et al., 2012). After pABA binding, the condensation of DHP+

and pABA occurs through SN1 reaction to form dihydropteroate. The
mutation in loop 1 and loop 2 allow the binding of pABA but disrupt the
binding of sulfa compounds (Yun et al., 2012).

Recently, targeting DHPS (Qi et al., 2011; Zhao et al., 2016) and its
mutational studies (Yun et al., 2012) have become an interesting topic
for the development of antibacterial drugs candidates to prevent anti-
biotic-resistant pathogenic bacterial infections. Therefore, a deeper in-
sight regarding diaryl sulfone binding between two flexible loops of
EcDHPS will be helpful for synthesizing novel type of sulfa drugs with
improved affinity to EcDHPS catalytic pocket. Computer simulation of

biomolecules proved to be an important tool for better understanding of
protein-ligand interactions and their stabilization patterns (Srivastava
and Tiwari, 2017) at the molecular level. Recently, DFT studies of
protein-ligand complexes are reported to be effective for understanding
them at their electronic level (Tao et al., 2009). The HOMO, LUMO
orbital energies and their location at the protein-ligand complex are
found to be important for predicting the type of non-bonded interac-
tions which are crucial to achieve favourable recognition of ligands by
protein molecules ultimately resulting to their stability in catalytic
pocket (Correa-Basurto et al., 2012). DFT calculations also facilitate the
mechanistic investigation of product formation in the catalytic pocket
of enzymes (Malkhasian and Howlin, 2016). Another important tech-
nique to measure the stability of the protein ligand complex is FEP (Free
energy perturbation). The FEP/REST(Free energy perturbation/ replica
exchange with solute tempering) are reported (Lenselink et al., 2016;
Wang et al., 2015) to provide a rigorous algorithm to compute the
difference in binding affinity due to presence or absence of specific
functional groups in inhibitors. Several FEP studies were carried out to
explain the effect of in-silico mutagenesis and SAR (structure-activity
relationship) of different antagonist bound to enzymes(Chen et al.,
2013; Goldfeld et al., 2015; Keränen et al., 2014). FEP calculations are
also reported to be efficient in reducing the computational cost com-
pared to absolute free energy calculations (Bash et al., 1987; Jorgensen
and Ravimohan, 1998). Therefore, the utility of these tools is found to
be crucial to determine the factors affecting the stabilization of diaryl
sulfone derivatives at DHPS catalytic pocket. The relative stability of
the protein-ligand complex calculated by FEP can be compared with the
experimental data.

In this present study, we selected a dataset of sulfone compounds to
develop a model which clearly describes the effect of substitutions,
affecting the potency of sulfone compounds. Initially, 3D-QSAR model
was developed to understand the structure-activity relationship (SAR)
of diaryl sulfone molecules. The effect of the spatial arrangement of
structural features on DHPS inhibition was explained by the contour
plot obtained from 3D-QSAR model. Next molecular docking of all the
sulfone molecules was carried out at the binding pocket of pABA. The
result of molecular docking was correlated with the experimental ac-
tivity value (pEII50). Molecular docking helped in predicting the prob-
able binding pose of sulfone molecule with respect to pABA. Further, we
employ DFT (Density Functional Theorem) calculations to clarify the
ligand-protein stability and interactions at electronic level. FEP/REST
calculations were performed to compute the change in binding free
energy due to functional group mutation. Lastly, a 10 ns molecular
dynamics was perform to confirm the stability of one of the top scoring
compounds. The developed model provides insightful information re-
garding the mode of binding and important substitution required to
stabilize diaryl sulfone compounds at EcDHPS catalytic pocket. This
study will help in developing a better generation of Sulfa drugs or
pterin-sulfa compounds with improved affinity and therapeutic activity
to prevent the infection caused by pathogenic E.coli.

2. Methods and computational details

2.1. Ligand preparation

A biological data set consisting of fifty diaryl sulfone(SO) deriva-
tives(Table 1) was chosen from literature(De Benedetti et al., 1989,
1987; Hevener et al., 2010; Lopez de Compadre et al., 1987) and used
in the present study. The selected molecules from the biological dataset
shared the same assay procedure (Richey and Brown, 1969) with var-
iation in substitution and potency profiles. The biological activity of the
dataset was represented by the EII50 (Enzyme Inhibition Index50) values
and reported to have inhibitory activity spanned from 67.3μM to
0.21μM. In spite of having higher potency, compound 1 was not con-
sidered for 3D-QSAR calculations due to the absence of molecules
having potency in the same activity range (Golbraikh et al., 2003). EII50

Fig. 1. Crystal structure of dihydropteroate synthase (PDB ID: 1 AJ0, resolu-
tion: 2.0 Å).
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values were imported in Maestro (Schrödinger Release 2017-2:
Maestro, Schrödinger, LLC, New York, NY, 2017) project table panel
and converted to pEII50. The 3D structures of the ligand were con-
structed using the builder panel in Maestro. The geometry of the ligands
was optimized after generating the structure using the Ligprep module
(v4.9, schrodinger2017-2). Partial atomic charges were assigned and
the possible ionization states were generated at pH of 8.2±0.1. The
OPLS_2005 (Kaminski et al., 2001) force field was used for energy
minimization of each ligand until it reached a root mean square

deviation (RMSD) cut off of 0.01Å. Then the resulting structures were
used for the modelling studies.

2.2. 3D-QSAR modelling

Phase (v 4.9) (Dixon et al., 2006) was used to generate 3D-QSAR
models for the diaryl sulfone-based inhibitors of DHPS. The prepared
structures of SO derivatives were selected in workspace navigator panel
in Maestro (Schrödinger Release 2017-2: Maestro, Schrödinger, LLC,

Table 1
structural detail, experimental activities, predicted activity and docking energy of sulfone compounds (1–50).

Compound No. R1 R2 R3 Experimental activity (pEII50/EXP) Predicted activity (pEII50/PRED) **Residual activity Docked Energy (Kcal/mol)

1 ONa ONa H 8.302 – – −6.09
2 CH3 O− H 6.63 6.55 −0.08 −5.68
3 CH3 O− CH3 6.68 6.60 0.08 −5.88
4 Cl OH H 6.58 6.59 0.01 −5.7
5t Cl O− H 6.58 6.57 −0.01 −5.66
6 CH3 OH H 6.46 6.46 0.00 −5.86
7 CH3 CH3 O− 6.3 6.02 −0.28 −5.01
8t ONa NH2 H 6.29 6.31 0.02 −4.97
9t CH3 OH CH3 6.29 6.29 0.00 −5.89
10 OH OH H 6.14 6.17 0.03 −5.22
11 ONa OH OH 5.83 5.80 −0.03 −5.42
12t OH O− OH 5.83 5.60 −0.23 −4.74
13 H ONa H 5.82 5.83 0.01 −5.14
14t NH2 NH2 H 5.79 5.82 0.03 −4.43
15t CH3 CH3 CH3 5.77 5.85 0.08 −5.67
16 CH3 OCH3 H 5.75 5.77 0.02 −5.89
17t CH3 CH3 OH 5.75 5.72 −0.03 −5.06
18t CH3 OCH3 CH3 5.75 6.03 0.28 −5.76
19 CH3 CH3 H 5.72 5.68 −0.04 −5.50
20 OH OH OH 5.71 5.76 0.05 −4.74
21t Cl Cl H 5.65 5.86 0.21 −5.66
22 NH2 H H 5.64 5.62 −0.02 −5.13
23 H OH H 5.61 5.64 −0.03 −5.09
24 H NH2 H 5.57 5.57 0.00 −4.49
25 H N(C2H5)2 H 5.57 5.53 −0.04 −4.80
26 CH3 CH3 OCH3 5.52 5.53 0.01 −5.22
27 OCH3 OCH3 H 5.49 5.58 0.09 −5.15
28 Cl Cl Cl 5.48 5.81 0.33 −5.39
29 H N(CH3)2 H 5.44 5.37 −0.07 −4.83
30t H NHOH H 5.34 5.44 −0.10 −5.16
31 H NHC2H5 H 5.34 5.33 −0.01 −4.77
32 H COOH H 5.29 5.29 0.00 −4.81
33 H COONa H 5.29 5.34 0.05 −5.31
34t NH2 NHCHO H 5.23 4.91 −0.32 −5.47
35 H NHCOCH3 H 5.23 5.26 0.03 −4.63
36* m-NH2 5.22 5.24 0.02 −5.05
37 H CH3 H 5.21 5..18 −0.03 −4.97
38 H OCH3 H 5.18 5.12 −0.06 −5.28
39t H H H 5.02 5.19 0.17 −4.88
40 H Br H 4.96 4.97 0.01 −5.01
41 OCH3 OCH3 OCH3 4.89 4.87 −0.02 −4.91
42 H F H 4.74 4.73 −0.01 −4.71
43t H Cl H 4.68 4.76 0.08 −4.76
44 H CONH2 H 4.64 4.73 0.09 −5.41
45 H COOCH3 H 4.46 4.40 −0.06 −4.62
46 NO2 NO2 H 4.44 4.46 0.02 −4.06
47t H COCH3 H 4.36 4.37 0.18 −4.05
48 H NO2 H 4.34 4.35 0.01 −5.72
49 H CON(C2H5)2 H 4.30 4.46 0.16 −4.22
50 H CN H 4.17 4.07 −0.1 −4.03

1) tDefines that the compound is in the test-set list for 3D-QSAR analysis.
2) *Defines the functional group is in the meta position of the R9 pharmacophoric ring only.
3) **Residual activity defines the difference between phase predicted activity and experimental activity of diaryl sulfone compounds.
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New York, NY, 2017) interface and imported to the atom based 3D-
QSAR model development panel with their respective biological ac-
tivity value (pIIE50). Before building the 3D-QSAR model, all prepared
ligands were aligned using common scaffold based alignment, a type of
flexible ligand alignment tool in Phase (v 4.9) and Largest Common
Bemis-Murcao scaffold(Bemis and Murcko, 1996) was selected as a
parameter. The atom based 3D-QSAR model considers all the atoms into
account; whereas pharmacophore based QSAR model does not consider
the ligand feature beyond pharmacophore model. Consequently, atom
based 3D-QSAR proved to be more useful for predicting the true
structure-activity relationship (Shah et al., 2010; Verma et al., 2010) of
diaryl sulfone compound at the pABA binding pocket. The dataset was
randomly divided, 75% structures (to maintain the standard 3:1 ratio)
were kept as training set and rest molecules were automatically con-
sidered as test-set by using “Automated Random Selection” option
present in the Phase (v4.9) module. Care was taken in order to include
the most active and inactive molecules in training set (Dixon et al.,
2006; Golbraikh et al., 2003). The maximum number of Partial Least
Square (PLS) factor was N/5 (Where N in the number of training set
molecules). Use of higher PLS factor could cause over fitting of data,
hence optimal six PLS factor was used (Polański et al., 2002). The 3D-
QSAR model was generated by keeping a grid spacing of 1Å. Further,
contour plot analysis was performed to interpret and recognize the
important pharmacophoric requirements at spatial sites of the struc-
tures by the cubic 3D grid. The biological activity of the training set
molecules was evaluated by the generated 3D-QSAR model in order to
estimate the quality of the 3D-QSAR model. Lastly the stability and
predictivity of the developed 3D-QSAR model was examined with an
external test set of ten diaryl sulfone compounds(Lopez de Compadre
et al., 1987).

2.3. Molecular docking

The co-crystal structure of DHPS with sulfonamide (Fig. 1) (PDB ID:
1AJ0, resolution 2.0Å) was obtained from Protein Data Bank (Achari
et al., 1997) and the docking of the fifty drug molecules were carried
out using an automated docking program namely Autodock (v4.2.6)
which considers the protein to be rigid during docking. Prior to
docking, DHPS structure was prepared (Sastry et al., 2013) using Au-
todock graphical user interface (Morris et al., 2009). The co-crystallized
ligand, water molecules were removed and Gasteiger charges (Gasteiger
and Marsili, 1980), polar hydrogen were added to the protein structure.
The energy minimization of protein was performed till RMSD of 0.30 Å
conjugate gradient steps using OPLS-2005 force-field (Sastry et al.,
2013). The minimized ligands were taken and the bond associated with
the sulphone groups were set as rotatable bonds (Lopez de Compadre
et al., 1987). A 3D grid was created at the binding site of the protein
having a size of 30Å × 24Å ×22Å with a default spacing of 0.375Å,
using an Auto-Grid algorithm to quantify the binding affinity of ligand
at the catalytic site of DHPS. The grid includes all eight active site re-
sidues namely Thr62, Arg63, Phe190, Ser219, Arg220, Lys221, His257
and SO4 284 (Achari et al., 1997). The molecular docking simulations
were performed using Lamarckian Genetic Algorithm (https://doi.org/
10.1002/(SICI)1096-987X(19981115)19:14 < 1639::AID-
JCC10>3.0.CO;2-B). The initial population and the number of energy
evaluations were fixed to 150 and 2.5 × 106 respectively for all mo-
lecular docking simulations. The co-crystallized sulphanilamide was
removed and re-docked into the same position and RMSD between
them was calculated to assess the reliability of docking results
(Tripuraneni and Azam, 2016). Several clusters were obtained for the
docking orientation within RMS (Root Mean Square) deviation of 0.5Å
and the lowest energy cluster obtained for each sulfone compounds
were used for further analysis.

2.4. DFT calculation setup

Molecular orbital calculations were performed to explore the
binding site of DHPS (i.e. the pABA binding pocket) to analyse the
protein-ligand interaction at electronic level. It was evident from the
frontier molecular orbital theory that HOMO of the ligands interacts
with LUMO positioned in the binding pocket of the protein (Correa-
Basurto et al., 2012). In order to determine the location of HOMO,
LUMO orbitals in ligands single point energy calculations were per-
formed by Gaussian09 software package Frisch et al., 2009), using SCF
(Self Consistent Field) approach (Tomasi et al., 2005). B3LYP(Lee et al.,
1988) functional and 6-31G(d) (Otsuka Takao et al., 2015) basis set was
used to compute single point energy of sulfone compounds. The re-
cognition ability of the protein was explained by evaluating the HOMO
and LUMO energies of the ligands (Correa-Basurto et al., 2012). The
HOMO, LUMO calculations of the binding site residues was also per-
formed to explain the ligand-binding mechanism at the catalytic pocket
of DHPS. Since the calculation of the whole protein molecule with li-
gand is computationally expensive so we took only the interacting
amino acids and ligands for this study. The generated polypeptide
cluster was capped with N-actyl group at the N-terminal end and N-
methyl amide group at C-terminal end (Duan et al., 2007). The inter-
acting amino acid residues at pABA binding pocket (Achari et al., 1997)
were considered for single point energy calculation at B3LYP/6-31G(d)
level. The resulting amino acid cluster was found to have 176 atoms.
The cubegen utility in Gaussian09 software package was used to gen-
erate the HOMO, LUMO orbitals. The docked poses of highly potent and
less potent compounds along with the interacting amino acids were
chosen for calculating HOMO, LUMO energies using aforementioned
basis set and functional. The location of HOMO, LUMO orbitals on the
ligand-protein complex was visualized by Gabedit interface (v2.4.7).

2.5. Relative binding free energy calculation

FEP/REST (Free Energy Perturbation/ Replica exchange with solute
tempering) calculations were performed to compute the binding free
energy difference between the less potent and highly potent sulfone
compounds (these compounds share the same congeneric scaffold)
using Desmond MD (v4.8) (Bowers et al., 2006) suite distributed by
Schrödinger. The incorporation of REST method in FEP calculations
enhances sampling in phase space with an efficient hopping protocol.
The efficient sampling of relevant conformations of ligands helps to
measure relative binding affinity accurately within an easily accessible
simulation time period (Wang et al., 2012). In FEP/REST calculation a
small region of interest especially the localized region surrounding the
binding pocket including the ligand is heated up by keeping rest of the
system cold(Liu et al., 2005). FEP/REST captures the free energy dif-
ference of two similar systems through an alchemical transformation
pathway. This pathway involves an array of discrete steps starting from
initial lambda window (λ =0) to final lambda window (λ=1) (Wang
et al., 2011). The free energy difference was calculated applying Ben-
nett Acceptance Ratio (BAR) method (Bennett, 1976) and the error for
each free energy calculation was estimated by bootstrapping (Paliwal
and Shirts, 2011; Pohorille et al., 2010). Desmond (v 4.8) programmes
are reported to provide a good single node, parallel performance
compare to other MD packages (Bowers et al., 2006). The OPLS-2005
force field was employed to generate the essential force field para-
meters required for performing the FEP simulations due to its accuracy
in predicting the free energy of solvation of drug-like molecules
(Shivakumar et al., 2010). The pose view file of minimized 1AJ0 and
sulfone compounds was imported in the FEP panel of Desmond (v4.8),
the core RMSD difference between two compounds was 0.004 Å. The
complexes of protein and ligand molecules were solvated in SPC(Simple
point-charge) water model (Ferguson, 1995) in an orthorhombic box
with 5Å buffer size and minimized with the limited memory Broyden-
Fletcher-Goldfarb-Shanno (LBFGS) method(“Practical Methods of
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Optimization, 2nd Edition,” n.d.). Initially a 100 ps MD simulation was
carried out under NVT ensemble applying a force constant of 50 kcal/
mol/Å2 for minimizing the protein and ligand heavy atoms. 1 fs time
step was maintained for aforementioned 100 ps simulation. The solute
heavy atoms were restrained to their initial position and 10 K tem-
perature was maintained during the simulation. Next, two MD simu-
lations of 12 ps, 36 ps were run under NVT and NPT ensemble re-
spectively maintaining the same force constant to equilibrate the
system with 1 fs time step. The system was relaxed with 240 ps MD
simulation under NPT ensemble without applying any restrains on
heavy atoms keeping time step as 1 fs. Ultimately, 5 ns production si-
mulations were continued under NPT ensemble for both solvent and
protein complex using Nose- Hoover thermostats(Martyna et al., 1992),
Martyana-Tobias-Klein barostat(Martyna et al., 1994) at effective
temperature of 300K and 1 atm pressure. For production run 1fs time
step was maintained throughout the simulation time. FEP/REST simu-
lations were carried out with 12 lambda windows and 1.2 ps interval
was kept to exchange replicas between two neighbouring lambda
windows (Fukunishi et al., 2002). The acceptance ratio of replica ex-
change was maintained at 0.3. The convergence analysis of free energy
during the course of simulation was also performed to check whether
the simulation time was sufficient for free energy calculation. The re-
lative binding energy at various thermodynamic states was calculated
from the trajectories using the fepmapper_sid2pdf.py python script for
further analysis (Bowers et al., 2006).

2.6. ADME/toxicity prediction procedure

The drug-like nature of diaryl sulfone compounds were predicted by
evaluating their pharmacokinetic (PK) profiles. The ADME/Tox prop-
erties of the top ten dock scored SO compounds were calculated using
QikProp (v5.7)(Jorgensen and Duffy, 2000) (Schrodinger-2018/3). The
structures were already prepared with Ligprep module and imported to
QikProp panel for ADME calculation. The molecular weight (MW),
octanol/water partition co-efficient (logPo/w), dipole moment, H-bond
donor and H-bond acceptor etc. properties were calculated for top
scored diaryl sulfone compounds and evaluated in accordance with
“Lipinski’s rule of 5″ (Lipinski et al., 1997) to access their drug-likeness.

2.7. System setup for molecular dynamics study

The dynamic behaviour of diaryl sulfone bound EcDHPS (PDB ID:
1AJ0) was observed through all atom molecular dynamics simulation
study. The docking predicted binding mode of highly active sulfone
compounds were evaluated by observing their dynamic nature in
EcDHPS active site. Desmond (v5.4) software package(Bowers et al.,
2006; Shivakumar et al., 2010) was employed to perform the molecular
dynamics of 1AJ0 and compound 4 in its bound state. OPLS_2005 all
atom force field (Kaminski et al., 2001; Shivakumar et al., 2010, 2009;
Jorgensen et al., 1996) was applied to generate the necessary topology
and parameter files required for molecular dynamics simulation. The
entire system was inserted in the centre of an orthorhombic periodic
box with 10Å buffer region from the protein surface and filled with
water. The periodic box volume of 1AJ0/compound 4 complex was
313617 Å3. The whole system was solvated with SPC (simple point-
charge) water molecules (Jorgensen and Jenson, 1998; Structure and
Dynamics of the TIP3P, SPC, and SPC/E Water Models at 298 K - The
Journal of Physic et al., 2018) and neutralized by adding thirteen Cl−

ions. The solvated protein structure in the periodic box contained
29,076 atoms including 4381 atoms of 1AJ0 and compound 4. Next,
the system was minimized applying steepest descent algorithm and
gradient threshold was kept at 25 kcal/ mol/ Å. The maximum number
of iterations in the course of minimization was kept 2000 steps until a
convergence threshold of 1.0 kcal/mol/Å was attained. Subsequently,
NVT (constant number of atoms N, volume V and temperature T)
equilibration was performed at 310K for 5 ns using Nose-Hoover

thermostat (Martyna et al., 1992)(thermostat relaxation time = 200 ps)
with a time step of 2 fs. Next to NVT, NPT (constant number of atoms N,
pressure P and temperature T) equilibration was performed using Nose-
Hoover thermostat and Martyna-Tobias-Klein barostat (Martyna et al.,
1994)(P=1 atm, barostat relaxation time= 200 ps and thermostat re-
laxation time= 200 ps) at 310K with a time step of 2 fs for 5 ns. The
solute (protein and ligand) heavy atoms were restrained during the
equilibrations, applying force constant of 100 Kcal/mol/Å2. Lastly, the
equilibrated system was taken for production run. The restrains on
solute heavy atoms were removed and 10 ns production MD was carried
out in NPT ensemble using Nose-Hoover thermostat and Martyna-To-
bias-Klein barostat with a time step of 2 fs. A multiple time step RESPA
integrator algorithm was implemented for all simulation steps with a
time step of 2fs for bonded, 2fs for ‘near’ non-bonded and 6fs for ‘far’
non-bonded interactions. Simulation data were retrieved at each 10 ps
and the visual inspection of three-dimensional structures, trajectories
were done using Maestro graphical user interface.

3. Results and discussion

3.1. 3D-QSAR model construction and visualization of contour maps

The atom-based 3D-QSAR analysis generated a statistically sig-
nificant model along with good predicted activities of test set com-
pounds when PLS factor was 6. The Biological activity predicted by the
generated 3D-QSAR model is documented in Table 1. The PLS regres-
sion summary for generated 3D-QSAR is represented in Table 2. The
low value of standard deviation (SD) (0.1171) and root-mean-square
deviation obtained from the present study define the significance and
reliability of the model. Moreover, high regression coefficient (0.9737)
for training set, in addition with the stability ranges from 0.862 to 0.58
on maximum scale of 1, F value (Variance ratio) of 166.5 with smaller P
value (< 0.005) and Pearson-r of 0.9183 reflected the relevance and
confidence of the model respectively (Table 2). The stability for pre-
dicting unknown compounds in the test set for the generated 3D-QSAR
model was indicated by the low value of RMSE (Root Mean Square
Error), P (Significance level of variance ratio) and SD (Table 2).

The 3D-QSAR was validated by its closeness in predicting the ac-
tivity of test set ligands (Table 1). Fig. 2 illustrates the scatter plots
which describe that the experimental and predicted activity of sulfone
derivatives showed moderate difference and good linear correlation
between experimental and Phase predicted biological activity values.

The developed 3D-QSAR model was further validated by predicting
the experimental activity of compounds not included in model devel-
opment (external test set). The predicted pEII50 values of the com-
pounds in external test set are documented in Supplementary Table 2.
A scatter plot of experimental vs. predicted pEII50 values of external test
set is illustrated in Supplementary Fig. 1A. The plot of predicted ac-
tivity vs. the residual activity is also shown in Supplementary Fig. 1B,
which was used to identify the outlier of the developed 3D-QSAR
model. It was found that, the QSAR model was able to predict the ex-
perimental activity with a correlation coefficient (R2) of 0.74 and cross-
validation coefficient (Q2) of 0.61. The R2 value and Q2 above 0.5 in-
dicate the generated 3D-QSAR model to be good and able to endorse the
experimental inhibitory activity(pEII50) of compounds included in

Table 2
Regression summary of generated 3D-QSAR model.

PLS SD R2 F P Stability RMSE Q2 Pearson-r

1. 0.3744 0.6811 68.3 1.92e-09 0.862 0.39 0.6446 0.8572
2. 0.2992 0.8027 67.1 1.19e-11 0.828 0.36 0.6936 0.8709
3. 0.2160 0.9005 90.5 3.94e-15 0.702 0.31 0.7720 0.8925
4. 0.1719 0.9391 111.8 3.48e-17 0.647 0.34 0.7312 0.8713
5. 0.1418 0.9600 134.2 1.16e-18 0.632 0.29 0.8067 0.9092
6. 0.1171 0.9737 166.5 5.02e-20 0.58 0.30 0.7948 0.9183
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external test set (Golbraikh and Tropsha, 2000). Moreover, Supple-
mentary Fig. 1B illustrates no outlier in this study. Hence, the model
can be considered as stable.

In order to interpret the effect of the spatial arrangement of struc-
tural features on biological activity, contour plot analysis was per-
formed. The structural features were the presence of H-bond donor
group, hydrophobic group, electron withdrawing group and an anionic
group. Their individual positive contribution was represented by blue
cubes and negative contribution was shown by red cubes. Comparisons
of most significant favourable and unfavourable interactions are re-
presented in Fig. 3. Since the substitutions were mainly situated at R9
ring, the contour plot appeared at 2’, 4’ and 6’ position of this region.
The list of functional groups present at 2’, 4’, 6’ site of the R9 ring of all
50 compounds is given in Supplementary Table 1 to correlate the
contour plot with the substitution. The generated 3D-QSAR model was
implemented on compound 39 (pEII50= 5.02) for better visual in-
spection of the model. The effects of different substituents are discussed
as follows.

3.1.1. Presence of anionic group
It can be identified from Table 1 that highly active compound

2(pEII50= 6.63), compound 3(pEII50= 6.68), compound 4
(pEII50=6.58) and moderately active compound 11 (pEII50=5.83)
have phenoxide group in 2’, 4’ and 6’ position of R9 pharmacophoric
ring, which is anionic or electron donating in nature. The blue cube
region at 2’, 4’ and 6’ position (Fig. 3A) are representing the favourable
and unfavourable contribution of anionic groups which completely
agrees with the aforementioned compounds. Although compound
1(pEII50= 8.302) was not considered in the 3D-QSAR calculation, it is
having phenoxide ions at 2’ and 4’ position. Presence of electron do-
nating groups at R9 ring increases the electron density in R9 ring and
SO2 unit of SO compounds hence increase the potency of ligands (Lopez
de Compadre et al., 1987). A remarkable decrease in biological activity
was found for compound 50 (pEII50= 4.17), compound 46 (pEII50=
4.44), compound 44 (pEII50= 4.64) due to lack of anionic or electron
donating group in the blue cube region (Fig. 3-A) of R9 ring. However,
a too bulky group at 6’ position of the R9 ring may give some un-
favourable anionic contribution in ligands.

3.1.2. Presence of hydrogen bond donor group
For hydrogen bond donor aspect, the blue cubes at 2’ and 4’ indicate

the preference of hydrogen bond donor (Fig. 3B) groups at those po-
sitions. Small groups like NH2, OH at 2’ and 4’ position of R9 ring
generally contributes to favourable hydrogen bonding interactions. It is
found from Table 1 that most of the highly active compounds like
compound 4, compound 6 (pEII50= 6.46), compound 8 (pEII50=
6.29), compound 9 (pEII50= 6.29) and compound 10(pEII50= 6.14)
have OH group in 2’ position and 4’ position, hence increment in ac-
tivity was found for those compounds. Whereas the presence of bulky
substituents like eCONH2 groups and absence of hydrogen bond donor
groups in those positions result in a decrease in biological activity of
compound 44(pEII50=4.64).

3.1.3. Presence of hydrophobic group
The other important component that impact on biological activity is

a hydrophobic character, as displayed in Fig. 3C which represents the
presence of blue cubes at 2’, 4’, 6’ positions of the R9 pharmacophoric
site due to the presence of small hydrophobic groups for favourable
hydrophobic interaction with 1AJ0 catalytic pocket. This assumption is
supported by highly active compound 3, compound 7(pEII50= 6.30),
compound 9 and moderately active compound 15 (pEII50=5.77),
compound 17(pEII50= 5.75) and compound 19(pEII50=5.72) be-
cause –CH3 is substituted at 2’ and 4’ positions (Table 1) in afore-
mentioned ligands. The presence of hydrophobic groups can induce
stiffness in the covalent bond which is attached with sulphonyl group,
hence decreases the entropy of ligands and increase the activity (Lopez
de Compadre et al., 1987). Compound 50, compound 48
(pEII50=4.34), compound 44 lack hydrophobic groups in 2’ and 4’
which is responsible for the low 1AJ0 inhibitory activity.

3.1.4. Presence of electron-withdrawing group
The existence of red cubes at 2’ and 4’ position of the R9 pharma-

cophoric feature indicates the unfavourable position of electron with-
drawing group (Fig. 3D). The presence of electron withdrawing group
in R9 pharmacophoric ring reduces the electron density in this ring and
sulphonyl unit, hence decreases the inhibitory activity of sulfone
compounds. Compound 50 (pEII50=4.17), compound 46
(pEII50=4.44), compound 48 (pEII50=4.34), compound 47

Fig. 2. Fitness graph between observed activity versus phase-predicted activity for (a) training set (b) test set compounds with the best fit line [y=0.88x + 0.71
(R2=0.81)].
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(pEII50=4.36) and compound 49(pEII50=4.3) have electron with-
drawing group at 4’ and 2’ position resulting decrease in biological
activity (Table 1)

3.2. Molecular docking

Molecular docking suggested that the interactions were mainly in-
fluenced by hydrogen bonding and π-π stacking interactions due to the
presence of two aromatic rings in sulfone compounds. It is found from
Table 1 that as we move from compounds substituted with electron
donating groups to electron withdrawing groups, the inhibitory potency
of sulfone drug molecules decreases. The substitution at ortho-position
is attributed to the stability of complex as it helped the molecule to fit
into the binding site more rigidly (Lopez de Compadre et al., 1987). The
interactions were mainly resided in the region of Thr62 to His 257 due
to the presence of catalytic site in this portion. It was found that Thr 62,
Arg220 and Ser222 involved in hydrogen bonding network with most of
the sulfone(SO) derivatives (Compound 1–50) and Phe190, His257
exhibited π-π stacking interaction with the R8, R9 aromatic rings pre-
sent in the SO molecules. The binding energies of sulfone derivatives
were found to span from -6.09 Kcal/mol to -4.03 Kcal/mole at the pABA
binding site of DHPS and showed good correlation with experimental
activity value.

The ligand interaction diagram of docked compounds was illu-
strated in Fig. 4. The inhibitory activity of highest potent drug molecule
(Compound 1) can be attributed due to the presence of two electron
donating groups -ONa (which easily dissociates as O− and Na+) at
ortho and para position in the ring R9 which enhance the electron
density in common moiety (4-NH2-C6H4SO2) (ring R8) (De Benedetti
et al., 1989) supporting for stronger π- electron interactions. The an-
ionic functional group of the ligand was found to form salt bridges with

Arg63 and His257 residues, resulting in extra stabilization of com-
pound 1 at the pABA binding pocket (Fig. 4A). Similar observations
were also implied by the generated 3D-QSAR model that the presence of
negative ionic groups at R1, R2, and R3 are desirable for biological
activity. The protein-ligand complex of compound 1 was found to be
stabilized by three hydrogen bonding interaction, π-π interaction, π-
cation interaction and salt bridge formation (Fig. 4A). The carbonyl
groups of Thr62 and Pro145 residues were contributing hydrogen
bonding interactions with amine hydrogen of compound 1 at a dis-
tance of 1.98Å (Thr62-C]O — HeN) and 1.92Å (Pro145- C]O —
HeN) respectively. Sulphonyl oxygen of compound 1 showed hy-
drogen bonding with the amide hydrogen of Ser222 residue (S]O —H-
N- Ser222). Phe190 and Lys221 exhibited π- π stacking and π- cation
interactions respectively with the ring R8 of the most potent drug. In
addition to these interactions, extra stabilization was found between
the phenoxide ions in ligand and the amino acid residues Arg63 and
His257 due to salt bridge formation. The binding energy of highly po-
tent compound 3 and compound 4 also showed good agreement in
accordance with the 3D-QSAR results. The methyl groups present at 2’,
6’ position in the R9 ring of compound 3 was found to involve in
hydrophobic interactions with Pro232, Arg220 and Lys221 residues
respectively and presented in Supplementary Fig. 2. Both the com-
pounds 3 and 4 exhibited one hydrogen bonding interaction in the
complex (O− — H-N- Arg220 and H–O — H-N- Arg220 respectively)
and also showed π- π stacking interaction with His257 (Fig. 4B & C).
Arg63 and Lys221 were found to form π-cation interaction with the ring
R9 and the ring R8 respectively. The lowest potent drug molecule
(compound 50) showed hydrogen bonding interactions with the amino
acid residues Thr62 (Thr62C]O—HN), Ser222 (Ser222NH—O]S) and
π-cation interaction with Lys221. The formation of the salt bridge was
absent in the compound 50 due to the absence of anionic group

Fig. 3. Visualization of 3D -QSAR contour plot on compound 39(pEII50= 5.02) Effect of A) presence of the anionic group, B) hydrogen bond donor group, C)
hydrophobic group D) electron withdrawing group predicted by generated 3D-QSAR model.
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(Fig. 4D). In addition compound 50 was found to make steric clashes
with the side chain of Lys 221 (Supplementary Fig. 3D). Fewer non-
bonded interactions along with unfavourable steric clashes destabilize
the compound 50 in flexible pABA binding site and cause lower po-
tency of this compound.

The reliability of docking results was assessed by re-docking the co-
crystallized ligand (pABA) of protein DHPS (PDB ID: 1AJ0) into the
binding site of the protein and calculating RMSD values between re-
docked pose and the X-ray crystal structure. It is considered that RMSD
values up to 2Å are reliable (Kramer et al., 1999). The docking pose and
the interactions obtained after re-docking matches with the known
crystal structure conformation with RMSD value of 1.21Å
(Supplementary Fig. 4).

3.3. Frontier molecular orbital analysis

The HOMO, LUMO energies of highly active compound 1, com-
pound 4, moderately active compound 15 and less active compound
21, compound 50 were calculated and documented Table 3. The
aforementioned compounds were chosen to observe how functional
group substitutions in R9 ring of diaryl sulfone compounds contribute
for better stability of these derivatives in pABA binding pocket of
EcDHPS. Compound 1 was chosen to observe the effect of two phen-
oxide groups (O−) (anionic in nature) present at 2’ and 4’ position of R9
ring. Compound 4 was chosen to see the effect of OH group (hydrogen
bond donor group) located at 4’ position of R9 ring. Moderately active
compound 15 was found to be important to investigate the effect of
CH3 substitution at 2’, 4’ and 6’ position of the same ring. We also

studied the effect of electron withdrawing group in compound 21,
compound 50 having chloro (Cl) group at 2’, 4’ position and cyano
group (CN) at 4’ position of R9 ring respectively. The variation in
conformational energy due to substitutions in R9 was assessed from the
differences of HOMO, LUMO orbital energies of chosen sulfone com-
pounds and listed in Table 3.

From Table 3 it is evident that HOMO, LUMO energy differences,
Egap (eV) of highly potent and less potent compounds are in same range.
This shows that substitution of various functional groups at R9 ring
does not play much role in improving conformational stability and re-
cognition ability. However the location of HOMO, LUMO orbitals and
the total energy will be different when these ligands are bound to the
protein. Therefore, it will be interesting to study the position of HOMO,
LUMO and their energies in interacting amino acids and ligand com-
plex. We have presented the HOMO, LUMO energy details of the
complexes in Table 3 which will be discussed later. The distribution of
HOMO orbitals on the sulfone molecules are illustrated in Fig. 5. Red
and blue colours represent the positive and negative lobes of HOMO
orbitals located at the sulfone compounds.

It is clear from Fig. 5-A,B that HOMO orbitals cover the entire R8
and R9 position for highly potent compound 1 and compound 4.
Moderately active compound 15 found to have some portion of HOMO
orbitals distributed over R9 ring (Fig. 5C). The accumulation of HOMO
orbitals on R9 ring indicates the influence of electron donating group in
increasing the electron density over this aromatic ring. In comparison to
highly active and moderately active compounds, HOMO orbitals were
absent in R9 position for less active compound 21, compound 50
(Fig. 5D and E). HOMO orbitals were mainly located at R8 and NH2

Fig. 4. 2D-ligand interaction diagram of A) compound 1, B) compound 3, C) compound 4 and D) compound 50 in the catalytic pocket of 1 AJ0.
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portion of compound 21 and 50. This is due to the presence of electron
withdrawing group at R9 ring which decreases the electron density over
this ring. Fig. 6 illustrates the distribution of LUMO orbitals over the
interacting amino acid residues located at pABA binding pocket of
EcDHPS. The pink and green colours represent the positive and nega-
tive lobes of LUMO orbitals. According to the frontier molecular orbital
theory, we know that HOMO of the ligands interacts with LUMO lo-
cated at the catalytic pocket of protein. Therefore, it would be inter-
esting to see the position of the LUMO orbitals present in the catalytic
pocket. We have shown the orientation of the interacting amino acids
over the sulfone compounds in Supplementary Fig. 3. Fig. 6 shows that
LUMO orbitals are mainly located on the carbocation of pterin moiety,
Arg220, Lys 221 and His257.

The presence of LUMO orbitals at the carbocation of pterin moiety
(Fig. 6) and HOMO at NH2 portion of SO (Fig. 5) compounds indicates
the formation of a pterin-sulfa complex by the nucleophilic attack. The
HOMO positions at the R9 ring and the LUMO located at Arg220 and
His257 indicates that the substitutions at R9 ring interacts with those
amino acid residues and stabilizes the ligands at the pABA pocket. The

closer proximity of HOMO of the ligand and the LUMO of the inter-
acting amino acid in compound 1, compound 4 and compound 10
strongly suggests the reason of higher binding affinity of the protein-
ligand complex due to the presence of electron donating, anionic groups
in R9 ring. Absence of HOMO orbitals at the R9 ring of less active
compound 21 and compound 50 gives less stability to these ligands at
the pABA binding pocket. This can be correlated with our docking
studies. Since, it is computationally expensive to do the DFT calculation
for the whole protein molecule, so we chose the interacting amino acids
and the ligand to see the HOMO, LUMO orbitals. We calculated the total
energy of each atom clusters consist of each aforementioned sulfone
compounds and interacting amino acid residues obtained in docking
studies using self-consistent field approach. The HOMO, LUMO energy
values are listed in Table 4 and the HOMO, LUMO energy gap are also
calculated. The lower energy gap for each atom cluster indicates the
easy movement of electrons between HOMO, LUMO orbitals. Fig. 7
shows the distribution of HOMO, LUMO orbitals at each complex. The
total energy of the cluster containing the atoms of interacting amino
acid residues with highly potent compound and the least potent

Table 3
HOMO- LUMO Energy details of Ligands at their bound state and unbound state.

HOMO- LUMO Energy Gap Details

Sl. No Compound Complex
Ecompound (eV) *EHOMO (eV) *ELUMO (eV) *Egap (eV) Ecomplex

(eV)

*EHOMO (eV) *ELUMO (eV) *Egap (eV)

1 −33133.41 −5.977 −1.240 4.737 −146150.07 −0.774 −0.456 0.318
4 −43591.84 −5.877 −1.388 4.489 −135677.67 −0.508 −0.167 0.341
15 −32248.50 −5.856 −1.318 4.538 −90284.429 −0.444 −0.095 0.349
21 −54051.36 −6.095 −1.892 4.203 −126509.33 −0.212 0.083 0.295
50 −31550.25 −6.236 −2.220 4.016 −86158.636 −1.499 −1.142 0.357

*EHOMO and ELUMO defines the energy of HOMO, LUMO orbitals and Egap=ELUMO- EHOMO.

Fig. 5. The distribution of HOMO orbitals on selected sulfone drug molecules. (A) Compound 1, (B) compound 4, (C) compound 15, (D) compound 21 and (E)
compound 50 respectively.
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compound was found to be -33133.41 and -31550.25 eV respectively
which indicates the greater stability of compound 1 than compound
50 at pABA binding pocket. Fig. 7A illustrates the location of HOMO
orbitals in compound 1 and the LUMO region on pABA binding site.
The presence of LUMO orbitals at Arg63, Lys221 and His257 indicated
their interaction with the HOMO orbitals located at R9 ring and
phenoxide groups of compound 1. These interactions found to stabilize
the compound 1 between the two flexible loops of pABA binding
pocket. Particularly, the presence of LUMO orbitals on Arg63 indicated
its role in stabilizing sulfone compound after its binding at the catalytic
pocket because LUMO orbitals did not appear in the amino acid cluster
of the catalytic pocket of the protein alone (Fig. 6). Fig. 7B also shows
that location of HOMO orbitals on R8 and R9 ring of compound 4. The
location of LUMO orbitals in this complex was found to be similar as
that of the amino acid complex containing compound 1. HOMO lo-
cated on both R8 and R9 ring indicates the π-interactions of compound
4 with LUMO located at Lys221, His 257 and Arg 63 of pABA pocket.
Fig. 7C illustrates the position of HOMO, LUMO orbitals on the complex
consist of compound 15 and interacting amino acid residues. The lo-
cation of LUMO orbitals over Arg63 and Lys 221 indicates π-interaction
of these amino acids with the HOMO positioned in R8 and R9 ring of
compound 15. This interaction stabilizes compound 15 at pABA
binding pocket and play an important role in improving the potency of
this compound.

The positions of HOMO, LUMO orbitals on the complex containing
compound 21 and compound 50 with interacting amino acid are
depicted in Fig. 7D and E respectively. In both the complexes the
HOMO orbitals were absent at R9 ring in comparison to highly active
and moderately active compounds. In these cases, HOMO orbitals are
located in R8 and NH2 position sulfone compounds which interact with
LUMO lies on Lys221 and Phe190. The absence of HOMO orbitals at R9
ring can be a strong reason for destabilizing the compounds between
two flexible loops of pABA binding pocket.

3.4. FEP calculations

FEP captures free energy difference between two ligands at the
catalytic pocket of protein when ligand A changes to ligand B due to

functional group mutation. The equation (Kollman et al., 1993;
Zwanzig, 1954) for calculating relative free energy is given as:

G =ΔGA –ΔGB= –kBT ln [exp (-(UB - UA)/kBT)] A (1)

Where UA and UB correspond to the potential energy of A and B states,
kB is the Boltzmann constant,

G is relative free energy difference when ligand A transforms to B
and T is absolute temperature.

This process is valid only when the two ligands share the common
core (Kollman et al., 1993), such that they overlap significantly in
phase-space. The thermodynamic cycle for determining relative free
energy calculation is depicted in Fig. 8. The relative binding free energy
between the lowest potent (Compound 50, pEII50= 4.17, compound
41, pEII50= 4.89) and highly potent compounds in the data list
(compound 1, pEII50= 8.302 and compound 4, pEII50= 6.59) were
calculated using the FEP/REST method (Wang et al., 2015 2012). The
experimental relative binding free energy of Ligand A and B was cal-
culated using the following equation (Uciechowska et al., 2012)

ΔGA = -RT ln(IC50A) (2)

ΔGB = -RT ln(IC50B) (3)

ΔΔGexp = ΔGA- ΔGB (4)

Where IC50
A and IC50

B are the biological activities (Inhibitory
Concentration fifty) of ligand A and B respectively.

We took compound 50 as our ligand A and compound 1 as ligand
B. Compound 50 found to be involved in steric clashes with Ile20 and
His257 (First ligand, Fig. 9A-i), but when the cyano group was mu-
tated into phenoxide (-O−) group at 2’ and 4’ position of R9 ring, gain
in favourable interaction was achieved (Second-ligand, Fig. 9A-ii) by
forming salt bridges with Arg 63 and His 257 residues at the pABA
binding site of DHPS. The relative free energy gain was calculated based
on Eq. (2). Mutating the cyano group (-C≡N) to phenoxide (-O−)
group, the experimental binding free energy (ΔΔGEXP) was found to be
increased by -5.85 Kcal/mol due to gain in favourable salt bridge in-
teractions. From FEP simulation, the computed relative free energy
(ΔΔGCAL) difference between compound 50 and compound 1 was
found to be -3.78 kcal/ mol. Similarly, the increase in experimental
binding free energy (ΔΔGEXP) of -3.42 Kcal/mol was observed when
cyano group (Compound 50, Fig. 9B-i) at 4’ position of R9 ring, was
mutated into a hydroxyl group (Compound 4, Fig. 9B-ii) at the same
position of sulfone compounds. The cyano group found to be involved
in steric clashes with Ile20 and His257. When the cyano group was
mutated to hydroxyl (−OH) group, the resulted free energy gain due to
the formation of a hydrogen bond with Arg220 was found to be
-2.58 kcal/ mol.

To see the unfavourable steric effect we calculated the relative free
energy difference when compound 41 is mutated to compound 1, il-
lustrated in Fig. 9C-i&ii. The methoxy group at 4’ and 6’ position of
compound 41 was found to involve steric clashes with the side chain of
Arg63, Arg220, and His257. When the methoxy groups at 2’ and 4’
position are mutated into phenoxide ion (-O−) in compound 1, the
gain in favourable hydrogen bonding and salt bridge interaction with
Arg63 and arg220 results in an increase in experimental binding free
energy by -4.83 kcal/mol. This effect is captured by our FEP calculation
by computing binding free energy difference (ΔΔGCAL) between these
two compounds of -1.94 kcal/ mol.

The timeline representation of free energy difference was found to
reach a plateau within the simulation time (Supplementary Fig. 5)
which indicates the convergence of free energy calculations. The re-
lative free energy profile during the course of the simulation is shown in
Supplementary Fig. 5 and the exchange density of FEP replicas over
window is presented in supplementary Fig. 6.

Fig. 6. The location of LUMO orbitals at the pABA binding site without diaryl
sulfone compounds. PH2559 and SO4284 represent the Pterin and Sulfate ion
respectively. The location of LUMO orbital at the carbocation of PH2559 in-
dicates the site prone to nucleophilic attack.
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3.5. ADME/toxicity prediction of top scoring compounds

It is believed that only improving potency of a particular drug to-
wards its target is not the primary objective in the drug development
process, unless taking PK profile and toxicity in to consideration (Ekins
et al., 2002). The various important pharmacokinetic properties of
compound 1 to compound 10 and the permissible ranges are docu-
mented in Supplementary Table 3. The top scored compounds were
thoroughly evaluated with the basic parameters of “Lipinski’s rule of 5”
and other pharmacokinetic parameters. Generally, violation of Li-
pinski’s rule more the two is considered to be forbidden for orally active
compounds. All the pharmacokinetic properties of the top scored
compounds documented in Supplementary Table 3 were found to be
under permissible limit.

The values of polar surface area and rotatable bond count of top

scored compounds known to have great impact on their oral bioavail-
ability. The number of rotatable bonds and the polar surface area in top
ranked sulfone compounds are found to be in the range of 4–5 and 77-
102 Å2 respectively. These values found to be under recommended
ranges thus expected to have good bioavailability. It can be observed
from Supplementary Table 3 that the molecular weight of the top
scored ligands are in the range of 263.31 to 283.72 which is acceptable
for drug-like compounds(Lipinski et al., 1997). Moreover, the number
of hydrogen bond donor groups and acceptor group found to be below
the threshold limit (H-bond-donor should be less than or equal to 5,
similarly the threshold value for number of H-bond acceptor is 10). This
indicates good adsorption of diaryl sulfone in system circulation. Ad-
ditionally, the present human oral absorption value found to be within
66.72–84.062%, indicating moderate to high adsorption of the top
scoring compound. It is believed that a chemical compound will be drug

Fig. 7. The distribution of HOMO, LUMO orbitals on the atom cluster containing (A) compound 1, (B) compound 4, (C) compound 15, (D) compound 21 and (E)
compound 50 and their respective interacting amino acid residues.
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like if their water/octanol partition co-efficient is less than 5. It is ob-
vious from Table 4 that the water/octanol partition co-efficient values
are much below the threshold level. The values of solvent accessible
surface area (SASA) and polar solvent area of all top scoring sulfone
derivatives are found to be in accepted range (Duffy and Jorgensen,
2000). It is found from Supplementary Table 3 that all the top scored
inhibitors did not violate the “Lipinski’s rule of 5” (Lipinski et al., 1997)
and “Jorgensen’s rule of 3”. Further, the human serum albumin binding
affinity values and blood brain barrier coefficient values are found to be
under permissible range. The predicted ADME properties of ten highly
active drug compounds indicate acceptable pharmacokinetic and less
toxicity profiles for Phase 1 clinical trials.

3.6. MD simulation

The dynamic behaviour of ligand at the binding pocket of enzyme is
important to evaluate the stability of that particular ligand inside the
active site. A 10 ns molecular dynamics simulation of 1 AJ0/compound
4 provides further insights into molecular interaction of compound 4
in motion. The Root Mean Square Deviation (RMSD) of the enzyme
backbone with respect to its initial position increased up to 1.64 Å for
first 4 ns and stabilized around 1.5 Å for rest of the trajectory.
Moreover, the ligand movement cope well with the RMSD of binding
site (Fig. 10A). The average RMSD of enzyme (Fig. 10A) backbone and
heavy atoms are found to be 1.44 Å and 1.86 Å respectively. This re-
flects minute structural change of 1 AJ0 during simulation from the
crystal structure of its own. The residue wise Root Mean Square Fluc-
tuation (RMSF) of 1 AJ0 was illustrated in Fig. 10B. The detailed in-
spection of RMSF helped in characterizing the regional changes in the
protein chain throughout the course of simulation. The maximum value
of Cα, backbone, heavy atom (3.01, 3.07 and 3.33 Å respectively) RMSF
was found for residue Glu277 which resides in a flexible region of
Ser274-Glu282(C-terminal end). Additionally, Gly31 found to have
high Cα RMSF of 2.50 Å at the N-terminal flexible region from Val23 to
Ser36. Both of the highly fluctuating loops are found to reside away
from binding pocket. Interestingly, the RMSF value of protein backbone
residue at the catalytic site was found to be in the range of
0.51 Å–1.17 Å indicating the stability of catalytic region under motion.

The protein-ligand contacts during the course of simulation are il-
lustrated in Fig. 11 and Supplementary Fig. 7. Compound 4 was found
to exhibit ionic interaction in the stable region (Fig. 11) of Thr62-Pro64
and Arg255-His257. Hydrogen bonding found to be formed majorly
with Pro145, Ser222 and hydrophobic interaction was dominated by

Phe190 throughout the simulation time. The region between Met223-
Arg235 found to exhibit water mediated hydrogen bond with com-
pound 4. The region from Gly65-Gly143 and Gly191-Ser219 no inter-
action was found due to higher fluctuation (Fig. 10B and Supple-
mentary Fig. 7). During the course of simulation interaction observed
with Arg63, Pro145, Phe190, Ser222, Met223, Arg255 and His 257
located to the active site are expected to be responsible for the in-
hibitory activity of compound 4. A low mean RMSD of 0.375 Å of
compound 4 indicates less conformational modification during simu-
lation. The low solvent accessible surface area (SASA) (7.04-73.90 Å2),
high polar solvent area (PSA) (184-187 Å2) and molecular surface area
(MolSA) (233-238 Å2) of compound 4 further supports its stabilization
during 10 ns molecular dynamics simulation (Supplementary Fig. 8).

4. Conclusion

In this present article, 3D-QSAR modelling, molecular docking, DFT
calculations, FEP calculations and MD simulation were performed to
explore the effect of different substitution on sulfone derivatives to
stabilize them in pABA binding loop of EcDHPS catalytic pocket. A
highly predictive 3D-QSAR model was developed which helped in un-
derstanding how the structure of sulfone compounds affects the biolo-
gical activity. Contour plot mapping was performed to observe the
spatial arrangement of favourable and unfavourable functional groups
and their contribution to inhibit the EcDHPS enzyme. Presence of
electron donating group and hydrogen bond donor at 2’ and 4’ position
of the R9 ring were found to increase the potency of sulfone com-
pounds. Molecular docking was done to find the possible binding pose
of sulfone compounds at the pABA binding pocket. The docking study
suggested that Thr62, Arg63, Pro145, Phe190, Lys 221, Ser222 and
His257 amino acids are the key binding residues in the active site of
EcDHPS. The highest potent compound 1 contains two dissociated
phenoxide ion which forms the salt bridge with Arg63 and His257.
Possibly the mutations in Arg63 and His257 regions can disrupt the
sulfone (SO) binding at DHPS catalytic pocket due to their active role in
stabilizing the R9 ring. DFT studies showed the stabilization pattern and
reaction mechanism of sulfone compound at electronic level. The
HOMO, LUMO interaction pattern between sulfone compounds and
pABA binding site are also supported by docking studies. The presence
of electron withdrawing group at 4’ position directly affects the electron
density over the R9 ring and an SO2 moiety of the ligand which resulted
compound 50 to be least potent. Presence of hydrophobic groups
found to have both favourable and unfavourable contribution

Fig. 8. The Thermodynamic cycle for calculating the relative free energy of binding between two states. ΔGA and ΔGB are the free energy difference for going
unbound state to bound state. ΔG1 and ΔG2 are the free energy difference for transforming ligand A to ligand.
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Fig. 9. Representative figures of different types of interactions captured by FEP. (A i&ii) Shows gain in favourable salt-bridge interaction due to the presence of
phenoxide group (mutating compound 50 to compound 1). (B i&ii) Shows gain in favourable salt-bridge interaction due to the presence of hydroxyl group
(mutating compound 50 to compound 4). (C i&ii) Shows gain in favourable salt-bridge and hydrogen bonding interaction due to the presence of phenoxide ion
(mutating compound 41 to compound 1).The hydrogen bond, Salt-bridge, π-cation, π-stacking and unfavourable interaction was illustrated by yellow, pink, green,
sky and brown dotted line respectively.
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depending on the size of the group and site of substitution. Further, our
conclusion was validated by FEP calculations by capturing relative
binding free energies between less potent and highly potent com-
pounds. The predicted ADME of top scored drug candidates are found to
be in acceptable ranges. Lastly a 10 ns MD simulation of highly active
compound 4 indicates the fixation of this inhibitor in pABA catalytic
pocket. This combinatorial computational study contributes a set of
useful structural guidelines focusing on pABA binding pocket, which
will greatly help in designing sulfone-based and novel pterin-sulfa
compounds for the EcDHPS-selective inhibitors to prevent infection
caused by pathogenic and antibiotic-resistant E.coli strains.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.compbiolchem.2018.11.
005.
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