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Abstract

Acinetobacter baumannii belongs to the ESKAPE family of pathogens and is a multi-drug resistant, gram-negative bacteria
which follows the anaerobic form of respiration. A. baumannii is known to be the causative agent of hospital-related infec-
tions such as pneumonia, meningitis, endocarditis, septicaemia and a plethora of infections such as urinary tract infections
found primarily in immunocompromised patients. These attributes of A. baumannii make it a priority pathogen against which
potential therapeutic agents need to be developed. A. baumannii employs the formation of a biofilm to insulate its colonies
from the outer environment, which allows it to grow under harsh environmental conditions and develop resistance against
various drug molecules. Acyl-homoserine lactone synthase (AHLS) is an enzyme involved in the quorum-sensing pathway
in A. baumannii, which is responsible for the synthesis of signal molecules known as acyl-homoserine lactones, which trig-
ger the signalling pathway to regulate the factors involved in biofilm formation and regulation. The present study utilised a
homology-modelled structure of AHLS to virtually screen it against the ZINC in trial/[FDA-approved drug molecule library
to find a subset of potential lead candidates. These molecules were then filtered based on Lipinski’s, toxicological and ADME
properties, binding affinity, and interaction patterns to delineate lead molecules. Finally, three promising molecules were
selected, and their estimated binding affinity values were corroborated using AutoDock 4.2. The identified molecules and a
control molecule were subsequently subjected to MD simulations to mimic the physiological conditions of protein ligand-
binding interaction under the influence of a GROMOS forcefield. The global and essential dynamics analyses and MM/PBSA
based binding free energy computations suggested Droperidol and Cipargamin as potential inhibitors against the binding
site of AHLS from A. baumannii. The binding free energy calculations based on the MM/PBSA method showed excellent
results for Droperidol (— 50.02 +4.67 kcal/mol) and Cipargamin (— 42.29 +4.05 kcal/mol).
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Abbreviations
ADME Absorption, distribution, metabolism and
excretion

DCCM Dynamical cross-correlation matrix

FEL Free energy landscape

MD Molecular dynamics

MM/PBSA Molecular mechanics/Poisson—Boltzmann
surface area

Introduction

Belonging to the ESKAPE (Enterococcus faecium, Staphy-
lococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter) family
of pathogens, A. baumannii is a gram-negative bacterium
which is found ubiquitously in nature [1, 2]. A. baumannii
is an anaerobic coccobacillus and is implicated as a causal
agent for hospital-related infections, which involves pneu-
monia, meningitis, endocarditis, septicaemia and a plethora
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of infections such as urinary tract infections found primar-
ily in immunocompromised patients [3, 4]. A. baumannii
is known to display multi-drug resistance against diverse
classes of antibiotics which can be attributed to the exten-
sive use of antibiotics in clinical practice [1]. Due to the
resistance acquired by A. baumannii, it is now known to be
causative of bloodstream infections in 1-2% of all world-
wide infections along with an increased ICU mortality rate
of ventilator-assisted pneumonia of approximately 25%. This
trend of increased infections on a global scale caused by A
baumannii has made it a priority pathogen against which
new therapeutics need to be discovered [5].

The pathogenesis of A baumannii includes the forma-
tion of biofilms which is a virulence factor that involves the
formation of a protective film which provides the bacteria
isolation from the outer environment [6]. This allows the
bacteria to grow unhindered under harsh conditions and
allows the bacteria to develop resistance to various antibi-
otics [7, 8]. This attribute of biofilm formation is part of
the quorum-sensing pathway found in bacteria which aids
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in the regulation of the population in a bacterial colony
through a cascade of signal transduction pathways which
helps establish a channel of communication amongst bac-
teria within the colony to develop protective layers against
the outer environment [9]. In such pathways, regulators or
signal molecules are required to initiate and regulate the
formation of proteins and other factors involved forma-
tion and regulation of biofilms [7]. One such regulators
are acyl-homoserine lactones (AHL) which are autoinduc-
ers responsible for triggering the signalling pathway. An
AHL molecule comprises a homoserine lactone ring which
is bonded to a fatty acyl moiety that shows variety in its
size and composition based on the bacteria they are found.
The fatty acyl chain of an AHL molecule is a crucial factor
in different species due to its diversity as the receptor for
AHL molecules show specificity towards them based on the
length and structure of the fatty acyl chain. These autoinduc-
ers are synthesised by specific enzymes, which are together
termed acyl-homoserine-lactone synthases or AHL synthase
(AHLYS) [8]. In A. baumannii, the quorum-sensing pathway
includes enzymes involved in the synthesis of the signal
molecules (AHLS) and the cognate receptor to which the
autoinducers ultimately bind to induce gene expression [10].
A transporter protein is involved in the transportation of the
fatty acyl chain substrate to AHLS, upon which a lactone
ring donor (S-adenosyl-L-methionine) leads to the produc-
tion of AHL molecules. This AHL molecule will ultimately
act as signal molecule for its cognate receptor which will
lead to the synthesis of factors involved in biofilm forma-
tion and regulation. The AHL molecules and its receptors
involve themselves in a positive feedback mechanism which
regulates the production of AHL molecules and ultimately
regulates the quorum sensing pathway in A baumannii [11].

The current study employs extensive computational
analyses to investigate the ZINC in trial/[FDA-approved drug
molecules library for potential lead molecules against AHLS
from A. baumannii, which will disable the production of
AHL molecules that may eventually bring a pause to the
pathway and ultimately hinder the formation and regulation
of biofilms in A. baumannii. The study has targeted AHLS’s
acylated—acyl carrier protein substrate-binding site, herein-
after referred to as the binding site. Also, we have previously
targeted AHLS from A. baumannii using the structure-based
virtual screening approach [12]. The study identified three
potential inhibitory molecules from the Enamine advanced
collection small molecule library. The present study builds
on our previous study by utilising ZINC in trial/FDA-
approved drug molecule library to determine higher affinity
under investigation/FDA-approved drug molecules against
AHLS from A. baumannii. The modelled structure of AHLS
from our previous study was utilised against which virtual
screening, Lipinski’s and toxicological screening and molec-
ular docking studies delineated lead molecules which were

then subjected to 100 ns molecular dynamics (MD) simu-
lations. The MD trajectories were analysed using various
global and essential dynamics parameters. Finally, Molecu-
lar mechanics/Poisson—-Boltzmann surface area (MM/PBSA)
based binding free energy calculations were implemented
to evaluate the stability of the AHLS-ligand complexes.
As a result, we have identified two promising lead candi-
dates (Droperidol and Cipargamin) against AHLS from A.
baumannii.

Methodology
AHLS structure prediction

Our previous study [12] predicted the 3D structure of AHLS
from A. baumannii using the homology modelling method.
The experimentally solved crystal structure of Tofl (PDB
ID: 3P2H) from Burkholderia glumae was used as the tem-
plate for SwissModel [13] based homology modelling, and
the predicted model was further corrected using YASARA
[14]. Moreover, the final optimised model of AHLS was sub-
mitted to the ModelArchive database and can be accessed
at modelarchive.org/doi/10.5452/ma-15kzu. The same
AHLS model has been used in the current study. The reader
is referred to our previous publication for detailed methodol-
ogy and results of homology modelling, model optimisation
and model evaluation. The results of initial and corrected
AHLS model assessments have been presented in the sup-
plementary data.

Virtual screening, Lipinski’s rule of five, toxicity
and ADME filtering

The AHLS model was virtually screened with a small mol-
ecule library comprising approximately 9300 in trial and
FDA-approved drug molecules. The virtual screening was
accomplished using AutoDock Vina [15] installed on the
Drugdiscovery @ TACC (Texas Advanced Computing Cen-
tre) portal available at drugdiscovery.tacc.utexas.edu. The
virtual screening search space was constrained to the bind-
ing site (acylated—acyl carrier protein substrate-binding
site) of AHLS. The binding site amino acid residues were
derived from structural superimposition with the selected
template structure. TACC portal reverted a list of thousand
ligands exhibiting the strongest binding affinity towards
AHLS. Next, the thousand ligands were subjected to Data-
Warrior [16] for screening based on Lipinski’s rule of five
parameters and toxicological properties. The ligands that
passed Lipinski’s rule of five and toxicological filters were
then exposed to SwissADME [17] for screening based on
pharmacokinetic properties. The AHLS complexes of the
top three ligands that passed ADME filters and had the

@ Springer


modelarchive.org/doi/10.5452/ma-15kzu

1982

Molecular Diversity (2023) 27:1979-1999

highest binding affinity towards AHLS were selected for
additional evaluations. Moreover, the inhibitor molecule,
J8-C8 (PubChem CID: 53239922), present in the crystallo-
graphic structure of the template, was used as a control in the
virtual screening. J§8-C8 has an experimentally determined
dissociation constant (K)) of 3.6 uM with respect to AHLS
from Burkholderia glumae. AHLS was also screened with
J8-C8 using Vina [18].

Molecular docking

AutoDock 4.2.6 [19] and AutoDockTools 1.5.7 were
employed to dock the selected ligands to the binding site
of AHLS. AutoDock-based docking was performed to cor-
roborate the binding affinity values obtained from virtual
screening. The AutoDock search space was confined to the
binding site earlier targeted by virtual screening. The follow-
ing grid dimensions were used for the docking runs: grid_
points_X =60, grid_points_Y =40, grid_points_Z =30,
grid_center_X =-0.8, grid_center_Y =79.39 and grid_
center_Z =>51.4. Moreover, GA runs and the population
size were configured to 1000 and 200, respectively. The
maximum number of generations and evaluations were
27,000 and 25,00,000, respectively. The crossover rate and
the mutation rate were 0.8 and 0.02, respectively. The out-
put clusters were analysed in AutoDockTools, and the best
complexes were selected for the further assessment using
MD simulations. The docking results were analysed, and the
interaction figures were prepared using PyMOL and BIO-
VIA Discovery Studio [20].

Molecular dynamics simulations

Native AHLS and its selected ligand-bound complexes were
exposed to 100 ns MD simulations using GROMACS 2021.3
[21]. MD simulations were executed to account for protein
flexibility and physiological conditions like aqueous envi-
ronment, temperature, pressure, etc. The protein structure
was parametrised using the GROMOS 54A7 force field [22].
The topology files of selected ligands were generated using
PRODRG [23]. Native AHLS and its ligand-bound com-
plexes were confined in cubic boxes, and a 1 nm distance
was retained between the protein atoms and the edge of the
box. The SPC/E water model was utilised to solvate the
AHLS systems. LINCS algorithm was used to constrain the
bonds involving hydrogen atoms. The steepest descent algo-
rithm was used to minimise the AHLS systems. The maxi-
mum energy tolerance and the number of steps were config-
ured to 100 kJ mol~! nm~! and 50,000, respectively. Upon
minimisation, the systems were equilibrated in two stages. In
the first stage, 1 ns of NVT equilibration was applied, where
the number of particles, volume and temperature (300 K)
were kept steady. In the next step, 1 ns of NPT equilibration
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was applied, where the number of particles, pressure (1 bar)
and temperature were kept steady. The Parrinello-Rahman
barostat and v-rescale thermostat maintained the required
pressure and temperature values. Next, production MD sim-
ulations of 100 ns were performed for the AHLS systems.
The MD trajectories were analysed using tools built in the
GROMACS package and the R-based Bio3D package [24].
The analyses of the AHLS systems were based on global
and essential structural parameters, including RMSD (Root
Mean Square Deviation), RMSF (Root Mean Square Fluctu-
ation), Rg (Radius of Gyration), SASA (Solvent Accessible
Surface Area), H-bonds (intermolecular hydrogen bonds),
PCA (Principal Component Analysis), FEL (Free Energy
Landscape) and DCCM (Dynamical Cross-Correlation
Matrix). The plots for different MD analyses were prepared
via Gnuplot.

Binding free energy calculations

The end state MM/PBSA [25] based method was imple-
mented to compute the binding free energy values of AHLS-
ligand complexes. The binding free energy values present a
general idea regarding the stability of protein-ligand com-
plexes and intermolecular interactions between the protein
and ligand molecules. The calculations were performed
using g_mmpbsa [26]. The binding free energy calculations
were performed according to the following equation:

AGbinding = AE

vdw

+ AE,

ele

+ AGpy + AG,,

pol

In this equation, AE,,, AE;,, AG,, and AG,, signify
contributions of Van der Waals energy, electrostatic energy,
polar solvation energy and non-polar solvation energy,
respectively. AGygin, depicts the binding free energy values
of AHLS complex formation. The g_mmpbsa tool imple-
ments Lennard—Jones and Coulomb potentials to solve Van
der Waals and electrostatic contributions. Furthermore, it
implements the Poisson—-Boltzmann equation to compute
polar solvation energy contribution. Finally, SASA only
non-polar model was utilised to solve the non-polar energy
contribution. For the calculations, the last 20 ns (80-100 ns)
of converged AHLS trajectories were considered, and snap-
shots were captured every 50 ps.

Results

Virtual screening, Lipinski’s rule of five, toxicity
and ADME filtering

The AHLS model was downloaded from the ModelArchive
database and submitted to Drugdiscovery @ TACC portal for
Vina based virtual screening. The selected library comprised
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approximately 9300 in trial or already FDA-approved
drug molecules. The binding site residues of AHLS were
extracted via structural superimposition with the template
structure (PDB ID: 3P2H). The binding site residues con-
served across the AHLS model and the template structure
included Phe32, Leu36, Trp38, Glul04, Leul05, Argl07,
Leul48, Cys184 and Ile186. The conserved residues implied
that the binding site is majorly composed of hydrophobic
amino acids. The output from the TACC portal contained
a list of the top thousand ligand molecules demonstrating
the maximum affinity to the binding site of AHLS. Next,
the thousand ligands were screened based on Lipinski’s
and toxicological parameters. The ligand molecules hav-
ing molecular weight smaller than 500 Da, hydrogen bond
acceptors less than 10, hydrogen bond donors less than
5, topological polar surface area values less than 100 A2,
rotatable bonds less than 10, positive druglikeness values
and consensus octanol-water partition coefficient values
less than 5 were selected for further screening. Moreover,
ligands having mutagenic, tumorigenic, reproductive effec-
tive and irritative effects were also discarded. Out of the

thousand ligands, only 126 ligand molecules passed these
filters. The molecules that passed these filters were then
subjected to SwisSADME for screening based on ADME
properties. In SwissADME, the molecules having ESOL
(Estimated SOLubility) class—soluble, high gastrointesti-
nal absorption, blood-brain barrier permeable, non-inhib-
itor of cytochromes P450 or CYP (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4) enzymes, and zero
PAINS (Pan-Assay INterference compoundS) alerts were
selected for further evaluations. Out of the 126 ligands, only
seven ligand molecules passed all these SwissADME filters.
Out of the 7 ligands, the top three were chosen for the next
stage of evaluations via MD simulations. The three selected
ligands were ZINC000053298428, ZINC000049037032
and ZINC000019796080. ZINC000053298428,
ZINC000049037032 and ZINC000019796080 exhibited
Vina binding affinity values of — 8.5 kcal/mol, — 9.0 kcal/
mol and — 8.9 kcal/mol, respectively. Also, the control mol-
ecule, J8-C8, exhibited a binding affinity of — 6.0 kcal/mol
in virtual screening. Tables 1, 2 and 3 depict Lipinski’s rule

Table 1 Lipinski’s properties and druglikeness scores of the selected ligands

S/No Ligand MW (<500 Da) rBonds HBA (£10) HBD (<5) cLogP (£5) DL

(=£10)
1 ZINC000053298428 384.558 5 5 3 2.3738 2.3921
2 ZINC000049037032 407.379 0 4 4 2.1486 1.3634
3 ZINC000019796080 398.585 6 5 4 3.6261 1.9388
4 J8-C8 239.358 7 3 1 3.2283 —18.881

MW molecular weight, rBonds rotatable bonds, HBA hydrogen bond acceptor, HBD hydrogen bond donor, cLogP consensus octanol-water parti-

tion coefficient, DL druglikeness

Table 2 Toxicological

. S/ No Ligand Carcinogenic Mutagenic Reproduc- Irritant
properties of the selected ibility
ligands
1 ZINC000053298428 No No No No
2 ZINC000049037032 No No No No
3 ZINC000019796080 No No No No
4 J8-C8 No No No No
Table 3 ADME profiles of the S/No Molecule GI BBB  TPSA (100 A> ESOL class CYP inhibitor PAINS alert
selected ligands
perme-
ability
1 ZINC000053298428 High Yes 56.76 Soluble No 0
2 ZINC000049037032 High Yes 70.31 Soluble No 0
3 ZINC000019796080 High Yes 67.76 Soluble No 0
4 J8-C8 High Yes 46.17 Soluble No 0

GI gastrointestinal absorption, BBB blood-brain barrier, TPSA total polar surface area, ESOL estimated
solubility, CYP Cytochrome P450 enzymes, PAINS Pan-assay interference compounds
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of five, toxicological and ADME properties of the selected
ligands.

AutoDock calculations

Next, the selected ligands and J8-C8 were docked to the
binding site of AHLS using AutoDock 4.2.6. Figure 1
depicts the 2D and 3D interaction patterns in AHLS com-
plexes. Table 4 summarises the interactions between AHLS
and the selected ligands.

The AutoDock estimated binding affinity (AG) and
inhibition constant (Ki) for ZINC000053298428 against
AHLS were -9.15 kcal/mol and 196.21 nM, respectively.
The ligand was involved in intermolecular hydrogen bonds
with Arg107 (2.8 A), Phe108 (2.13 A), Alal10 (2.12 A)
and Thr150 (2.95 A). The ligand was involved in pi-alkyl
interactions with Tyr35 (5.13 A) and Pro153 (4.81 A).
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Fig. 1 Selected ligands bound to AHL synthase. Zoomed-in view—
Two-dimensional and Three-dimensional illustration of AHLS bind-
ing site interacting with ZINC000053298428 (Green: Al and A2),
ZINC000049037032 (Blue: B1 and B2), ZINC000019796080 (Pink:
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Tyr35 (2.61 A) was also engaged in pi-cation interaction
with the ligand molecule. Vallll (5.04 A) was involved
in alkyl-hydrophobic interaction with the ligand. Also,
the ligand made halogen (fluorine) bonds with Leul05
(2.95 A) and Thr151 (3.68 A). Finally, Arg30, Val31,
Phe32, Leu36, Trp38, Ser152, Vall56 and Metl181 par-
ticipated in Van der Waals interactions with the ligand
molecule.

The AutoDock estimated binding affinity (AG) and
inhibition constant (Ki) for ZINC000049037032 were
— 7.14 kcal/mol and 5.85 uM, respectively. The ligand
made hydrogen bonds with Phel08 (2.16 10\) and Alall10
(2.39 A). The ligand was engaged in pi-alkyl interactions
with Phe32 (5.3 A), Trp38 (5.22 A), Alal10 (4.47 A),
Prol53 (4.28 A and 4.38 A) and Vall56 (5.04 A and
5.47 A). Vall56 (3.4 A) and Leul59 (4.04 A) were
involved in alkyl-hydrophobic interactions with the ligand

-

o
A

C1 and C2), and J8-C8 (Yellow: D1 and D2) via hydrogen bonds

(dark green colour), halogen bonds (sky blue colour), pi-interactions
(light pink, orange and purple colour) and Van der Waals interactions

(slightly green colour)
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Table 4 Intermolecular interactions between selected ligands and AHLS

S/No  Ligands ID HB D(A)  Pi-SR

D)  vdWISR

1 ZINC000053298428 Argl07 2.8 Tyr35
Phel08 2.13 Tyr35
Alall0 2.12 Vallll
Thr150 2.95 Pro153

2 ZINC000049037032 Phel08 2.16 Phe32
Alall0 2.39 Phe32
Leu36
Trp38

Alal10

Prol53

Prol53

Vall56

Vall56

Vall56

Leuls9

3 ZINC000019796080 Leul05 3.07 Leu82
Leul05 1.76 Alall0

Phel08 2.11 Thr151
Phel08 1.88 Thr151
Alall0 2.17 Vall56
4 J8-C8 Phel08 2.19 Leu36
Alall0 1.95 Leul05
Phel08
Prol53
Vall56
Vall56

5.13 Arg30, Val31, Phe32, Leu36, Trp38, Serl52, Vall56, Met181
2.61
5.04
4.81

5.24 Val31, Tyr35, Ser106, Arg107, Ser109, Ser129, Met181
53
3.97
5.22
4.47
4.28
4.38
34
5.04
5.47
4.04

5.28 Val31, Phe32, Leu36, Trp38, Phe87, Glu104, Ser106,
4.75 Argl07, Ser152, Prol153, Leul59, Met181

2.61

2.78

4.35

4.99 Val31, Phe32, Trp38, Ser106, Argl107, Ser109, Thr150,
4.14 Thrl5, Ser152, Leul60, Met181, 1le186

4.42

4.58

5.33

5.21

HB hydrogen bond interaction, D distance, Pi-SR Pi-interaction sharing residues, vdWISR Van der Waals interaction sharing residues

molecule. Leu36 (3.97 10\) made a pi-sigma contact with
the ligand molecule. Phe32 (5.24 10\) was also involved
in pi-pi T shaped interaction with the ligand molecule.
Finally, the ligand participated in Van der Waals contacts
with Val31, Tyr35, Ser106, Argl07, Ser109, Ser129 and
Met181.

The AutoDock estimated binding affinity (AG) and
inhibition constant (Ki) for ZINC000019796080 were
— 10.23 kcal/mol and 31.69 nM, respectively. The ligand
made hydrogen bonds with Leul05 (1.76 A and 3.07 A),
Phel08 (1.88 A and 2.11 A) and Alal10 (2.17 A). The
ligand was engaged in pi-alkyl interactions with Leu82
(5.28 A), Alal10 (4.75 A) and Vall56 (4.35 A). Thr151
(2.78 10\) was involved in a pi-lone pair contact with the
ligand molecule. Thr151 (2.61 A) was also involved in pi-
sigma interaction with the ligand molecule.

Finally, the ligand was engaged in Van der Waals inter-
actions with Val31, Phe32, Leu36, Trp38, Phe87, Glul04,
Ser106, Argl07, Ser152, Pro153, Leul59 and Met181.

The AutoDock estimated binding affinity (AG) and
inhibition constant (K7) for J8-C8 were — 6.9 kcal/mol and
8.72 uM, respectively. The ligand was involved in intermo-
lecular hydrogen bonds with Phe108 (2.19 /o\) and Alall0
(1.95 10\). The ligand was also engaged in alkyl-hydrophobic
interactions with Leu36 (4.99 10\), LeulO5 (4.14 10\), Pro153

(4.58 A) and Val156 (5.33 A and 5.21 A). In addition,
Phe108 (4.42 10\) was involved in the pi-alkyl interaction.
Finally, the ligand was involved in Van der Waals interac-
tions with Val31, Phe32, Trp38, Ser106, Argl07, Ser109,
Thr150, Thr15, Ser152, Leul160, Met181 and Ile186. Table 5
compares Vina and AutoDock binding affinities of the
selected ligands and also represents their predicted inhibi-
tion constants and molecular formulae. Figure 2. Depicts the
2D chemical structures of the selected ligands.

Next, APBS or Adaptive Poisson-Boltzmann Solver
PyMOL plugin was executed to compute the electrostatic
surface potential of AHLS complexes. The results (see
Fig. 3) showed that most of the surface of AHLS comprises
slightly acidic or neutral amino acids. In contrast, the bind-
ing site of AHLS contains highly basic amino acid residues.
Also, the results suggested that the selected ligands ade-
quately occupied the binding site of AHLS.

Molecular dynamics simulations

MD simulations were performed next to reflect the dynamic
behaviour of native AHLS and its ligand-bound complexes.
AutoDock or Vina doesn’t take into account the complete
dynamic behaviour of protein molecules, and neither
these programmes allow the users to implement essential
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Table 5 Chemical formulae, S/No

. . Selected ligands
Vina and AutoDock binding

Chemical formula

Vina binding AutoDock binding  AutoDock

i L.e affinity (kcal/ affinity (kcal/mol) inhibition
affinity and AutoDock inhibition mol) constant
constant of the selected ligands

1 ZINC000053298428  C,;H,,FN;0, -85 -9.15 196.21 nM
(INJ-39220675)

2 ZINC000049037032  C,¢H,,C,,FN;0 -9.0 -7.14 5.85uM
(Cipargamin)

3 ZINC000019796080  C,,H,,FN,0, -89 —-10.23 31.69 nM
(Droperidol)

4 J8-C8 (Control) C,,Hy;NO, - 6.0 - 6.9 8.72uM
(ZINC66157186)

Fig.2 Ligands selected for I
molecular docking and molecu-
lar dynamics simulation studies

HN

Cl

ZINC000049037032 (Cipargamin)

physiological parameters like temperature, pressure, solva-
tion, etc. In contrast, MD simulations provide users with the
complete flexibility to study the protein dynamics and imple-
ment and perturb the accompanying physiological param-
eters. The present study has implemented MD simulations to
study how the ligand-binding events affected the dynamics
of AHLS. The MD trajectories were analysed using global
dynamics parameters such as RMSD, RMSF, Rg, SASA,
intermolecular hydrogen bonds, and essential dynamics
parameters such as PCA, DCCM and FEL. Potential energy
(kJ/mol) and temperature (K) plots of AHLS systems after
equilibration have been presented in the supplementary data.

In RMSD analysis (see Fig. 4a), the free AHLS system
converged at around the 30 ns time point and conserved its
stability till the end. In contrast, the AHLS-ligand com-
plexes seemed to attain stability rapidly, but they exhibited
increased fluctuations compared to the free protein. For
example, the AHLS-ZINC000053298428 complex stabilised
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O

ZINC66157186 (J8-C8)

at approximately the 25 ns time point, but it showed notice-
able structural fluctuations between the 50-65 ns range.
However, the complex stabilised again with a lower aver-
age RMSD and maintained it till the end. The AHLS-
ZINC000049037032 complex converged at around 20 ns
time point and exhibited a very consistent RMSD till the end.
The AHLS-ZINC000019796080 complex also converged
around the 20 ns time point, but its fluctuations were more
pronounced than the AHLS-ZINC000049037032 complex.
Finally, the AHLS-J8-C8 complex exhibited the most signif-
icant initial fluctuations, stabilised at around the 55 ns time
point, and preserved it until the end. The average RMSD
values of the native AHLS, AHLS-ZINC000053298428,
AHLS-ZINC000049037032, AHLS-ZINC000019796080
and AHLS-J8-C8 complexes were 0.35 nm, 0.43 nm,
0.47 nm, 0.51 nm and 0.46 nm, respectively (rounded off to
two decimal places).
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Fig.3 The electrostatic surface potential of AHLS bound to blue-coloured and white-coloured patches represent acidic, basic and
ZINC000053298428 (Green), ZINC000049037032 (Blue), neutral amino acid residues, respectively
ZINC000019796080 (Pink), and J8-C8 (Yellow). The red-cultured,
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Fig.4 Analysis of MD simulations of free AHLS (black), AHLS-ZINC000053298428 (green), AHLS-ZINC000049037032 (blue), AHLS-
ZINCO000019796080 (pink), and AHLS-J8-C8 (yellow) a RMSD b RMSF ¢ Rg d SASA
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In RMSF analysis (see Fig. 4b), the AHLS systems exhib-
ited enhanced fluctuations in the N and C terminal ends and
the segment comprising 110-125 amino acid residues. The
Alal10-Ser125 amino acid residues segment comprises a
highly flexible loop, leading to the highest fluctuations in all
AHLS systems. Moreover, increased fluctuations were also
observed in loop dominated segments comprising residues
Tyr35-GIn50 and Leu75-Pro100. The AHLS-J8-C8 com-
plex exhibited the highest RMSF across all AHLS systems.
Conversely, the RMSF values exhibited by other AHLS
complexes were very comparable. The average RMSF val-
ues of the free AHLS, AHLS-ZINC000053298428, AHLS-
ZINC000049037032, AHLS-ZINC000019796080 and
AHLS-J8-C8 complexes were 0.18 nm, 0.18 nm, 0.18 nm,
0.17 nm and 0.2 nm, respectively (rounded off to two deci-
mal places).

Next, Rg values of AHLS systems were analysed (see
Fig. 4c). Except for the native AHLS structure and AHLS-
ZINC000053298428 complex, the remaining AHLS systems
also showed a slight downward trend in the Rg values. Also,
the native AHLS structure exhibited the highest Rg (1.68 nm
at 8.69 ns), whereas the AHLS-J8-C8 complex exhibited the
lowest Rg (1.56 nm at 76.21 ns) across all systems. Besides,
most of the Rg fluctuations were observed in the first 60 ns
as the values of all AHLS systems noticeably stabilised
after the 60 ns time point. The average Rg values showed
by the native AHLS, AHLS-ZINC000053298428, AHLS-
ZINC000049037032, AHLS-ZINC000019796080 and
AHLS-J8-C8 complexes were 1.62 nm, 1.62 nm, 1.61 nm,
1.6 nm and 1.61 nm, respectively (rounded off to two deci-
mal places).

Next, the perturbations in SASA of AHLS-ligand com-
plexes compared to the native AHLS were analysed (see
Fig. 4d). Except for the AHLS-J8-C8 complex, it was
observed that the ligand-binding events led to a slight
downward trend in the SASA of AHLS. Moreover, the
AHLS-ZINC000053298428 complex (111.919 nm? at
0.85 ns) registered the highest SASA, whereas the AHLS-
ZINC000019796080 complex (89.69 nm? at 72.64 ns)
registered the lowest SASA out of all AHLS systems.
The average SASA values exhibited by the free AHLS,
AHLS-ZINC000053298428, AHLS-ZINC000049037032,

were 99.11 nm? 100.1 nm?, 99.54 nm? 98.24 nm? and
100.36 nm?, respectively. Additionally, the protein SASA
that got buried (,,,SASA) or became inaccessible to the
solvent because of the ligand-binding events was calcu-
lated using the following formula: ,, SASA =(SASA
+ SASAjigana) = SASA g ppiex [27]. Table 6. showcases the
individual SASA components and , SASA of AHLS sys-
tems. The . SASA of AHLS-ZINC000053298428, AHLS-
ZINC000049037032, AHLS-ZINC000019796080 and
AHLS-J8-C8 complexes were calculated to be 6.39 nm?,
7.16 nm?, 8.51 nm? and 6.63 nm?, respectively (rounded off
to two decimal places).

Next, the intermolecular hydrogen bond formation and
disruption between AHLS and the selected ligands were
analysed (see Fig. 5). The AHLS-ZINC000053298428
involved the least number of hydrogen bonds out of all com-
plexes. On the other hand, the AHLS-ZINC000049037032
complex consistently made two to three H-bonds in the
final 40 ns of the MD simulation. Similarly, the AHLS-
ZINC000019796080 complex consistently made three
H-bonds after the 50 ns time point. The control molecule
also made one to two H-bonds throughout the MD simula-
tion. The average H-bonds in AHLS-ZINC000053298428,
AHLS-ZINC000049037032, AHLS-ZINC000019796080,
and AHLS-J8-C8 complexes were 0, 1, 2 and 1, respectively
(rounded off to the nearest whole number).

protein

HB in numbers

0 20 40 60 100
Time (ns)

Fig.5 Hydrogen bond analysis of AHLS-ZINC000053298428

(green), AHLS-ZINC000049037032 (blue), AHLS-
AHLS-ZINC000019796080 and AHLS-J8-C8 complexes ZINC000019796080 (pink), and AHLS-J8-C8 (yellow)
Izl;l; :n :r?gl:ﬁiujrssﬁssﬁ o System SASA,oyein (nm?) Zﬁnsj)\hgm SASA omplex (M) 1, SASA (nm?)
AHLS systems
Native AHLS 99.11 - -
AHLS-ZINC000053298428  100.19 6.30 100.1 6.39
AHLS-ZINC000049037032  101.22 5.48 99.54 7.16
AHLS-ZINC000019796080  100.61 6.14 98.24 8.51
AHLS-J8-C8 102.31 4.68 100.36 6.63
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The biologically relevant, high magnitude and low-fre-
quency motions or essential dynamics of alpha carbons (Ca)
of AHLS systems were extracted using PCA. The eigenvec-
tors were derived from the covariance matrix, and the trajec-
tories were projected on the two-dimensional essential sub-
space of orthogonal eigenvector 1 (EV1) and eigenvector 2
(EV2). The analysis showed that the top two eigenvectors or
principal components (PC1 and PC2) captured 48.7-62.7%
of the variance proportion observed in PCA. Figure 6 depicts
the 2-D projections of the most significant variances and the
eigenvalue ranks of AHLS systems. The blue-coloured dots
on the essential subspace represent initial AHLS conforma-
tions observed during MD simulation, whereas the white-
coloured dots and red-coloured dots represent intermediate
and final conformations. Moreover, the gradual transition
of blue-coloured dots to white-coloured dots and eventu-
ally to red-coloured dots depict the temporal conformational
perturbations exhibited by the AHLS systems. The projec-
tions suggested that the ligand-binding events lead to distinct
perturbations in AHLS essential dynamics compared to the
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native AHLS structure. The essential subspace of native
AHLS had initial conformations spread out on the right-
hand region, which gradually shifted to conformations in
the intermediate states in the centre, followed by the tight
clustering of final conformations on the left-hand region. For
the AHLS-ZINCO000053298428 complex, the initial confor-
mations resided on the top right-hand part of the essential
subspace, which gradually shifted to intermediate states on
the centre-left hand, followed by relatively dispersed cluster-
ing of final conformations on the lower right-hand region.
For the AHLS-ZINC000049037032 complex, the initial con-
formations populated the left-hand region of the essential
subspace, which shifted to the intermediate state conforma-
tions on the lower left-hand part, followed by the compact
clustering of final conformations on the lower right-hand
region. For the AHLS-ZINC000019796080 complex, the
initial conformations were scattered on the essential sub-
space, which gradually shifted to intermediate states on the
upper left-hand part, followed by very compact clustering
of final conformations on the lower left-hand region. For
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the AHLS-J8-C8 complex, the initial conformations were
scattered on the left-hand region of the essential subspace,
which transitioned to the intermediate states in the centre,
followed by the compact clustering of final conformations
on the right-hand region. Furthermore, the top two eigenvec-
tors of native AHLS, AHLS-ZINC000053298428, AHLS-
ZINC000049037032, AHLS-ZINC000019796080 and
AHLS-J8-C8 complexes captured 51.3%, 48.7%, 52.7%,
59.8% and 62.7% of total variances, respectively.

Next, the modevectors.py script (https://raw.githubuser
content.com/Pymol-Scripts/Pymol-script-repo/master/
modevectors.py) was used to analyse the contributions of
the essential dynamics made by the top two eigenvectors
(EV1 and EV2). For each AHLS system, the structures with
two extreme states representing the essential dynamics con-
tribution made by EV1 and EV2 were extracted using the
gmx anaeig module. Next, using the modevectors.py script,
spikes were drawn from the alpha carbon (Ca) atoms of the
initial state to the final state of the AHLS structure. The
minimum cut-off for the spikes was set to 4 A in the script,
which meant that fluctuations <4 A were exempted from
this analysis. Also, the length of the spikes was proportional
to the Ca atomic fluctuations. In Fig. 7, the AHLS struc-
tures with red-coloured spikes represent the fluctuations
contributed by eigenvector 1 (EV1), whereas the structures

having yellow coloured spikes represent the fluctuations
contributed by eigenvector 2 (EV2). The results showed
that most of the EV1 and EV2 fluctuations were localised
in the highly flexible loop regions (F12-E18 residues, Glu39-
GIn50, Glu85-Pro95 residues, Alal10-Val128 residues and
Alal70-Leul85 residues) of the native and ligand-bound
AHLS structures. Moreover, enhanced fluctuations in
loops comprising residues Asp63-Asn67 and Leu91-Ser99
of the AHLS-ZINC000049037032 complex were present.
Similarly, in the AHLS-ZINC000019796080 complex, the
Glu39-GIn50 segment fluctuations were extended to the
Val33-Val54 residues loop segment. Finally, the length of
the spikes suggested that AHLS-ZINC000019796080 and
AHLS-J8-C8 complexes experienced the highest magnitude
essential dynamics across all AHLS systems.

Besides, the top two eigenvectors (EV1 and EV2) were
used for the FEL study of AHLS systems. Each AHLS sys-
tem exhibited a distinct clustering pattern of low energy
states. In Fig. 8, the red-coloured regions in the FEL basins
represent high energy conformations, whereas purple col-
oured regions represent the very low energy (Gibbs energy
content approaching 0 kJ/mol) conformations. The native
AHLS primarily formed three separate low energy basins,
and the accompanying minima with flattened ends sug-
gested clustering of low to very low energy conformations

AHLS-ZINC000019796080

AHLS-J8-C8

Fig. 7 Essential dynamics analysis of AHLS and its ligand-bound complexes. The red spikes represent the motion contributed by PC1, and the

yellow spikes represent the motion contributed by PC2
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Fig.8 Free energy landscapes of a native AHLS, b AHLS-ZINC000053298428, ¢ AHLS-ZINC000049037032, d AHLS-ZINC000019796080,

and e AHLS-J8-C8

in all three basins. Upon ZINC000053298428 binding
to AHLS, a shift in the coordinates of the low energy
basins was observed. Moreover, the basins were notice-
ably narrower, and the clustered low energy conforma-
tions retained relatively higher energy than the low energy
conformations of native AHLS. In the case of the AHLS-
ZINC000049037032 complex, the low energy basins were
further constricted, and conformations residing in only one
cluster attained the lowest energy minima. In the case of the
AHLS-ZINC000019796080 complex, two very low energy
extended basins (connected with a medium energy barrier)
populated with conformations in the very low energy state
were observed. Finally, the AHLS-J8-C8 complex assumed
the most rugged FEL with an extended, very low energy
basin occupied by conformations in stable states intercon-
nected with low energy barriers. The presence of minima
with flattened ends again suggested the clustering of confor-
mations in low energy stable state at multiple coordinates in
the FEL of the AHLS-J8-C8 complex.

Next, the secondary structure components of AHLS sys-
tems were analysed using the DSSP programme [28] avail-
able for GROMACS. The programme can classify second-
ary structure elements into the following categories: coil,
p-sheet, p-bridge, bend, turn, a-helix and others (z-helix and
3,0-helix). Additionally, DSSP recognises a-helix, p-sheet,
p-bridge and turn as "structure”. The results showed that
the percentages of different AHLS secondary structure
elements were very consistent during the MD simulations

(see Fig. 9). However, compared to the native AHLS struc-
ture, some minor interconversions between the secondary
structure elements were observed in AHLS-ligand com-
plexes (see Table 7). For example, the native AHLS struc-
ture and AHLS-J8-C8 complex possessed 62% structured
elements, whereas AHLS-ZINC000053298428, AHLS-
ZINC000049037032, and AHLS-J8-C8 complexes had
59%, 61% and 59% structured elements, respectively. Addi-
tionally, the results showed that the ligand-binding events
slightly increased (A =3%) the percentage of bends and
slightly decreased (A =— 1%) the percentage of z-helices
and 3,,-helices in the AHLS structure.

The DCCM analysis was executed to study how the
ligand-binding events perturbed correlated and anti-corre-
lated motions of amino acid residues of AHLS systems. The
motions captured by the top 20 eigenvectors derived from
PCA were considered for it. Figure 10 represents the DCCM
maps and corresponding molecular visualisation of corre-
lated and anti-correlated motions in AHLS systems. The
gradient scale in DCCM maps describes the range of cor-
related or anti-correlated motions, where 1 (red) means com-
pletely correlated motions and -1 (blue) implies completely
anti-correlated motions. The circled regions in DCCM plots
depict the AHLS segments undergoing the most significant
disturbances in correlated or anti-correlated motions. In the
3D visualisations, the red-coloured threads describe pair-
wise residue cross-correlations, whereas the blue-coloured
regions represent anti-correlations. For the native AHLS

@ Springer



1992 Molecular Diversity (2023) 27:1979-1999
140 140
120 120
5 ’ 100 s100
°© S S
g E 80 £ 80
3 =] =
Z Z Z
v 2 60 2 60
= 2 =
g 8§ 410 z
~ 4 1Nigh qm;u” fl = 40
20 by "'W“M*"W ey 20
u%m.% i gl ey
0
0 20 40 60 80 100
0 20 40 60 80 100
(a) . (b) , © .
Time (ns) Time (ns) Time (ns)
140 140
120
= 100 —
Q Q
E E
5 80 =)
Z Z
E -
5 60 =
- B
&~ 40 ~
20 0
ol
(d
m— Structure = 3-Sheet m— Coil — o-Helix
=== Bend == Turn === 5-Helix === (-Bridge

== 3_Helix
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Table7 Secondary structure System Structure  Coil f-Sheet f-Bridge Bend Turn a-Helix Others
elements of native AHLS and
the selected AHLS-ligand AHLS 62 24 25 0 12 12 24 3
complexes
AHLS-ZINC000053298428 59 25 26 0 14 8 24 2
AHLS-ZINC000049037032 61 23 26 1 15 11 22 2
AHLS-ZINC000019796080 62 23 26 1 13 13 22 2
AHLS-J8-C8 59 25 25 1 15 10 22 2

Structure = a-Helix + 3-Sheet + f-Bridge + Turn

Others = z-Helix + 3,-Helix

structure, the results showed that amino acid residues in
secondary structure elements exhibited extensive correlated
motions. In contrast, anti-correlated motions were observed
between the Lys25-Leu40 helix loop segment and the Pro80-
Leu90 loop helix segment, Arg30-Leu40 helix loop seg-
ment and Pro173-Met181 strand loop strand segment and

@ Springer

GIn143-GIn147 loop segment and Prol173-Met181 strand
loop strand segment. The results also showed that the bind-
ing of ZINC000053298428 to AHLS resulted in a minor
global loss of correlated motions. However, the loss was
more pronounced in the case of anti-correlated motions
because it caused a significant loss at the substrate-binding
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site, and it also resulted in a noticeable gain of anti-cor-
related motions between the Asnl15-Alal23 loop segment
and neighbouring secondary structure elements. The binding
of ZINC000049037032 to AHLS increased both correlated
and anti-correlated motions. Compared to native AHLS,
the correlation pattern of the AHLS-ZINC000049037032
appeared to be very similar, but the pattern of non-corre-
lated motions again exhibited significant perturbation and
looked like a hybrid of non-correlated motions in native
AHLS and AHLS-ZINC000053298428 complex. Most
non-correlated motions were observed between the Lys23-
Arg30 alpha-helix segment and Asnl15-Alal23 loop
segment, Ser26-Gly37 alpha-helix segment and Alal70-
Pro173 loop segment and Val128-Glul35 alpha helix seg-
ment and Asnl15-Alal23 loop segment. The binding of
ZINC000019796080 also resulted in the gain of both cor-
related and anti-correlated motions in the AHLS structure.
Compared to native AHLS, nearly all secondary structure
elements of AHLS-ZINC000019796080 exhibited increased
correlated motions. The pattern of anti-correlated motions
again looked like a hybrid of non-correlated motions in the
native AHLS structure and the AHLS-ZINC000053298428
complex. The majority of non-correlated motions were
observed between the Phe87-Leu91 alpha-helix segment
and the Phe32-Asn41 segment, Serl14-Alal23 loop seg-
ment and Ser129-Asn138 alpha-helix segment, Serl14-
Alal23 loop segment and GIn147-Pro153 beta-strand and
Ser114-Alal23 loop segment and Phel82-Ile188 beta-
strand. Compared to other AHLS ligands, the binding of
J8-C8 to AHLS caused the most significant global increase
in correlated motions. In the case of anti-correlated motions,
the AHLS-J8-C8 complex exhibited a pattern similar to that
of the AHLS-ZINC000053298428 complex. Just like the
case of ZINC000053298428, the results depicted that the
binding of J§8-C8 resulted in a significant loss of anti-corre-
lated motions at the substrate-binding site of AHLS, and it
also resulted in a substantial gain of anti-correlated motions
between Serl14-Alal23 loop segment and Ile149-Argl169
segment, Serl14-Alal23 loop segment and Ser129-Phe139
alpha-helix segment and Ser114-Alal23 loop segment and
Ile69-Ala72 beta-strand segment.

Binding free energy calculations

The binding free energy values of AHLS complexes were
calculated utilising the end state MM/PBSA method. The
per residue binding energy decomposition analysis was also
performed to identify the top interacting residues involved
in AHLS complex formation. The individual energy com-
ponents and total binding free energy values of AHLS
complexes have been summarised in Table 8 (rounded off
to two decimal places). The binding free energy values of
AHLS-ZINC000053298428, AHLS-ZINC000049037032,

AHLS-ZINC000019796080 and AHLS-J8-C8 complexes
were — 57.91 +5.57 kcal/mol, — 42.29 +4.05 kcal/mol,
— 50.02 +4.67 kcal/mol and — 17.24 +2.38 kcal/mol,
respectively (+symbolizes standard deviation). The AHLS-
ZINC000053298428 complex exhibited noticeable fluctua-
tions in the binding free energy value between 85 to 90 ns
and 95 to 100 ns time points; however, the binding free
energy value was always lesser than — 39.14 kcal/mol. The
data depicted that Van der Waals energy and electrostatic
energy components made favourable contributions, whereas
the contribution of polar solvation energy was unfavoura-
ble to AHLS complex formation. The non-polar solvation
(SASA) energy component also contributed favourably to
AHLS complex formation. Figure 11 depicts the binding
free energy values, the contribution of individual amino
acid residues and the top 5 (favourable) binding energy
contributing residues of AHLS to complex formation. The
data showed that acidic amino acid residues (Glu34, Glu39,
Asp49, Glul57 and Aspl177) were consistently among the
top contributors to binding free energy across all the selected
AHLS-ligand complexes.

Discussion

The current study incorporates the structure-based drug
design approach to identify in trial/FDA-approved drug
molecules capable of inhibiting the AHLS from A. bau-
mannii. Initially, the binding site of the AHLS model was
screened against a library of in trial/FDA approved drug
molecules. Next, the high-affinity molecules derived from
virtual screening were filtered based on Lipinski’s rule of
five, toxicological and ADME properties. Finally, three
high-affinity molecules with optimal drug-like proper-
ties were selected, and then they were re-docked to bind-
ing site of AHLS using AutoDock to corroborate the vir-
tual screening binding affinity values. The selected three
ligands were ZINC000053298428, ZINC000049037032
and ZINC000019796080, and their AutoDock binding
affinity values were — 9.15 kcal/mol, — 7.14 kcal/mol and
— 10.23 kcal/mol, respectively. Also, all the estimated inhi-
bition constant values of the selected ligands were < 5.85
uM, and all of them participated in at least two hydrogen-
bonding interactions with the residues of the binding site
of AHLS. Besides, Vina and AutoDock results suggested
that selected ligands exhibited significantly higher binding
affinity and improved intermolecular contacts than J8-C8
(control molecule). Furthermore, the binding affinity val-
ues obtained from AutoDock and Vina were consistent
across all AHLS complexes with maximum binding affinity
deviation < 2 kcal/mol.

Next, the stability, compactness and dynamics of
unbound AHLS and its complexes in an aqueous solvent
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1995

«Fig. 10 Dynamical cross-correlation matrix analysis for a free AHLS,
b AHLS-ZINC000053298428, ¢ AHLS-ZINC000049037032, d
AHLS-ZINC000019796080, and e AHLS-J8-C8. The circled regions
in DCCM plots depict the AHLS segments undergoing the most sig-
nificant changes in correlated or anti-correlated motions

were evaluated using MD simulations and binding free
energy calculations. The RMSD analysis of AHLS systems
suggested that complexes formed by ZINC000049037032
and ZINC000019796080 exhibited satisfactorily high stabil-
ity with average RMSD < 0.51 nm. In comparison, AHLS
complexes formed by ZINC000053298428 and J8-C8
exhibited inconsistent RMSD values throughout the MD
simulations. The analysis of per residue fluctuation (RMSF)
also suggested relatively high stability of all the selected
AHLS complexes, with fluctuations only once exceeding
the 5 A mark. Conversely, J8-C8 increased fluctuations in
all the loop segments of AHLS. The SASA analysis sug-
gested high structural stability of the selected AHLS-ligand
complexes, especially the AHLS- ZINC000019796080
complex, which exhibited the most consistent SASA across
all AHLS systems. Next, ,,,,SASA measures the interface
size between protein—protein or protein—-ligand complexes
[29], and it has been demonstrated that there is a direct cor-
relation between ,,, SASA and the binding affinity of pro-
tein—protein complexes [27]. The results of the ,, SASA
calculation showed that all AHLS complexes experienced
noticeable burial in SASA values upon binding to the
ligand molecules. The AHLS-ZINC000019796080 com-
plex experienced the maximum burial (8.51 nm?) and thus
had the largest protein—ligand interface across all AHLS
complexes, indicating its high structural stability. The Rg
analysis indicated that, except for ZINC000053298428, the
binding of selected ligands and J8-C8 did not lead to any
significant perturbation in overall compactness, and AHLS
maintained its optimally folded state during MD simula-
tions. In contrast, the native AHLS structure and AHLS-
ZINC000053298428 complex experienced abrupt changes
in overall compactness at 60 ns time point and remained
stable afterwards. The secondary structure analysis showed
that the ligand-binding events did not much influence the
composition of secondary structure elements of AHLS. The
native AHLS structure and AHLS- ZINC000019796080
complex exhibited 62% structured elements, whereas the
other AHLS systems experienced 1% to 3% loss of struc-
tured elements. Interestingly, the intermolecular H-bonding
analysis depicted that none of the selected ligands or the
control molecule was able to maintain the number of hydro-
gen bonds originally observed during docking calculations.
For example, the average number of H-bond for the AHLS-
ZINC000053298428 complex dropped to 0, whereas the
rest of the AHLS complexes exhibited 1 to 2 time-averaged
H-bonds. Upon inspection of the MD simulation trajectory

of the AHLS-ZINC000053298428 complex, it was observed
that the ligand was oriented in the binding site for the first
20 ns, and then, for the rest of the simulation, it preferred
interacting with the surrounding loop region comprising
residues Y35-E40. In contrast, MD simulation trajectories
of other AHLS systems revealed that ZINC000049037032,
ZINC000019796080 and J8-C8 remained positioned at the
binding site until the end of their respective MD simula-
tions. Also, the observation was further confirmed by the
time-averaged minimum distance calculations between
the selected ligands and AHLS. The average minimum
distance between AHLS and ZINCO000053298428 was
0.24 nm, which was noticeably higher than the average min-
imum distance values for ZINC000049037032 (0.21 nm),
ZINC000019796080 (0.19 nm) and J8-C8 (0.19 nm). Fig-
ure 12 depicts the MD simulation snapshots of AHLS com-
plexes captured at O ns, 25 ns, 50 ns, 75 ns and 100 ns. The
dissociation of ZINC000053298428 from the binding site
of AHLS can clearly be observed in the snapshots. Besides,
per-residue fluctuations (RMSF) were studied to assess
the result of ZINC000053298428 binding to the Y35-E40
loop segment. The average RMSF values of free AHLS,
AHLS-ZINC000053298428, AHLS-ZINC000049037032,
AHLS-ZINC000019796080 and AHLS-J8-C8 complexes
were 0.16 nm, 0.1 nm, 0.14 nm, 0.12 nm and 0.14 nm,
respectively. As expected, the data indicated that the bind-
ing of ZINC000053298428 restricted the flexibility of the
Tyr35-Glu40 loop region and thus had a stabilising effect
on it. PCA and modevectors.py script-based analysis were
performed to identify the effects of ligand-binding events
on the highest magnitude motions experienced by AHLS
systems. The plots describing the eigenvalue ranks indicated
that, except for the AHLS-ZINC000053298428 complex, the
ligand-binding events resulted in increased eigenvector 1 and
eigenvector 2 associated conformational changes in AHLS
complexes. Moreover, PCA scatter plots of all AHLS sys-
tems indicated the presence of considerable conformational
shifts in the initial phase of MD simulations. It was followed
by the compact clustering of final conformations on the
essential subspace, thereby suggesting the convergence of
AHLS systems. Modevectors.py script-based analysis of the
top two eigenvectors showed that, compared to other AHLS
systems, AHLS-ZINC000019796080 and AHLS-J8-C8
complexes experienced the highest magnitude dominant
motions, and it also demonstrated that dominant motions in
all AHLS systems were mainly localised to the various loop
segments. More importantly, the conserved binding site of
none of the AHLS systems participated in high magnitude
motions.

The FEL analysis suggested that the ligand-binding
events induced conformational perturbations in AHLS com-
plexes, especially the AHLS-J8-C8 complex, which exhib-
ited multiple low energy (Gibbs energy content approaching
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Table 8 Contribution of energy components involved in complex formation between AHLS and the selected molecules

S/No  System Van der Waals Electrostatic Polar solvation SASA energy (kcal/mol)  Binding free
energy (kcal/mol) energy (kcal/ energy (kcal/mol) energy (kcal/
mol) mol)
1 AHLS-ZINC000053298428  —29.51+2.35 —62.05+7.86 36.85+7.59 -3.19+0.27 —5791+5.57
2 AHLS-ZINC000049037032  —36.91+4.22 —7771+£5.74  76.52+5.54 —4.01+0.28 —42.29+4.05
3 AHLS-ZINC000019796080  — 43.32+2.99 —88.33+5.93 86.36 +8.89 —4.72+0.27 —50.02+4.67
4 AHLS-J8-C8 —-29.97+2.71 —13.64+2.33 28.7+3.06 -3.33+0.25 —17.24+2.38

Fig. 11 Binding free energy
values and contribution of

top five residues of a AHLS-
ZINC000053298428 (green),

b AHLS-ZINC000049037032
(blue), ¢ AHLS-
ZINC000019796080 (Pink), and
d AHLS-J8-C8 (Yellow)
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0 kJ/mol) conformation clusters scattered throughout the
FEL plot. On the other hand, the rest of the AHLS-ligand
complexes, namely AHLS-ZINC000053298428, AHLS-
ZINC000049037032 and AHLS-ZINC000019796080
complexes, exhibited 1 to 2 clusters possessing very low
energy (stable) conformations. Also, FEL combined with
PCA result suggested that final conformations of the AHLS-
ZINC000019796080 complex populated the lowest energy
basin in the free energy region. The DCCM analysis indi-
cated that, except for the AHLS-ZINC000053298428 com-
plex, the ligand-binding events increased the global cor-
related motions in all AHLS complexes. The results also
depicted highly correlated motions inside the secondary
structure elements of AHLS. Additionally, the analysis
showed that ligand-binding events caused a shift of anti-
correlated motions from the substrate-binding site to the
highly flexible Ser114-A123 loop segment. In case of all
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AHLS complexes, the loop segment exhibited substantial
anti-correlated motions with respect to proximal secondary
structure elements. Finally, the MM/PBSA based binding
free energy computations using the last 20 ns of stable tra-
jectories suggested very strong binding interactions between
AHLS and the selected ligands. ZINC000053298428,
ZINC000049037032 and ZINC000019796080 exhibited
binding free energy values of — 57.91 +5.57 kcal/mol,
— 42.29 +4.05 kcal/mol and — 50.02 +4.67 kcal/mol,
respectively. In comparison, the control molecule achieved
the least binding affinity of — 17.24 +2.38 kcal/mol. The
analysis also showed that acidic amino acid residues sur-
rounding the binding site were the top contributors to
binding free energy for all the selected AHLS-ligand com-
plexes. Also, the molecules (Z815888654, 22416029019
and Z3766992625) identified in our previous AHLS study
exhibited MM/PBSA binding free energy values between
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Fig. 12 MD snapshots of AHLS systems captured at successive time points: AHLS- ZINC000053298428 (green), AHLS-ZINC000049037032

(blue), AHLS- ZINC000019796080 (pink), and AHLS-J8-C8 (yellow)

— 21.44 kcal/mol and — 33.68 kcal/mol, which were notice-
ably higher than the binding free energy values displayed by
ZINC000049037032 and ZINC000019796080.

The chosen ligands, namely ZINC000053298428 (Drug-
Bank accession number: DB12929), ZINC000049037032
(DrugBank accession number: DB12306) and
ZINC000019796080 (DrugBank accession number:
DB00450), have already been studied for their therapeu-
tic properties. ZINC000053298428 or JNJ-39220675 is an
investigational drug that belongs to the class of diaryl ether,
and it has been previously studied to treat allergic rhinitis
[30, 31]. Similarly, ZINC000049037032 or Cipargamin is
an investigational drug belonging to the class of harmala
alkaloids, and it has been studied for the treatment of malaria
[32, 33]. Finally, ZINC000019796080 or Droperidol is an
FDA approved drug belonging to the class of alkyl-phenyl

ketones, and it is used to treat postoperative nausea and vom-
iting [34, 35].

Based on the results of virtual screening and dock-
ing calculations, toxicity and pharmacokinetic studies,
global and essential dynamics and MM/PBSA based free
energy calculations, ZINC000019796080 (Droperidol)
and ZINC000049037032 (Cipargamin) can be considered
as potential inhibitors of the binding site of AHLS from
A. baumannii. ZINC000019796080 (Droperidol) achieved
an excellent MM/PBSA based binding free energy of
— 50.02 +4.67 kcal/mol towards AHLS, and apart from
increased flexibility at the loop segments, the AHLS-
ZINC000019796080 complex demonstrated the high-
est consistency and stability across all MD parameters.
Followed by ZINC000019796080, ZINC000049037032
(Cipargamin) also achieved a very high MM/PBSA based
binding free energy of — 42.29 +4.05 kcal/mol towards

@ Springer
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AHLS, its binding didn’t much increase the flexibility of
loop segments, and the AHLS-ZINC000049037032 complex
also demonstrated a high degree of stability across all MD
parameters. Furthermore, contrary to the virtual screening
and docking results, the MD simulation results suggested
that ZINC000053298428 (JNJ-39220675) failed as a lead
candidate because it disassociated from the binding site at
approximately 20 ns time point and preferred binding to a
surrounding loop segment for the rest of simulation period.

Conclusion

Multi-drug resistant strains of A. baumannii have periodi-
cally been identified as causative agents of healthcare-asso-
ciated infections, including hospital-acquired pneumonia,
meningitis and urinary tract infection [36, 37]. Owing to
the advent of multi-drug resistant strains of A. baumannii,
it is crucial to identify novel molecules capable of inhibit-
ing enzymes involved in its major biosynthetic pathways.
Therefore, the present study has employed extensive com-
putational investigation to identify potential inhibitors of
the substrate-binding site of AHLS, an enzyme involved in
the quorum-sensing pathway. As a result, three molecules
(JNJ-39220675, Cipargamin and Droperidol) were identi-
fied based on the results obtained from Vina, Lipinski's and
toxicity screening, and ADME screening. Finally, based
on the results of global and essential dynamics analyses,
two of these molecules (Droperidol and Cipargamin) were
identified as strong binders of the binding site of AHLS.
Droperidol, an FDA-approved postoperative nausea drug,
and Cipargamin, an investigational malaria drug, achieved
binding free energy values of — 50.02+4.67 kcal/mol and
— 42.29 +4.05 kcal/mol, respectively. Therefore, if experi-
mentally verified, the identified molecules can aid in drug
development efforts against multi-drug resistant strains of
A. baumannii.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11030-022-10533-2.
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