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a b s t r a c t

Bacillus anthracis is a gram positive, deadly spore forming bacteria causing anthrax and these bacteria
having the complex mechanism in the cell wall envelope, which can adopt the changes in environmental
conditions. In this, the membrane bound cell wall proteins are said to progressive drug target for the inhi-
bition of Bacillus anthracis. Among the cell wall proteins, the SrtA is one of the important mechanistic
protein, which mediate the ligation with LPXTG motif by forming the amide bonds. The SrtA plays the
vital role in cell signalling, cell wall formation, and biofilm formations. Inhibition of SrtA leads to rupture
of the cell wall and biofilm formation, and that leads to inhibition of Bacillus anthracis and thus, SrtA is
core important enzyme to study the inhibition mechanism. In this study, we have examined 28
compounds, which have the inhibitory activity against the Bacillus anthracis SrtA for developing the
3D-QSAR and also, compounds binding selectivity with both open and closed SrtA conformations,
obtained from 100 ns of MD simulations. The binding site loop deviate in forming the open and closed
gate mechanism is investigated to understand the inhibitory profile of reported compounds, and results
show the closed state active site conformations are required for ligand binding specificity. Overall, the
present study may offer an opportunity for better understanding of the mechanism of action and can
be aided to further designing of a novel and highly potent SrtA inhibitors.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bacillus anthracis (B. anthracis) is a spore forming bacteria and it
is a Gram-positive pathogenic microbe causing the highly resilient
and deadly disease called anthrax (Spencer, 2003). It causes the
destructive infection in common cattle’s and sometimes the infec-
tions are seen in humans and due to its destructive infection fea-
ture, it has been used for bioweapons (Hadler, 2007). The main
advantages of this bacterium are, adjusting the environmental con-
ditions, in both favourable or unfavourable conditions and survive
(Haruta and Kanno, 2015). In unfavourable conditions, the bac-
terium forms the dormant spore and these spores are living long
last in the contaminated soil, and on favourable condition, the bac-
terium survives back (Swick et al., 2016). In this connection, the
cell surface proteins are imperial in this mechanistic function, as
they play the role in spore formations, biofilm formations, and also
in the host-pathogen interactions (Blanchette and Orihuela, 2012).
So that, most of the pathogenic microbes are targeted for cell sur-
face proteins, and here gram-negative bacteria holds the surface
protein in the outer layer, and gram-positive bacteria use the thick
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cell membrane to anchor the cell surface proteins (Navarre and
Schneewind, 1999; Silhavy et al., 2010). This surface proteins are
arranged in the ornamental arrangement display through the
mode of covalent or non-covalent interactions with peptidoglycan
layer or lipid membrane (teichoic acid or lipoteichoic acid) (Brown
et al., 2013).

Among this cell wall anchoring proteins, the sortase proteins
are well known in sorting signals and also anchors the protein in
to the peptidoglycan layer (Marraffini et al., 2006). These sortase
are classified into A-F and each proteins function to play the mech-
anistic function and among that, Sortase A (SrtA) is the core impor-
tant protein in anchoring the cell membrane (Selvaraj et al.,
2018a). SrtA are also called as housekeeping genes, that mainly
function to link the surface proteins in to the bacterial cell wall
through amide bond mediated transpeptidation reaction (Spirig
et al., 2011). Recent evidences suggest that, inhibition of SrtA gene
leads to inhibition of microbes by the lack of pathogenicity and cell
wall formations and called universal drug target of all Gram-
positive pathogens (Marraffini et al., 2006; Spirig et al., 2011).
Thus, most of the researchers are focused on targeting the SrtA
for the inhibition of the microbes, and here the SrtA in B. anthracis
have the special feature of active site loop (b7/b8), plays the
anchoring role that undergoes the transformation of disorder to
order or conformational changes upon sorting signal results in
recognition of lipid II (Bentley et al., 2007; Frankel et al., 2005).
This b7/b8 is a flexible loop function as the active site and holds
the multiple conformations in recognition of lipid II (Chan et al.,
2015; Jacobitz et al., 2017). In this region, the hydrophobic residues
Val168 and Lue169 are positioned in b6-b7 loop for initiating the
hydrophobic interactions with LPXTG peptides N-terminal domain
(Weiner et al., 2010). In the b6-b7 loop, the Val168 and Lue169 are
the hydrophobic residues and the Pro168, Asp169, Lys170 and
Trp171 are function as catalytic residues (Chan et al., 2015).

In this study, we have examined the b7/b8 active site loop,
structural and conformational changes for its recognition of SrtA
inhibitors. For understanding and reporting the binding selectivity
of SrtA inhibitors, we have considered the reported rhodanine,
pyridazinone and pyrazolethione derivatives from Suree et al.,
2009 having the anti-bacterial activity against the B. anthracis
(Suree et al., 2009). Suree et al., 2009 has performed the SAR stud-
ies in providing the anti-bacterial activity against the B. anthracis
and reported the activity in micromolar (mM) range. Among these
inhibitors reported by Suree et al., 2009, 28 synthetic compounds
are having the potential activity against the B. anthracis and said
to have strong activity than the available inhibitors (Suree et al.,
2009). We have taken the activity of the reported 28 molecules
and executed the 3D-QSAR model for understanding the statistical
model in both active and inactive ligands. In addition, we have also
performed the 100 ns molecular dynamics study to understand the
conformational changes in the b7/b8 active site loop and its bind-
ing specificity of rhodanine, pyridazinone and pyrazolethione
derivatives in different conformations. Overall, this study will
provide the detail insights on analysing the binding specificity of
b7/b8 loop conformation of SrtA with respect to the rhodanine,
pyridazinone and pyrazolethione derivatives, and this study will
provide the base for discovering of novel lead molecules for further
development.
2. Materials and methods

2.1. Data set preparation

The dataset for this work is taken from Suree et al. (2009) and
the compounds having the activity against the Staphylococcus aur-
eus is eliminated and only the compounds having the activity
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against the B. anthracis is considered for this work (Suree et al.,
2009). Based on these criteria, only 28 compounds are taken for
the study and these rhodanine, pyridazinone and pyrazolethione
derivatives are prepared by using LigPrep/Confgen with OPLS-AA
force field (Chen and Foloppe, 2010; Watts et al., 2010). The bioac-
tivity in form of IC50 values are converted into pIC50 using the for-
mula (pIC50 = -log IC50), and for accuracy in prediction of
micromolar and nanomolar conversion, we have used the pIC50 cal-

culator (https://www.sanjeevslab.org/tools.html). From the 28
molecules, 21 training set and 7 test set compounds in order to
maintain the 3:1 ratio (Selvaraj, 2011). For activity threshold, the
active molecules are set to have the pIC50 of 5.9 and inactive mole-
cules are set to have the pIC50 of 4.3 (Raskevicius and Kairys, 2017).
Based on this, the eight active molecules, five inactive molecules,
and other in middle state molecules are subject to pharmacophore
modelling (Chaudhari and Pahelkar, 2019). The protein considered
for this study is the solution structure of NMR derived Ba-SrtA
(PDB ID: 2KW8) prepared with the protein preparation wizard
(Sastry et al., 2013; Weiner et al., 2010).

2.2. Pharmacophore modelling and 3D QSAR

Based on the active molecules, and up to seven common phar-
macophores is generated using the PHASE module from Schrodin-
ger and based on the fitness value, best pharmacophore is selected
and reported (Agrawal et al., 2013; Suryanarayanan et al., 2013;
Vijayalakshmi et al., 2014). Further, the common pharmacophore
is evaluated, visualized and 3D-QSAR model is initiated with
PHASE module from Schrodinger (Reddy et al., 2012). For the 3D-
QSAR, the 28 molecules are sub-categorized in to 7 test molecules
and 21 training molecules for correlating the actual vs. predicted
activity with the PLS regression factor of 3 (Reddy et al., 2013). Till
getting the best statistical values for the model based on R2 and Q2,
the test set and training set of the molecules are shuffled randomly
and values are noted for the best 3D-QSAR model (Dessalew and
Singh, 2008; Singh et al., 2006).

2.3. External validation

For the obtained 3D-QSAR, the external validation is performed
for the execution of predictive abilities of generated model in
robustness confirmation (Lorca et al., 2018). For this the r2, K values
andr2cv are the parameters considered and the ‘‘r” is calculated by
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P
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Here the yi and yi are the actual and predicted activity, y
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are the average values of the actual and predicted pIC50 values of
test set (Alexander et al., 2015; Majumdar and Basak, 2018). For
the reliable 3D-QSAR, the statistical value of r2 should be close to
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�
from origin: rroi ¼ kyi should be con-

sidered by k (slope) close to 1 and it is predicted by
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The cross validated co-efficient r2cv , is predicted by

r2cv ¼ 1�
P

Ypredicted � Yobserved
� �2

P
Yobserved � Ymeanð Þ2

Also, the external server SIMCA-P 13.0 demo version is utilized
for prediction of applicability domain (AD), to analyse the direct
properties of distance matrix, multivariate descriptor, that are
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related to training set based on the PCA (Principal Component
Analysis) (Kar et al., 2018). Through this applicability domain
(AD), the prediction errors in the data set from the source com-
pound will be avoided (Weaver and Gleeson, 2008).
2.4. Molecular dynamics based conformation analysis

For the prepared Ba-SrtA (PDB ID: 2KW8), the long scale Molec-
ular Dynamics (MD) simulations is performed using the GROMACS
(http://www.gromacs.org) MD simulation package (Pronk et al.,
2013; Van Der Spoel et al., 2005). For solvent SPC water model is
placed inside the dodecahedron box, and minimized along with
protein using steepest descent method with maximum force of
100 kJ mol�1 nm�1 by the inclusion of GROMAS96 force field
(Yagasaki et al., 2020). Energy minimization is performed to elim-
inate bad contacts and optimize the structure in the least energy
minimized conformation state (Chopra et al., 2008). The room tem-
perature of 300 K is provided for the system for comparing the
room temperature future experiments, and controlled Nosé–
Hoover thermostat dynamics with a damping coefficient of
2 ps�1 (Selvaraj et al., 2018b). NPT and NVT are performed initially,
and the MD simulation step is processed for the timescale of
100 ns. For the ligand bound complex, the inclusion of topology
from PRODRG server and similar protocol is followed, and the
ligand complex MD is simulated for 20 ns (Selvaraj et al., 2020b).
2.5. Molecular docking simulations

From the MD simulations, the open and closed state conforma-
tions are taken and pre-processed with maestro tools
(Vijayalakshmi et al., 2013). The GRID for docking is generated
using the grid generation method, considering the b7/b8 active site
loop with the 2.0 Å vdW radii of receptor atoms and with a partial
charge cut off 0.25 (Tripathi et al., 2012). Mainly, the ligand confor-
mations are set to rigid, as the QSAR based bioactive conformations
derives the activity of the ligand molecules (Vilar and Costanzi,
2012). Docking is performed with Quantum Polarized Ligand Dock-
ing (QPLD) method for its inclusion of QM based partial charges
that generate high accuracy by DFT method (6-31G*/B3LYP)
(Selvaraj et al., 2020a; Selvaraj et al., 2014a, b). Final molecules
are ranked based on Gscore, Energy and interactions, that are visu-
alized on the Maestro visualizer (Park et al., 2009; Smak et al.,
2021).
2.6. Conformation based activity prediction

The linear interaction approximation (LIA) model for the pre-
dicted binding affinities is calculated by Liaison program in Schro-
dinger 2014 (Selvaraj et al., 2015). It generates the fit between the
known and predicted binding energy and this approach is utilized
for the complex generated from the QPLD complex in both open
and closed state conformation docking results (Evenseth et al.,
2019). The calculation of binding affinities is based on the follow-
ing equation

DG ¼ a Ub
vdw

D E
� < Uf

vdw

� �
þ b Ub

elec

D E
� Uf

elec

D E� �

þ c Ub
cav

D E
� Uf

cav

D E� �

Herein, Uelec, Uvdw, and Ucav are representative of electrostatic,
van der Waals, as well as cavity energy terms in the SGB (Surface
Generalized Born) continuum solvent model (Matossian et al.,
2014). Here the open and closed conformation-based docking
results and their respective pIC50 (Experimental Value) is subjected
to STRIKE to build a linear equation representing binding affinity.
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3. Results

3.1. Pharmacophore modelling

In this study, the bioactive compounds from rhodanine, pyri-
dazinone and pyrazolethione derivatives of 28 molecules are sub-
ject to Pharmacophore modelling and 3D-QSAR. Among the 28
molecules (Supplementary Fig. 1–2D structure information), 21
are categorized as training set molecules and 7 molecules are cat-
egorized as test set molecules, as shown in the Table 1. Phase phar-
macophore modelling applies tree-based partition algorithm, that
provides the common pharmacophore available between the
active ligands and from this, we have got AAAHR (3 hydrogen bond
acceptor, 1 hydrophobic and 1 aromatic ring), and AAADR (3
hydrogen bond acceptor, 1 hydrophobic and 1 aromatic ring) phar-
macophore for the further analysis (Selvaraj and Singh, 2014). The
mathematical data summary for both obtained pharmacophore
AAAHR and AAADR listed in Table 2. The angles and distances of
pharmacophore hypothesis AAAHR are given in supplementary
material Table S1.
3.2. 3D QSAR and validation

The obtained pharmacophore is subject to the development of
3D-QSAR prediction and for this the structurally different com-
pounds were distributed uniformly with wide range of pIC50 value
in both training and test set. Alignment was done using the phase,
and pharmacophore of active molecules AAAHR and AAADR is con-
sidered for the 3D-QSARmodel development with three PLS factors
and re-evaluated by test set compounds. For assessing the good
QSAR model, the statistical parameters like R2, Q2, RMSE, SD, and
F are assessed. Based on this, two 3D QSAR models are generated
showing good and consistent R2 greater than 0.82, standard devia-
tion (SD) lesser than 0.4 and moderate F-test values. From the R2,
the two models interpreting structure activity relationship with
the training set is satisfactory. We also consider the Q2, as tropsha
said high value of R2 is essential but not appropriate to make sense
of QSAR model (Golbraikh and Tropsha, 2002; Tropsha, 2012). The
AAAHR based QSAR model shows good external predictive ability
with the Q2 value 0.74 and this AAAHR hypothesis has highest Q2

value and it is the best model among the other generated models.
In addition, the AAAHR (AAAHR pharmacophore hypothesis in
Fig. S2) based QSAR model shows the low RMSE value which also
favours the best model. Results of data points generated from the
3D-QSAR are plotted with respected to X and Y axis showing the
actual vs predicted pIC50 represented in the Fig. 1, by difference
in test and training set. This generated model is externally evalu-
ated with 7 test set compounds and internally by, leave-n-out
technique. The generated best model base by r2cvcross validated
coefficient with 0.56 value, high k slope values of regression lines
with 1.002 and non-cross validated correlation coefficient (r2) with
0.51 value. This obtained values are possible to predict new future
derivatives and the summary of statistics are provided in the
Table S2.
3.3. 3D QSAR visualization

In the 3D QSAR, the favourable and unfavourable regions could
be visualized in 3D space, by the contour cubes generated. This
could be applied to alteration of atoms in the ligands as the enrich-
ment factor, and thus, 3D QSAR visualization is important along
with the statistical values. The contours for the most active and
least active molecule are provided in Fig. 2 and here blue colour
contours represent the sterically favoured spatial regions to
enhance the activity and red contours represent the sterically unfa-

http://www.gromacs.org


Table 1
Structures and actual versus predicted pIC50 of compounds (* Test Set Compounds).

Compounds X R1 R2 R3 R4 Actual Predicted Residual
IC50 IC50

Rhodanine
1–1 -Ph 4-NO2 3-Br, 2-OH,

5-NO2

4.69 4.52 0.179

1–2 -Me 3-Br, 2-OH,
5-NO2

4.88 5 �0.11

1–3 -Pr -H 4.27 4.29 �0.01
1–4 -Et 2-NO2 4.13 4.31 �0.17
1–5 -Allyl -H 4.56 4.52 0.04
Pyridazinone
2–1* -SH -OEt -Ph -H 5.85 5.88 �0.02
2–5 -OMe -SH -Ph -H 5.74 5.5 0.24
2–6 –OH OCH2Ph -Ph -H 4.30 3.9 0.40
2–7 –OH -OMe -Ph -H 4.30 4.24 0.06
2–8 –OH -SEt -Ph -H 4.30 4.59 �0.28
2–9* -SH -SEt -Ph -H 6.52 6.11 0.41
2–10 -SH -OEt -Ph –H 5.49 5.87 �0.37
2–11 -SH -OEt -Ph 4-NO2 5.17 5.41 �0.23
2–13 -SH -OEt -Ph 3-F 5.74 5.7 0.04
2–14* -SH -OEt -Ph 3-Me 5.77 5.68 0.09
2–15 -SH -OEt -Ph 3,5-Cl2 4.85 5.5 �0.64
2–16 -SH -OEt Cyclohexyl 5.85 5.96 �0.10
2–17* -SH -OEt -Ph -H 5.92 5.94 �0.01
2–18 -OEt -SH -Ph -H 5.92 5.66 0.26
2–19* -OEt -SH -Ph 3-F 6.04 6.16 �0.11
2–20 -OEt -SH -Ph 3-Me 6.39 6.25 0.15
2–21 -OEt -SH -Ph 3,5-Cl2 5.28 5.48 �0.19
2–35* -OEt -Cl -Ph -H 6.52 5.26 1.26
2–36 -OEt -Cl -Ph 4-NO2 3.60 4.04 �0.43
2–47 -Cl -Cl -Ph 3,5-Cl2 4.85 4.71 0.14
Pyrazolethione
3–9* S 4-N = N-Ph H 5.85 5.85 0.004
3–17* S 6.52 6.72 �0.19
3–12 S 2,4,6-Br3 H 5.85 5.9 �0.05

Table 2
Quantitative structure activity relationship (QSAR) results for the two best common
pharmacophore hypotheses.

AAAHR AAADH

SD 0.34 0.41
R2 0.87 0.82
F 40.3 25.4
P 6.079e-08 2.555e-06
RMSE 0.2637 0.4111
Q2 0.74 0.6806
Pearson R 0.88 0.96

Fig. 1. QSAR based statistical plot representing the actual vs predicted pIC50 values
for AAAHR hypothesis (Scatter Plot).

Fig. 2. QSR visualization for the most active compound (a) and for the least active
compound (b) representing the respective favorable regions in blue contours and
unfavorable regions in red color contour.
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voured regions. In addition, it can state more properties like posi-
tive/negative ionic, hydrophobic, hydrogen bond donor and bond
acceptor (electron withdrawing) hypothesis that links non-
covalent interactions with receptor excluded volumes. Receptor
excluded volumes are the topology of receptor site, that provides
the clarity of hydrophobic space assessed by the contour’s posi-
tions. Fig. 2a provide the most active compound (pyridazinone
derivative (2–9)) with available of more favoured contour regions,
and 2b provides the least active compound (pyridazinone deriva-
tives (2–36)) with available of more unfavoured contour regions,
predicted from the hydrophobic property using QSAR model. Most
active compound show higher favourable regions around the aro-
matic ring, and Electron withdrawing group (N), while the inactive
compound shows high red colour contours indicating the visual-
ization of difference among both compounds.
3.4. Validation of applicability domain

The applicability domain is validated for representing the test
set molecules are reliable and for that DmodX value of 3.4 with 7
test set ligands are executed. Residual values with both predicted
and experimental standard deviation of X-residuals (DmodX) are
provided in Fig. S3. This values and figure represent the consolida-
tion for the test set is reliable for the developed QSAR model. It also
confirms that, based on the obtained statistical values, future set of
compounds could also predict with high reliability. While the
QSAR visualization provides the atom-based contours, this statisti-
cal data provides the conformations for the dataset, especially for
the test set.
3.5. Molecular dynamics simulation for conformation analysis

The solution structure of Ba-SrtA (PDB ID: 2KW8) having multi-
ple conformations, and the average conformation is showing the
open state conformation b7/b8 active site loop. This active site of
b7/b8 loop is analysed for its conformational changes using the
MD simulations for the timescale of 100 ns. The event of simula-
tion, in respect to each conformational change are noted for each
ns intervals. Those snapshots are calculated for the Root Mean
Square Deviation (RMSD) from its initial reference structure and
plotted in the Fig. 3a shows the Ca atoms vs. timescale (ns). The
results of RMSD are interesting by showing the initial fluctuation
up to 30th ns, from the 30th to 40th ns, the RMSD plot is getting
consolidated and finally from 40th ns, the simulation event is
stable till the end of the 100th ns. This cause for fluctuation is
Fig. 3. Molecular dynamics results showing the (a) RMSD graph an
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checked with residue wise fluctuations using the Root Mean
Square fluctuation (RMSF) and the points are plotted in the
Fig. 3b. Results of RMSF shows clear evidence of fluctuations in
the b7/b8 loop with amino acids between the Gly53-Asp64 resi-
dues. This loop causes the deviations in higher level, and that leads
to deviations that occur between 0 ns and 40th ns.
3.6. Open and closed lid conformations

From the MD simulations, the b7/b8 loop deviation results are
interesting and from that, the trajectories are subjected to dissec-
tion. The trajectory visualization of N-terminal loop from the
Gly53-Asp64 residues show wide open active site in the 0-30th
ns, from that 30th ns to 40th ns consolidation of b7/b8 loop by
closing the active site. For evidence, the snapshot of Ba-SrtA at each
5th ns interval till 100th ns is provided in the Fig. 4 and merged
conformations are provided in Fig. S4. This shows clearly that,
the Ba-SrtA undergoes conformational changes, by open to closed
lid conformations and after 40th ns, the closed lid conformations
are stable till the 100th ns. Fig. 5 shows the both feature of open
and closed lid conformations of Ba-SrtA, which clearly shows the
transformation of open b7/b8 loop turns closed lid conformations.
For understanding the role of water molecules in open and closed
lid conformations, the hydrogen bond analysis with protein and
water is accounted and provided in the Fig. 6. Here, the plot is con-
sidered for initial 0-40th ns (open lid conformations) and other
plot is considered for 40th-100th ns (Closed lid conformations)
from the pair above 0.35 nm (A) & within 0.35 nm (B). Results
shows that average hydrogen of both above 0.35 nm and within
0.35 nm is higher in 0-40th ns, but lower in 40th to 100th ns,
which is due to closure of active site results in protection of
hydrophobicity in b7/b8 loop active site to interact with water.
3.7. Binding selectivity of SrtA inhibitors

For understanding the binding selectivity of rhodanine, pyri-
dazinone and pyrazolethione derivatives of 28 molecules obtained
from the 3D-QSAR conformations, both open and closed lid confor-
mations are subject to QM based molecular docking. Binding selec-
tivity amino acids are fixed in the b7/b8 loop active site and both
grids hold the conformational changes by open and closed lid state.
Docking pattern shows the closed binding pocket favours strong
interactions with three amino acids, namely Met56, Val110 and
Trp171 and among the active compounds (Scoring values provided
in Table 3), 92% molecules bind strong with these amino acids
d (b) RMSF graph for the timescale of 100 ns for the Ba-SrtA.



Fig. 4. Trajectory isolation of SrtA from different timescale with the interval of 5 ns showing the open to close active site loop transition occurs in between 30th ns to 40th ns.

Fig. 5. Focused active site loop of (a) open form in the 0th ns and the (b) closed
form taken from the 40th ns of MD simulations.

C. Selvaraj, G. Selvaraj, R. Mohamed Ismail et al. Saudi Journal of Biological Sciences 28 (2021) 3650–3659
through the mode of hydrophobic interactions. One of the active
compounds pyridazinone-2–17 shows similar binding mode along
with another amino acid Ala58. Among the active compounds, the
aromatic ring function in the pyridazinone and pyrazolethione are
3655
core important for the activity and shows direct interactions with
the hydrophobic binding pocket, which is shown in the Fig. 7. In
the Fig. 7, the hydrophobic interactions are visualized in green col-
our, especially around the aromatic ring bound to Met56, Val110
and Trp171.
3.8. Molecular Dynamics: Ligand stability

For the ligand bound MD simulations, top five active com-
pounds based on activity and scoring parameters are selected. As
the closed state binding is favour the active compounds binding
through the hydrophobic interactions, that active ligand stability
is accessed through MD simulations for the timescale of 20 ns. Tra-
jectory analysis shows that, the ligand bound inside the closed
pocket through hydrophobic interactions doesn’t allow the ligand
to unbound in the dynamic conditions. The active molecules are
stable inside the pocket throughout the 20 ns of MD simulations
and also shows strong binding within the active site. Especially,
the amino acids, Met56, Val110 and Trp171 are strongly holding
the ligand aromatic ring feature throughout the 20 ns. Ligand
bound MD simulation is calculated for RMSD mean values for
pyridazinone-2–19, pyridazinone-2–9, pyrazolethione-3–12,



Fig. 6. Hydrogen bond analysis of SrtA structure with water contact shows that pair above 0.35 nm (A) –and pair within 0.35 nm (B) - are showing high contacts in 0–40 ns
and after that the hydrogen bonds has been decreased.

Table 3
scoring parameters of active compounds in QSAR towards closed lid structure of SrtA.

pIC50 IFD score Glide score Glide Energy Binding Energy Hydrophilic interactions

Pyridazinone-2–19 6.046 489.21 �6.591 �42.62 �38.61 Met56, Val110 and Trp171
Pyridazinone-2–9 6.523 480.67 �6.486 �43.19 �40.51 Met56, Val110 and Trp171
Pyrazolethione-3–12 6.523 477.99 �6.209 �39.57 �38.67 Met56, Val110 and Trp171
Pyridazinone-2–5 5.745 481.21 �5.916 �36.24 �39.24 Met56, Val110 and Trp171
Pyridazinone-2–20 6.398 467.26 �5.858 �40.29 �39.98 Met56 and Val110
Pyridazinone-2–16 5.854 459.38 �5.614 �36.21 �38.21 Met56, Val110 and Trp171
Pyridazinone-2–35 6.523 461.50 �5.512 �38.29 �38.20 Met56, Val110 and Trp171
Pyridazinone-2–17 5.854 446.55 �5.367 �39.18 �36.19 Met56, Ala58, Val110 and Trp171

C. Selvaraj, G. Selvaraj, R. Mohamed Ismail et al. Saudi Journal of Biological Sciences 28 (2021) 3650–3659
pyridazinone-2–5 and pyridazinone-2–20 active compounds and
all the compounds are showing in between the range of 0.2 nm
to 0.4 nm as shown in the Fig. S5. Only for the Pyridazinone-2–5
compound, the RMSD values are showing the higher range of
0.4 nm, but interestingly, all the compounds show strong and sim-
ilar mode of binding.
3.9. Binding mode analysis with open/closed active site

While we know the experimental activity of the 28 compounds,
we want to know about the ligand activity is for closed state con-
formation or else with open state conformations. For that, docking
results of 28 compounds with both open and closed lid is analysed
for its binding affinity. The Uele, Uvdw and Ucav values obtained from
liaison, along with experimental pIC50 values are plotted with
strike to get the data points. For these data points, the LIA model
is created for understanding its R2 values. Here the obtained values
are based on the reference activity and theoretical activity for both
open and closed lid. The correlation analysis shows in the Fig. 8,
predicts that, the open lid protein conformations show r 2 of
0.730 and closed lid conformations shows R2 of 0.925. This con-
firms that, the protein conformation obtained from the 40th ns
of molecular dynamics simulation is more active and suitable for
molecular modelling calculations.
4. Discussion

This research provides the detail insights of SrtA inhibition with
respect to structural conformation of Ba-SrtA and mode of binding
selectivity of ligand molecules. For that, 28 molecules from rhoda-
nine, pyridazinone and pyrazolethione derivatives with experi-
mental activity against the Bacillus anthracis are considered for
3656
this work. The initial part of the work is carried out using the
ligand-based drug designing methods, which includes pharma-
cophore modelling and 3D-QSAR and the results shows AAAHR
pharmacophore with the R2 of 0.82 and Q2 of 0.74. According to
tropsha et al, this obtained 3D-QSAR is the best predicted statisti-
cal model is a better model for validating future compounds. The
obtained statistical model is satisfactory and that is validated
externally by leave-n-out technique. On Visualization, the most
active ligand and least active ligand shows the favourable and
unfavourable regions, that can be adjusted for improving the activ-
ity. Most active compound show less unfavoured regions by dis-
playing the red contours and high favourable regions by
displaying the blue colour contours. For least active compound,
results show the high unfavourable regions in displaying high
red colour contours. The ligand conformations obtained from the
3D-QSAR are analysed for its actual binding ability with both open
and closed lid conformations obtained from the 100 ns MD simu-
lations. This b7/b8 loop feature is previously reported in other sim-
ilar species like Bacillus subtilis, Enterococcus faecalis, Bacillus cereus,
Bacillus anthracis, Staphylococcus aureus for its importance with the
drug-protein interactions. In Ba SrtA b7/b8 loop active site is
widely open in the initial position is shown with evidence of clos-
ing inside due to the hydrophobic effect. This happens in between
the 30th to 40th ns and remains closed throughout the MD simu-
lations. From this long scale MD simulations, we have provided the
detail conformational change that shows the switching mechanism
of transition of open to closed lid conformations. This molecular
level mechanism of switching is core important to understand in
the process of developing new lead compounds. In the 40th ns,
the b7/b8 loop active site function as protector of hydrophobic
environment and so, it is tough to design the suitable compounds
in considering the closed lid and if the compounds design based on
open lids, that may not work as strong inhibitors. But the evidence



Fig. 7. Active compounds showing the aromatic ring structure showing hydrophobic interactions with Met56, Val110 and Trp171.

Fig. 8. R2 cross validation of theoretical and experimental activity with respect to open lid (a) and closed lid (b) conformation.
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of open and close lid conformation switch with respect to inhibitor
binding is lack and thus, the molecular docking with QPLD is per-
formed with both conformations. Interaction studies and energy
binding with both open and close lid conformations shows strong
binding with closed active site than the open active site, through
the hydrophobic interactions with Met56, Val110 and Trp171. In
the ligand molecules from rhodanine, pyridazinone and pyrazo-
lethione derivatives aromatic ring is showing high binding interac-
tions and these interactions are stable even in the dynamic
conditions. Regression analysis on comparing the experimental
activity with the docked complex shows close similarity with the
closed conformations. This statistical value demonstrates the
closed site is required for showing the realistic interactions and if
the interaction studies are made with open state conformations,
the interactions may not be accurate. Overall, this study may be
one of the clear reports for understanding the importance of closed
state conformations, which is also closed to the reported experi-
mental binding of the reported compounds.

5. Conclusion

Overall, this study concludes the ligand-based features of rho-
danine, pyridazinone and pyrazolethione with the pharmacophore
modelling and 3D-QSAR by predicting the common pharma-
cophore of AAAHR and the 3D-QSAR shows the statistical values
valid QSAR model. Contour shows higher allocation of favourable
regions in the most active compound and unfavourable regions
in the least active compounds. These results suggest the placement
of atoms that can be modified in augmenting the activity of those
compounds. The ligand conformation subject to open and closed
lid conformations from the 100 ns MD simulations. Docking and
binding interactions shows an open lid conformation of protein
represents the R2 with 0.730 whereas closed lid conformation pro-
duces R2 with 0.925. This confirms that, the conformation obtained
from the 40th ns of molecular dynamics simulation is more active
and suitable for molecular modelling calculation. Finally, the 3D-
QSAR model, molecular dynamics and docking studies performed
here will provide the novel insights for the development of new
and potent lead compounds for the inhibition of SrtA. Overall, this
study will provide the information for considering the closed lid
conformations for designing future lead compounds for the inhibi-
tion of SrtA in Bacillus anthracis.
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