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Abstract
Acinetobacter baumannii is one of the ESKAPE pathogen, which causes pneumonia, urinary tract infections, and is linked to
high degree of morbidity and mortality. One-way antibiotic and disinfectant resistance is acquired by the activation of RecA-
mediated DNA repair (SOS-response) that maintain ROS-dependent DNA damage caused by these anti-bacterial molecules.
To increase the efficacy of different anti-microbial, there is a need to design an inhibitor against RecA of A. baumannii. We
have performed homology modeling to generate the structure of RecA, followed by model refinement and validation. High-
throughput virtual screening of 1,80,313 primary and secondary metabolites against RecA was performed in HTVS, SP, and
XP docking modes. The selected 195 compounds were further analyzed for binding free energy by molecular mechanics
approach. The selected top two molecules from molecular mechanics approach were further validated by molecular
dynamics simulation (MDS). In-silico high-throughput virtual screening and MDS validation identified ZINC01530654 or
(+−)-2-((4-((7-Chloro-4-quinolyl)amino)pentyl)ethylamino)ethanol sulfate (or hydroxychloroquine sulfate) as a possible
lead molecule binding to RecA protein. We have experimentally determined the mechanism of ZINC01530654 to RecA
protein. These findings suggest a strategy to chemically inhibit the vital process controlled by RecA that could be helpful for
the development of new antibacterial agents.

Introduction

Acinetobacter baumannii is an opportunistic ESKAPE
pathogen associated with bacteremia, pneumonia, wound
infections, meningitis, and urinary tract infections [1, 2].
Infections caused by Acinetobacter leads to high degree of
morbidity, mortality, and increased costs. The major risk
factors include prolonged hospitalization, recent invasive
procedures, admission in intensive care unit, prolonged
antimicrobial agent exposure, use of catheters, respi-
rometers and ventilators, and local colonization pressure on
susceptible patients in the hospital setup [3–7]. Carbape-
nems are one of the most effective antibiotics against A.

baumannii and other nosocomial pathogen [8] but Acine-
tobacter have emerged resistant mechanism to this class [1,
5, 9–15]. Disinfectants, such as phenol, sodium hypo-
chlorite, ethanol, etc. are used to sterile or clean the hospital
environment.

Recently, reduced susceptibility of different disinfectants
towards A. baumannii has emerged in the hospital [16, 17]
and its reduced susceptibility to biocides is associated with
co-resistance to carbapenem [18, 19]. The genome of Aci-
netobacter also encodes mechanisms to tolerate biocides
and desiccation that enhances its persistence in hospital
settings [20]. Antibiotic and disinfectant resistance arises
due to the maintenance of resistance mutations or genes
required for the resistance by activating SOS-mediated
DNA repair that involves activation of RecA protein [21,
22].

Different antimicrobials act by inducing ROS production
that results in DNA damage and cell death [23–26]. DNA
damage does not always lead to bacterial death, because cell
is protected from DNA damage by DNA repair mechanism
that involves SOS response [26–28]. RecA (inducer) and
LexA (repressor) are two proteins involved in SOS
response. RecA has the central role in repair response of
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SOS mutagenesis [29]. Interaction of RecA with single-
stranded DNA (or damaged DNA) leads to the autocatalysis
of LexA (inhibitor of the SOS response) resulting in the
activation of DNA repair [27, 29, 30]. It is reported that
RecA is required for survival of A. baumannii after expo-
sure to oxidative stress produced by reactive oxygen species
(ROS) and reactive nitrogen intermediate [27, 31]. As the
effects of disinfectants and antibiotics could be compro-
mised or reduced in the presence of functional RecA. An
inhibitor of RecA protein of A. baumannii can be useful to
enhance the efficacy of current antibiotics or disinfectants.
There are different approaches that can be used to find a
suitable inhibitor [14, 32–36] here; we have used high
throughput virtual screening and molecular dynamics
simulation (MDS) approach to design an inhibitor against
RecA of A. baumannii. The designed inhibitor is expected
to block resistance to bactericidal antibiotics and disin-
fectant act via ROS production.

Methods

Measurement of ROS

The ROS production in bacterial cell was measured based
on conversion of nitro blue tetrazolium (NBT) to blue or
purple colored complex formazan crystals in the presence of
superoxide anion. The published method was used with
some modification [37]. In brief, bacterial pellet was re-
suspended in 2% NBT solution for 1 h in dark at room
temperature, followed by phosphate-buffered saline wash-
ing at 10,000 g for 5 min. This step is followed by methanol
wash. The pellet was suspended in a solution of 2M KOH,
for disruption of cell membrane. Dimethyl sulfoxide was
used to dissolve formazan crystals for 10 min at room
temperature. After centrifugation at 10,000 g for 5 min,

supernatant was taken for absorbance at 620 nm. ROS
production was measured in the presence of imipenem and
disinfectants. Similar experiment was also performed in the
presence of designed lead molecule and combination of
imipenem and disinfectants. The ROS was quantified in the
presence and absence of different disinfectants such as
phenol, ethanol, hydrogen peroxide, sodium hypochlorite,
and carbapenem antibiotics like imipenem.

Isolation of bacterial DNA and its separation using
agarose gel electrophoresis

The bacterial pellet (treated and untreated) was suspended
in 500 μl of distilled water. This bacterial suspension was
incubated at 100 °C in a boiling water bath for 15 min and
was immediately transferred to frozen ice. Subsequently,
suspension was centrifuged at 3,000 g at 4 °C for 10 min.
The supernatant was transferred to a clean 500 μl tube and
stored at − 20 °C until analysis [38]. The fragmentation or
degradation of DNA isolated from untreated and anti-
biotic or disinfectant treated (± lead) bacterial samples were
checked by 1% agarose gel electrophoresis.

Selection of template

Amino acid sequence of RecA protein of A. baumannii was
retrieved from protein database of NCBI (accession no. gb:
ALJ87635.1, 349aa). BLASTp (protein-protein BLAST)
was used to find templates for homology modeling of RecA.
Search of identified sequence templates (from blast) against
Protein Data Bank (pdb) database led to the identification of
different structural template.

Fig. 1 Flowchart representation of different steps of lead screening
method used (Color figure online)

Fig. 2 Reactive oxygen species (ROS) production in resistant strains
(RS-6694) of A. baumannii under the influence of different hospital
disinfectants such as phenol, sodium hypochlorite, ethanol and
hydrogen peroxide and carbapenem antibiotic such as imipenem
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Molecular modeling of RecA

Six BLASTp generated protein templates with highest E-
values and % identity were selected and their structures
were retrieved from protein data bank. The basic homology
modeling was performed using the software MOD-
ELERv9.17 as per published protocol [15] . Final models
obtained from homology modeling was used for the further
refinement using GalaxyWEB refine tool.

Validation of modeled structure

All the five models generated after refinement were further
analyzed using Protein Structure Validation Suite [39],
which gives information about all the essential validation
parameters such as PROCHECK, VERIFY3D [40], and
Ramachandran plots. Another validation tool, i.e., ProSA-

Web [41] was also used to calculate an overall quality score
for a specific input structure. Secondary structures of
modeled proteins were determined by PDBSUM software
[42]. The best model was chosen and subjected to energy
minimization using protein preparation wizard application
of Schrödinger suite. The minimized protein structure was
used for virtual screening studies.

Active site prediction

Site map was used to determine active site of RecA [43].
The site with the highest site score was selected and active
site residue information was obtained using PyMOL.
Enrichment calculator with known ligands and decoy were
also used to validate the selected active site.

Protein preparation and receptor grid generation

Modeled RecA were prepared using default parameter of
protein preparation wizard module in Schrodinger. Receptor
grid of RecA was generated for optimized and minimized
RecA using selected 51 amino acid residues of pre-
dicted binding site.

Selection of metabolite (primary and secondary)
from the ZINC database

We have selected Zbc (Zinc Biogenic compounds) database
for the screening of suitable inhibitors against RecA protein.
This database consists of secondary (commonly called
natural products) and primary metabolite (commonly called
simple metabolite). This library consists of a total of
1,80,313 compounds and basic information about the
compounds such as its molecular weight, structures and
activity are available in the database.

Ligand preparation and ADMET analysis

All 1,80,313 compounds were first subjected to LigPrep
based ligand preparation. LigPrep module [44] prepares
three-dimensional structures for compounds with a high
quality and correct chirality [45]. Ionization states for the
compounds were generated at pH of 7.0± 2.0. The Epik

Fig. 3 Effect of reactive oxygen species (produced by carbapenem and
disinfectant treatment) on the total DNA of RS-6694 strain of A.
baumannii

Table 1 Refined models generated using 3D refine representing the RMSD, Z-scores, etc.

Models GDT-HA RMSD MolProbity Clash
score

Poor
rotamers

Ramachandran
favored

Z-score
(ProsaWeb)

MODEL 1 0.9706 0.344 1.805 20.2 0.7 98.0 − 7.96

MODEL 2 0.9764 0.329 1.875 18.4 1.4 98.3 − 7.73

MODEL 3 0.9728 0.339 1.875 18.4 1.4 98.3 − 7.77

MODEL 4 0.9735 0.334 2.038 19.5 1.8 97.7 − 7.8

MODEL 5 0.9749 0.335 2.071 18.2 2.1 97.7 − 7.91
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and tautomeric states were generated followed by the
desaltation of ligands. An OPLS_2005 force field was used
for the minimization of the compounds. A maximum of
32 stereoisomers were generated for each 1,80,313 ligands.

The first step of virtual screening involves the evaluation of
drug-likeliness of small molecules. Drug-like molecules
exhibit favorable absorption, distribution, metabolism,
excretion, toxicological (ADMET) parameters. For any

Table 2 Represents the validation results from Procheck (using PSVS) and ERRAT for Model 2. A positive procheck value and high ERRAT
score indicates a better score

Ramachandran scores (Richardson’s lab) Verify3D Procheck G-
factor (phi-psi
only)

Procheck G-factor
(all dihedralangles)

RMSD
(bond
length)

RMSD
(bond
angle)

Molprobity
Clashscore

ERRATScore

Most
favored
regions

Allowed
regions

Disallowed
regions (outlier)

98.3%
(341aa)

0.9%
(3aa)

0.9% (3aa)
36Val, 14Ser,
336Gly

0.42 0.09 0.28 0.019Ǻ 2.5o 21.14 83.180

Fig. 4 a Ribbon structure of modeled RecA protein. b Ramachandran
plot summary for selected residues from Procheck showing 98.3%
residues in most favorable regions, 0.9% in allowed regions and 0.9%
in disallowed regions. c Validation of RecA modeled structure using

Prosa-web shows Z-score as – 7.73 for modeled RecA. d Knowledge-
based energy at different sequence position of modeled RecA (Color
figure online)
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small molecule to be considered a likely lead molecule, it
must satisfy these (ADME) properties and have a good
toxicological profile. The QuikProp application was used
for determining various ADMET and physiochemical
properties of ligands [46]. A total of 2,68,790 ligands ste-
reoisomers have been selected after ADMET analysis. The
selected 2,68,790 ligands were undergone Lipinski’s
filtering.

Lead screening using HTVS(high-throughput virtual
screening), SP(standard precision), and XP(extra
precision) docking

Lead screening workflow was performed using Maestro v11
to screen the metabolite library against the binding site of
RecA protein target. We skipped the ligand preparation step
included in the virtual screening workflow due to their prior
preparation using LigPrep. This step was followed by
screening of selected ligands for receptor grid of RecA. The
screening was based on docking with default parameters
using Glide (Grid-based ligand docking from energetics)

program of Schrodinger suite [47]. The scaling factor was
kept at default and OPLS_2005 force field was used during
the three step of docking process. HTVS ligand docking
was followed by SP and XP docking. The XP docking helps
in removing the false positives and the scoring function is
much stricter than the HTVS. The greater the XP Glide
score, the better affinity of the hit to bind to the protein
target. By default, virtual screening workflow module
retains 10% of the best compounds for RecA target proteins.
The steps of lead screening have been shown through a
flowchart diagram (Fig. 1).

Validation of docking protocol or enrichment
calculations

We have used enrichment calculator to check the para-
meters that decides whether a docking program is able to
select active ligands with respect to inactive ligands
(decoys) and whether it is able to select these active ligands
in the top % of a ranked database. The Schrodinger based
standard decoys have been used in this study [47]. The

Fig. 5 Secondary structure of
amino acid residues of RecA
(349 aa) obtained using
PDBSum (Color figure online)
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enrichment calculations were done by ROC analysis of XP-
docked ligands and active ligands with decoys [48]. ROC
curve checks the ability of docking protocol to discriminate
between active molecules among the decoy set of
compounds.

Molecular mechanics/generalized born surface area
calculations of selected library compounds

The estimation of free binding energies for the best hit
docked complexes using MM force fields and implicit sol-
vation was done using the molecular mechanics/generalized
born surface area (MM-GBSA) method using the prime
module of Schrodinger suite v11. The protein–ligand
complexes were ranked based on their binding free energy
calculation.

Molecular dynamics simulation

MDS was performed using GROMACS version 5.1.4 [49].
It helps in determining the interatomic motions, as well as
the dynamics of protein and protein–ligand complex [50].
The MDS is done to validate the structure based on the
stability of protein as well as the protein–ligand complex.
The RMSD (root mean square deviation) values are mon-
itored under this study along with several other factors such
as temperature, pressure, density, potential energy, etc. The
pdb structure of our modeled protein was used to construct
the topology. This was done using GROMOS96-43a1 force
field. Further, this ligand topology was constructed using
PRODRG2 server with GROMOS87/GROMOS96 force

field [51]. A cubic period box and dodecahedron box setting
was used in case of protein (RecA) and RecA-lead molecule
complex, respectively, with 1.0 nm distance (minimum)
between protein and edge of box. RecA have – 8.99 nega-
tive charges; hence, nine sodium ions (positive charge) were
added to neutralize the charge of the protein due to the
presence of water molecules (solvation) in the system and
this was followed by energy minimization of the system.
The solvent molecules of the system were minimized using
maximum 50,000 steps of steepest descent minimization
algorithm, while protein was kept frozen. The maximum
force was kept 1000 kJ/mol/nm. This step was followed by
equilibration of solvent and ions around the protein. Equi-
libration was conducted in two phases and first phase was
NVT ensemble (constant number of particle, volume, and
temperature) or isothermal–isochoric or canonical equili-
bration for 100 ps with maximum 50,000 steps. This NVT
step stabilizes the temperature of the system. This step is
followed by NPT ensemble (constant number of particle,
pressure, and temperature) or isothermal–isobaric ensemble,
for 100 ps with maximum 50,000 steps. Isothermal–isobaric
ensemble most closely resembles the experimental condi-
tions. Both above steps equilibrate the system at desired
temperature and pressure; hence, MDS was performed for
100 ps (1 ns) timescale of protein as well as protein-
inhibitor complex. Each component of system like protein,
ligand, water molecules, and ions were coupled in constant
temperature and pressure. The MDS was performed for
RecA alone and three RecA–ligands complexes including
top two ligands (ZINC01530654 and ZINC01532364) and

Fig. 6 Representation of ROC curve shows sensitivity and specificity of XP mode of docking (Color figure online)
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on other isomer or tautomer (T-ZINC01530654) of
ZINC01530654 with energy lower than second ligand.

In-vitro validation of designed lead molecules

The designed leads was experimentally validated using disc
diffusion assay using our published methods [33]. Disc
diffusion assay was performed in the presence of a carba-
penem, i.e., imipenem (16 µg/ml), disinfectants (H2O2),
ZINC01530654 (16 mg/ml), and in combination. The ROS
was also monitored in above conditions.

Results

In the present study, we have used two clinical strains
(RS-6694 and RS-307) of A. baumannii. Both these strains
showed similar results and the results obtained with only
one of the strains, RS-6694 is presented here. This strain
was collected from AIIMS, New Delhi, and found to be a
multi-drug-resistant strain with high minimum inhibitory
concentration (>16 μg/ml) for imipenem (a carbapenem).

Correlation of ROS production and DNA
fragmentation

The results showed that the treatment of A. baumannii with
disinfectants, and a carbapenem (i.e. imipenem), showed
significant overproduction of ROS as compared with their
absence (Fig. 2). ROS may lead to the DNA fragmentation.
Therefore, we have tested the DNA fragmentation and
found that the DNA breakdown is higher in the bacteria
after treatment with imipenem or disinfectants (Fig. 3). To
overcome DNA damage, bacteria activate SOS response,

where RecA protein pays a significant role [27, 31]. This
showed that RecA protein of A. baumannii might be
important and useful to explore in term of increasing the
efficacy of current used anti-bacterials.

Modeled structure and validation

The BLAST search for potential templates yielded good
E-values and greater % identity for 2REC ʻA’, 1N03 ʻA’,
IU94ʻA’ and 3CMVʻA’, 5JRJʻA’, and 2ZR0ʻA’ (Supple-
mentary Table ST1). The structural and sequence align-
ments of these templates with the target protein along with
their RMS values were determined using TM align (Sup-
plementary Figure SF-1 and Supplementary Table ST-2).
The model was prepared using these multiple templates and
undergoes refinement using galaxy refine tool. The char-
acteristic parameters of five different models are listed in
Table 1. Model 2 with lowest RMSD, high Ramachandran
favorable area among all five models, has been selected for
further study. The validation results of this refined model of
RecA are provided in Table 2 and Fig. 4. Besides validation
analysis, secondary structure of modeled protein was also
determined using PUBsum and its wiring diagram are
shown in Fig. 5. ProMotiff PUBsum analysis showed that
the modeled RecA contain 34.4% alpha helix and 22.3%
beta-sheet and remaining 43.3% other amino acid. It con-
tains 3 beta sheets, 11 helices, 2 beta-alpha-beta motifs,
6 beta hairpins, 6 beta bulges, 14 strands, 13 helix-helix
interactions, 32 beta-turns and gamma turns.

Active site prediction

Out of all different sites provided by sitemap for RecA, the
site with the highest site score was selected. The active site

Table 3 Result of molecular docking and binding free energies of docked complexes

Zinc compound IDs Docking
scorea

Glide
G-scorea

Glide
E-modela

XP
G-scorea

Complex
Energyb

dG_bindb

(kcal/mol)

ZINC01530654 − 7.90 − 7.95 − 49.88 − 7.95 − 15104.60 − 68.99

ZINC01532364 − 7.11 − 7.12 − 58.77 − 7.120 − 15091.03 − 66.67

a Generated from XP docking result
b Generated from MM-GBSA result

Table 4 Table represents physio-chemical properties of selected compounds

ZINC ID xlogPa Molecular weight (g/mol) H-bond donors H-bond acceptors Net chargea tPSA (Å2)a Rotatable bonds Dipole

ZINC01530654 4.00 335.876 2 5.7 2 51 10 4.987

ZINC01532364 0.38 339.391 4 8.4 1 108 12 2.644

a From ZINC database
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was made up of 51 residues, namely Val36, Glu37, Ala38,
Val39, Ser40, Gly42, Leu44, Asp47, Lys57, Gln77, Ala80,
Gln81, Cys82, Lys84, Ser85, Gly87, Lys105, Leu106,
Gly107, Asp138, Val230, Glu232, Val237, Gln260,
Leu262, Lys265, Gly266, Thr267, Asn268, Gln269,
Leu270, Gly271, Leu273, Asn302, Ile305, Arg306,
Phe308, Glu309, Thr312, Ala315, Glu316, Glu319,
Arg320, Arg323, Gln336, Ile337, Glu338, Asp339,
Leu345, Leu346, and Glu348. In the present study, all the

residues present within 4 Å surrounding of active site were
considered and used for generation of docking grid.

ADME-toxicity analysis and Lipinski’s filter

All conformers of different ligands were initially screened
for their ADMET properties via computational approach.
This step comes under the virtual screening of leads and is
included prior to the docking based filter of compounds in

Table 5 Physiochemical properties (ADMET) with standard limits of the selected ligands obtained from the docking study

Compounds
(standard limits)

QP polrz
(13 to 70)

QPlogP16 (4
to 18)

QPlogPoct (8
to 43)

QPlogPw (5
to 48)

QPlogPo/w
(– 2 to 6)

QPlogS
(– 6 to 0.5)

Qplog Kp
(– 8 to – 1)

Percent human
oral absorption

ZINC01530654 34.984 11.505 17.428 9.252 3.483 – 3.29 − 3.127 100%

ZINC01532364 34.393 11.891 21.315 17.203 0.513 − 1.546 − 4.871 100%

Fig. 7 Surface view showing interaction of RecA with ZINC01530654 (a) and ZINC01532364 (c). Similarly, (b) represents the interacting
residues of RecA with ZINC01530654, whereas (d) showed the interacting residues of RecA with ZINC01532364 (Color figure online)
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our study. After ligand filtration, on the basis of these
properties and toxicity, the filtered 2,68,790 leads were
selected. The selected ligands underwent Lipinski’s filtering.
Only 1,94,802 ligands conformers have been selected by this
filter and used for high throughput virtual screening.

Virtual high-throughput screening

Virtual screening was done to design effective RecA inhi-
bitor by screening of ZINC metabolites compounds on the
basis of their affinity for the target protein. This is initiated
by HTVS ligand docking of 1,94,802 probable ligands with
RecA. This step shortlisted 19,480 compounds. It was fol-
lowed by SP and XP docking, which filtered number of
remaining compounds to 1948 and 195 respectively.
Molecular docking output for the XP docked 195 com-
pounds against RecA have been shown (Supplementary
data in Table ST-3).

Enrichment calculations of selected compounds

These XP-docked 195 compounds were subjected to
enrichment calculations. There are different parameters used
to describe the result but Boltzmann-enhanced discrimina-
tion of receiver operating characteristics (BEDROC) are
most commonly used [52]. The ROC value obtained for the
XP docked compounds was 0.90. The BEDROC value
came out to be 0.896 as can be deduced from
Fig. 6. The area under curve was obtained as 0.9, which was
found to be greater than 0.5 that validates our XP docking
result.

Binding free energy calculations using MM-GBSA
solvation

The leads 195 hits were then subjected to binding free
energy calculations using MM-GBSA approach. The MM-
GBSA analysis of selected 195 compounds is listed in table
(Table 2 shows top two ligands and data for all the 195
compounds are listed in supplementary table ST-3). As
evident from the Table 3 and Supplementary Table TS-3,
ZINC01530654 (– 68.99) and ZINC01532364 (– 66.67)
showed lower binding energy among all 195 compounds.
The zinc database provides the nomenclature of this com-
pound ZINC01530654 as (+−)-2-((4-((7-Chloro-4-quino-
lyl)amino)pentyl)ethylamino)ethanol sulfate (or
hydroxychloroquine sulfate) and ZINC01532364
as (+−)-N-(2-((2-Hydroxy-3-(p-hydroxyphenoxy)propyl)
amino)ethyl)-4-morpholinecarboxamide (or Xamoterol
hemifumarate). The physical and chemical properties at
physiological pH have been shown in Table 4 and Table 5.
The interactions of ZINC01530654 and ZINC01532364
with RecA are shown in Fig. 7. A tautomer of top hit
ZINC01530654, i.e, ZINC01530654-T (with free energy of
− 59.56 kcal/mol) was also selected for MDS analysis along
with top two ligands, i.e., ZINC01530654 (− 69.99 kcal/
mol) and ZINC01532364 (− 66.67 kcal/mol).

MDS analysis

The MDS results (Fig. 8) showed that ZINC01532364 and
RecA-ZINC01530654 have good interaction with the RecA
protein. The RecA protein showed biphasic stability (40 ps
with RMSD 0.23 nm, and 75 ps with RMSD 0.26 nm).

Fig. 8 Result of molecular dynamics simulation showing root mean
square deviation plot of RecA as a function of time for modeled RecA
protein alone (1), RecA- ZINC1530654 complex (2), RecA-
ZINC01532364 complex (3), and RecA-ZINC1530654 tautomer
complex (4) as a function of time (Color figure online) Fig. 9 ROS estimation under different combination of carbapenem,

disinfectant, and ZINC01530654
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RecA-ZINC01532364 complex also showed biphasic sta-
bility (RMSD 0.25 nm at 11 ps; RMSD 0.32 nm at 75 ps).
The similar pattern was also seen in RecA-ZINC01532364
complex, which also showed biphasic stability (RMSD
0.34 nm at 50 ps; RMSD0.38 nm at 80 ps). The RecA-
ZINC01530654-T complex monophasic stability and com-
plex is stabilized at 60 ns with RMSD of 0.43 nm. Result
also showed that ZINC01530654 have simulation pattern
and stability, which is very similar to the RecA protein;
hence ZINC01530654 has been selected for use in-vitro
experiment validation.

Off-target analysis of lead molecule

Nonspecific targets or off-targets of lead molecule were
checked by Swiss target prediction. The result showed that
lead does not interact with any bacterial off-target except
ion channels that is required for influx of lead molecules.
Further studies need to be done to validate its specificity
towards RecA of A. baumannii.

Experimental validation of designed lead molecule

ROS production and disc diffusion assay with different
combinations of carbapenem, disinfectants, and
ZINC01530654 validate the results (Figs. 9 and 10). We
have estimated the ROS production in the carbapenem
resistant strains (RS-6694 and RS-307) of A. baumannii
under different conditions and result shows that ROS

production is increased after treatment with ZINC01530654
with combination of carbapenem (e.g., imipenem) or dis-
infectant (e.g., H2O2) (Fig. 9). The disc diffusion assay
(Fig. 10) showed that ZINC01530654 alone produces 0.8
cm clear zone, imipenem alone produces 1.5 cm, whereas
imipenem with ZINC01530654 produces 2.5 cm zone. A
negative control (Rec-A-deficient Escherichia coli) was
used where it has little effects. These experimental results
suggest the use of ZINC01530654 in combination with
imipenem or disinfectant could be additive or synergistic.

Discussion

In a recent study of infections in intensive care unit con-
ducted among 75 countries, A. baumannii was found to be
the fifth most common pathogen. The success of A. bau-
mannii is believed to be related to its ability to survive after
exposure to antibiotics and disinfectants [53]. Acinetobacter
has the extraordinary ability to accumulate a great variety of
resistance through different mechanisms, either mutations or
acquisition of genetic elements such as plasmids, integrons,
transposons, resistant islands, making this microorganism
multi- or pan-drug-resistant. ROS production is known to be
a response to the action of various disinfectants and bac-
tericidal antibiotics [54, 55]. ROS production is also used by
the host against different pathogens [24, 36]. The ability of
Acinetobacter to survive in the environment during pro-
longed periods of time is due to its innate resistance to
desiccation and disinfectants, makes A. baumannii very
difficult to eradicate from the clinical setting. Antibiotic and
disinfectant resistance arises from the maintenance of
resistance mutations or genes required for the resistance.
Antibiotic and disinfectant resistance is acquired in response
to antibacterial molecules by activating SOS-mediated DNA
repair that involves activation of RecA [21]. Therefore, an
inhibitor of RecA could be helpful and could be used along
with antibiotics and disinfectants to enhance the efficacy of
these antimicrobials because both act via ROS production
and DNA damage.

We employed high-throughput virtual screening to
identify novel primary and secondary metabolite-based hits
from ZINC database (BioBlocks) as an inhibitor against
RecA that can be used to control A. baumannii. The
sequence and structural alignment showed that the tem-
plates used in our study showed high similarity. Validation
parameters such as Ramachandran plot and PROSA-web
analysis were also used for the determination of quality of
modeled protein. It can be deduced from result that the
model has a higher negative value of Z-score and also it has
low energy throughout different residues of the model. As
observed from results, in our modeled protein, the predicted
binding site for docking had a site score more than 1,

Fig. 10 Disc diffusion assay for analyzing the effect of
ZINC01530654 on efficacy of carbapenem (i.e. imipenem). 1, Car-
bapenem alone; 2, ZINC01530654 alone; 3, Carbapenem with
ZINC01530654 (Color figure online)
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suggesting that this site is of particular promise in drug
binding. A total of 195 compounds were shortlisted using
virtual screening against RecA. They were also evaluated
based on their binding free energy calculation for further
refined ranking. Two of top hits based on lower binding free
energies are ZINC01530654 (− 68.99 kcal/mol) and
ZINC01532364 (− 66.67 kcal/mol). Both these leads have
very similar binding energies therefore both have been
selected for the MDS analysis. We have also selected a
tautomer of ZINC01530654 named ZINC01530654-T with
free energy of – 59.56 kcal/mol. The MD simulation result
showed that RecA-ZINC01530654 and RecA-
ZINC01532364 follows biphasic simulation pattern but
RecA- ZINC01530654-T follow the monophasic stabiliza-
tion pattern. The RecA-ZINC01530654 simulation pattern
is very similar to the RecA protein and it form most stable
complex and its stability is close to the RecA protein.
Therefore, we have selected this lead compound for in-vitro
experimental validation. The disc diffusion assay, ROS
experiment, and DNA fragmentation assay also validate in-
silico results.

Hence, the identified lead molecule of the RecA have
medicinal values that can be applicable in the treatment of
infections caused by A. baumannii and may enhance the
efficacy of the antibiotics and disinfectants. The rise in
antibiotic and disinfectant resistance is a major health
concern with the emergence of antibiotic-resistant ‘superb-
ugs’ in the clinic, stressing the need for strategies that
prolong the lifetime of antibiotics, as the discovery of new
antibiotics is not keeping pace with the development of
resistance. Therefore, our finding suggests a strategy to
chemically inhibit or block the vital process controlled by
RecA and can be used against A. baumannii for better
control of infection and development of new therapeutics
with novel mechanism of action. The lead compound could
be further investigated experimentally for its interaction
with purified RecA, its toxicity and its effective con-
centration that further validate its potentiality as a RecA
inhibitor in A. baumannii.
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