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Acinetobacter baumannii is one of the most serious opportunistic pathogens according to WHO. The difference
between bacterial and mammalian fatty acid biosynthesis pathways makes FASII enzymes attractive targets in
drug discovery. 3-oxoacyl-[acyl-carrier-protein] synthase I (FabB) from the FAS II pathway catalyze the
condensation of malonyl ACP with acyl-ACP, and elongates the fatty acid chain by two carbons. To investigate
potential inhibitors of the A. baumannii FabB, we used computational approaches including homology modeling,
high-throughput virtual screening, molecular docking, molecular dynamics simulations, and MM-GBSA free
energy calculations. After the high-throughput virtual screening, the resulting ligands were further screened
using the QM-polarized ligand docking (QPLD) and induced fit docking (IFD) approaches. Molecular dynamics
simulations were performed for 100 ns. And according to binding free energy calculations, we have identified
nine compounds with the best binding affinities. Three of these compounds were selected for an additional 1 ps
MD simulation to assess ligand stability. Two of them named L6 and L7 showed promised stability and affinity to
the target. Here, we present novel compounds against A. baumannii FabB via structure-based computational
approaches. These compounds might pave the way for the design of new lead structures and inhibitors for
multidrug-resistant A. baumannii.

1. Introduction

Antibacterial resistance is an emerging threat to global healthcare,
and it is estimated that the number of annual deaths caused by anti-
bacterial resistance, will be ten million by 2050 [1]. Furthermore,
multidrug-resistant bacterial infections, known as ‘superbug’ infections,
are responsible for serious diseases in humans [2,3]. World Health Or-
ganization (WHO) has released a global priority list that includes 12
pathogens such as Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species [4]. These six most drug-resistant nosocomial
pathogens are also known as ESKAPE pathogens [5]. WHO also
described these pathogens in three categories: critical, high, and me-
dium. Carbapenem-resistant A. baumannii was presented in the critical
priority group and reported as an urgent threat by the Centers for Dis-
ease Control and Prevention (CDC) [4,6]. According to European Centre

for Disease Prevention and Control, 12 out of 27 countries reported the
A. baumannii carbapenem resistance rate of 50% or higher for more than
10 isolates [7]. Studies demonstrated that the crude mortality rate of
A. baumannii infection is between 40% and 80%. In the Mediterranean
region, multidrug-resistant A. baumannii has the highest carbapenem
resistance, which is 90% [8]. The intensive care unit mortality rate
caused by A. baumannii was reported to be 84.3% [9].

As a result of differences in the cell wall compositions, Gram-
negative bacteria infections, including opportunistic pathogen
A. baumannii, are more difficult to treat than Gram-positive bacteria.
Due to its multidrug-resistance to carbapenem, penicillin, cephalospo-
rins, fluoroquinolones, and aminoglycosides agents, A. baumannii has
become an interesting research focus on developing novel antibiotics
[10]. Bacterial fatty acid biosynthesis enzymes are particularly attrac-
tive targets for novel drug candidates because of their differences from
their mammalian counterparts [11]. There are two types of fatty acid
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synthetic (FAS) pathways: type I fatty acid synthase of mammals, fungi,
and lower eukaryotes and type II fatty acid synthase of prokaryotes, and
plastids [12]. The FAS II pathway initiates with fatty acid biosynthesis
(Fab) enzyme D, FabD, acting as a malonyl CoA-ACP transacylase and
converting the malonyl-CoA to malonyl-ACP. Subsequently, FabH con-
denses malonyl-ACP and acetyl-CoA to the first cycle B-ketoacyl-ACP
and initiates the elongation cycle. Next, p-ketoacyl-ACP is transformed
into p-hydroxyacyl-ACP by the enzyme FabG. Followed, p-hydrox-
yacyl-ACP is dehydrated to trans-2-enoyl-ACP by FabZ/FabA. Fabl,
FabK, FabL, and FabV which are all enoyl-ACP reductase enzymes,
produce acyl-ACP molecules from trans-2-enoyl-ACP. The elongation
cycle is then supported by FabB/FabF enzymes that condense various
acyl-ACP substrates and malonyl-ACP to p-ketoacyl-ACP [2]. Thus,
condensing enzymes are required for the critical and irreversible elon-
gation step of fatty acid biosynthesis [13,14]. In terms of the active site
structure, three different enzymes from the FAS II pathway, FabB, FabF,
and FabH, display similarities. Highly conserved ACP’s active sites
contain a central cysteine residue in the catalytic triad. Both FabB and
FabF have a Cys/His/His catalytic triad, Cys163/His298/His333, and
Cys163/His303/His340 respectively, while FabH has a Cys/His/Asn
catalytic triad, Cys112/His244/Asn274 (Escherichia coli numbering)
[15-18].

Antibacterial compounds interacting with enzymes of the FAS II
pathway can inhibit lipid synthesis, which is essential for cell viability,
and membrane integrity and relevant for pathological virulence [13,19].
To date, some inhibitors of condensing enzymes have been identified.
Previous studies have shown that cerulenin is an irrevocable inhibitor of
FabB and FabF. It forms a covalent bond with the central cysteine in the
triad (Cys163) and its O-2 forms hydrogen bonds with both histidines in
the active site of FabB (His298 and His333) [13]. Cerulenin also inhibits
the mammalian FAS I pathway, which makes it a potential inhibitor for
the mammal’s fatty acid pathway. Moreover, in vivo analysis showed
that cerulenin significantly reduced body weight in mice [13,20]. Due to
cysteine-reactive epoxide group activity and chemical instability, cer-
ulenin has been excluded from clinical development [21]. Thio-
lactomycin (TLM) is also an inhibitor of FabB and FabF and forms
hydrogen bonds with active site histidines (His298 and His333) in the
malonyl-ACP binding site. However, TLM is a more sensitive inhibitor of
FabF than FabB, while it shows the lowest affinity to FabH, which is
calculated as 158 pm [13]. Slow onset inhibition of TLM is reversible
and Fab enzymes can be protected by existing malonyl-ACP [13,22].
Also, missense mutations and overexpression of FabB cause TLM resis-
tance [23,24]. Platensimycin (PTM) and its analog platencin (PTN)
inhibit the FabF/B and FabF/FabH respectively. Both molecules exhibit
antibacterial activity against gram-positive bacteria [25,26]. Due to
efflux mechanisms in gram-negative bacteria, PTM efficacy is probably
restricted for also A. baumannii. PTM may not be capable of inhibition
unless these pump mechanisms mutate or by using a second drug to
block the pumps [25,27].

In this study, novel compounds against the multidrug-resistant
A. baumannii FabB (AbFabB) enzyme were identified. The structure of
the enzyme was generated via homology modeling and then structure-
based and computer-aided drug discovery approaches were used. After
high-throughput virtual screening and several docking campaigns, the
stability of the resulting compounds was analyzed using molecular dy-
namics simulations, and the free energy of binding was calculated. As a
result, two compounds with low binding free energies and high stability
were selected as potential inhibitory molecules.

2. Materials and methods
2.1. Protein modeling and validation
The FabB amino acid sequences from Yersinia pestis (Accession

number: WP_002209717.1 and PDB ID: 30YT) [28], Escherichia coli
(Accession number: NP_416826.1 and PDB ID: 1G5X) [29], Brucella
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melitensis (Accession number: WP_002965234.1 and PDB ID: 3LRF) [30],
Vibrio cholera (Accession number: WP_000832701.1 and PDB ID: 4XOX)
[31] and Pseudomonas aeruginosa (Accession number: WP_003087471
and PDB ID: 7PPS) [32] were retrieved from the NCBI database
(https://www.ncbi.nlm.nih.gov) and the RSCB Protein Data Bank (PDB)
(www.resb.org). The multiple sequence alignments of FabB sequences
were carried out by using the MUSCLE (http://www.ebi.ac.uk/Tools/m
sa/muscle) program and visualized via ESpript 3.0 (https://espript.ibcp.
fr/ESPript/cgi-bin/ESPript.cgi) [33,34]. The amino acid sequence of
AbFabB was obtained from the NCBI Protein database (Accession no:
BAN89261). AbFabB was modeled by using the SWISS-MODEL web
server (https://swissmodel.expasy.org/) [35]. In addition; the Alpha-
Fold model of AbFabB was obtained from the AlphaFold Protein Struc-
ture Database (https://alphafold.ebi.ac.uk) [36,37]. Quality check of
the models was performed with PROCHECK, ERRAT, ProSA, and Ver-
ify3D programs [38-41]. PROCHECK was used to generate the Ram-
achandran plot of the AbFabB models [38]. The statistics of protein
model atom interactions were analyzed by ERRAT [39]. ProSA and
Verify3D were utilized to examine the 3-dimensional structural model
quality [40,41]. Protein models and the template structure were
superimposed based on C-alpha atoms with PyMOL (The PyMOL Mo-
lecular Graphics System, Version 2.3.2 Schrodinger, LLC). AbFabB sec-
ondary structure elements were estimated and visualized by using
PDBsum [42,43]. Functional domain prediction was performed using
the amino acid sequence of AbFabB with the Pfam web server [44]. The
Expasy ProtParam tool was utilized to predict the physicochemical
properties of AbFabB (http://web.expasy.org/protparam) [45].

2.2. Virtual screening, quantum-polarized ligand docking, and induced fit
docking

Drug-Like green collection of OTAVAchemicals (OTAVA Ltd., Can-
ada) including about 170.000 compounds was used in the virtual
screening. The ligand library was prepared by using the LigPrep pro-
gram (LigPrep, Schrodinger, LLC, New York, NY, 2021). The protein
structure was prepared by assigning the bond orders, adding H atoms
and optimizing at pH 7.0, and applying a short step of energy minimi-
zation using the Protein Preparation Workflow (Protein Preparation
Wizard; Epik, Schrodinger, LLC, New York, NY, 2021; Impact,
Schrodinger, LLC, New York, NY, 2021; Prime, Schrodinger, LLC, New
York, NY, 2021). The virtual screening was conducted using the Glide
virtual screening workflow (Glide, Schrodinger, LLC, New York, NY,
2021) applying the high-throughput virtual screening (HTVS), standard
precision (SP), and extra precision (XP) docking modes respectively. In
the HTVS and SP campaigns, 10% of the compounds were selected for
the next stage. At the end of the virtual screening workflow (XP mode),
the 100 best compounds were ranked according to the XP GScores. Vi-
sual inspection was carried out for the interaction with catalytic residues
His349, His313, and Cys174. In addition, another selection was per-
formed according to ADME values and Lipinski’s rule of five, and low-
value compounds were discarded (QikProp, Schrodinger, LLC, New
York, NY, 2021) [46]. Then, the quantum-polarized ligand docking
(QPLD) protocol was used to select ligands by using the XP docking
mode at the initial and final selection stages. QM charges were calcu-
lated by accurate mode (uses the 6-31G*/LACVP* basis set, B3LYP
density functional, and “Ultrafine” SCF accuracy level). The final se-
lection was made according to the Emodel energies of the poses
(QM-Polarized Ligand Docking protocol; Glide, Schrodinger, LLC, New
York, NY, 2020; Jaguar, Schrodinger, LLC, New York, NY, 2021; QSite,
Schrodinger, LLC, New York, NY, 2021). In the final stage, induced-fit
docking (IFD) was performed with the selected compounds, where
both the ligand and the active site residues were allowed to be flexible
(Induced Fit Docking protocol; Glide, Schrodinger, LLC, New York, NY,
2021; Prime, Schrodinger, LLC, New York, NY, 2021). The known FabB
inhibitor thiolactomycin (TLM) was also docked for comparison using
the same procedure as the other compounds.
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2.3. Molecular dynamics simulations and binding free energy calculation

Molecular dynamics simulations of the protein-ligand (including
inhibitor thiolactomycin) and apo-protein structures were performed by
using the Desmond program (Desmond Molecular Dynamics System, D.
E. Shaw Research, New York, NY, 2021. Maestro-Desmond Interopera-
bility Tools, Schrodinger, New York, NY, 2021). In all steps, the OPLS4
forcefield was used [47]. An orthorhombic box filled with the SPC wa-
ters was built and after the neutralization, ionic strength was adjusted to
0.15 M with Na™ and CI~ ions [48]. In the beginning, 100 ps of mini-
mization and default relaxation protocol were applied to prepare the
system for the production run. Then the simulation was run in the NPT
(isobaric-isothermic) ensemble class at 300 K and 1 bar pressure for 100
ns or 1 ps. Trajectories were recorded every 50 ps and 125 ps time in-
tervals for 100 ns and 1 ps simulations, respectively. For both 100 ns and
1 ps simulations, the time step was 2.0 fs. Nose-Hoover Chain thermostat
and Martyna-Tobias-Klein (MTK) barostat with isotropic coupling style
were used and the coulombic cut-off radius was set to 9.0 A [49].
GPU-based and CPU-based computing was conducted using the Intel
i7-7700 3.60 GHz and 32 GB RAM system equipped with the NVIDIA
GTX 1060 3 GB graphic card. The simulation interaction diagram panel
was used to analyze protein RMSD (root mean square deviation) and
RMSF (root mean square fluctuation), ligand RMSD (ligfitlig and ligfit-
protein), protein-ligand contacts, and ligand properties. The binding
energy of the compounds was calculated for each snapshot of the
simulation using the Prime program (Prime, Schrodinger, LLC, New
York, NY, 2021) and the thermal mmgbsa.py script designed for
MM-GBSA AG binding calculation with the following equation:

MM-GBSA AG Bind = E_Complex — (E_Receptor + E_Ligand)

During the selection of compounds for the next step, AG binding free
energies and interaction with catalytic residues were considered.

3. Results and discussion
3.1. Overall structure of AbFabB

FabB from Vibrio cholerae (PDB ID: 4XOX) was selected as a template
structure with 57.46% identity for the homology modeling. After
modeling, GMQE (Global Model Quality Estimate) and QMEAN scores
were determined as 0.82 and —1.13, respectively. Validation analyses
were carried out by using the PROCHECK, ERRAT, ProSA, and Verify3D
programs [38-41]. The Ramachandran plot revealed that 88.7%, 9.9%,
and 0.6% of the residues were in the most favored regions, allowed re-
gions, and generously allowed regions, respectively (Supplementary
Fig. S1). The overall quality factor of the model was calculated as
93.233% in the ERRAT program (Supplementary Fig. S2). PROSA
Z-score of the AbFabB model was —9.93 and the model was found to be
similar to the protein structures solved by X-ray crystallography (Sup-
plementary Fig. S3). VERIFY3D showed that 97.31% of the amino acid
residues had averaged 3D-1D scores (Supplementary Fig. S4). The RMSD
value between the template and the homology model structure was
found to be 0.095 A (over 358 atoms) with respect to C-alpha traces
(Supplementary Table S1).

On the other hand, several validation scores are very similar for the
models obtained from the Swiss-Model and the Alpha-Fold (Supple-
mentary Table S1). Ramachandran plot results for the AlphaFold model
of AbFabB showed that 91.0%, 8.2%, and 0.5% of the residues were in
the most favored regions, allowed regions, and generously allowed re-
gions, respectively. The overall quality factor of the model was found to
be 94.5946 and PROSA Z-score was —9.88 for the AlphaFold model of
AbFabB. However, the VERIFY3D score of the AlphaFold model was
found to be 79.86%, slightly below of threshold value (80%). In addi-
tion, the RMSD value between the template and the AlphaFold model
was calculated as 0.524 A (over 333 atoms) with respect to C-alpha
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traces. The overall structural conformation of the AbFabB homology
model was observed to be closer to the crystal structure of the template
protein than the AlphaFold model. In some benchmark studies, it was
emphasized that the AlphaFold models may have low model quality, and
therefore, studies should be carried out to increase accuracy [50,51]. A
comparison study also reported that the Alpha-fold model did not
perform well in high-throughput docking analyses [52]. Taken together;
validation results show that the homology model of AbFabB is of good
quality and suitable for the structure-based screening studies at the next
stage.

Primary structure analysis of AbFabB was performed by multiple
sequence alignment using FabB amino acid sequences from Y. pestis, E.
coli, B. melitensis, V. cholera, and P. aeruginosa (Fig. 1). AbFabB showed
50.62%; 51.49%; 50.50%; 56.97%; and 54.84% identities with Y. pestis,
E. coli, B. melitensis, V. cholera, and P. aeruginosa, respectively. In the
alignment, Cys-His-His active site triad is also observed to be conserved
in AbFabB compared to FabB proteins whose crystal structure is
resolved. The Cys residue in the active site (Cys174 in AbFabB) is
responsible for substrate binding and accepts the acyl group from the
acyl-ACP [30,53,54]. In a recent study, P. aeruginosa FabB Cys161 was
mutated to Ala, and it was observed that this mutation ensured Phe391
became in the open conformation, making the enzyme a target that al-
lows entering inhibitors. In this way, the study revealed the importance
of this residue (Cys174 in AbFabB) in drug design [32]. The two histi-
dine residues (His313 and His349 in AbFabB) are involved in nucleo-
philic activation following malonyl-ACP binding [30,54]. These
histidine residues have also been known to play an important role in
protein-drug interaction [13]. In addition, the Phe408 residue that is
highly conserved is responsible for substrate specificity and facilitates
the entry of the substrate into the binding site in the open conformation
of the enzyme [30,53].

The secondary structure of AbFabB was predicted to consist of 15
a-helices and 14 p-strands. The thiolase-like afofo fold in p-ketoacyl-
ACP-synthases is also located in AbFabB (Figs. 1 and 2) [30,53]. The two
B-strand groups were shown in Fig. 2B. Structure domain prediction of
AbFabB was carried out by the Pfam web server [44]. N-and C-terminal
domains of beta-ketoacyl synthase in the keto-acyl synthase family were
found to be associated with AbFabB at e-values 2.7e % and 8.2¢ 3!
respectively.

The physicochemical properties of AbFabB were also analyzed. The
molecular weight of the enzyme is about 44.87 kDa, theoretical pI is
5.45, AbFabB has 47 negative and 36 positively charged residues,
extinction coefficient is 30745, the aliphatic index is 86.52 and grand
average of hydropathicity is —0.041 according to ProtParam tool results.

3.2. Molecular docking, molecular dynamics simulations, and free-energy
calculation

Virtual screening was conducted in the malonyl (Acyl)-ACP binding
site of the AbFabB by using the drug-like green collection of OTA-
VAchemicals (OTAVA Ltd., Canada) including about 170.000 com-
pounds that obey Lipinski’s rules of five [46]. At the end of the virtual
screening, we ended up with the 100 highest rated compounds selected
according to the XP GScore. Every docking pose was visually inspected
for the interaction with the active site residues His349, His313, and
Cys174, and 88 compounds were selected for the ADME analysis.
Compounds with low ADME properties including Caco cell permeability
and human oral absorption were eliminated. Subsequently, the resulting
compounds were evaluated using QM polarized ligand docking to
improve docking accuracy and then analyzed by induced fit docking,
which allows both the active site residues and ligands to change
conformation. Finally, the top 10 compounds having the best IFD scores
were evaluated by molecular dynamics simulations for 100 ns to assess
ligand stability and to calculate end-point binding free-energy by using
the Prime MM-GBSA (Molecular mechanics with generalized Born and
surface area solvation) method. During the MD simulations, the top nine
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Fig. 1. Multiple sequence alignment of AbFabB with FabB sequences from Y. pestis, E. coli, B. melitensis, V. cholera, and P. aeruginosa. Cys-His-His active site triad is
marked by an asterisk and the Phe408 residue is marked by a square. p-Sheets are shown in arrows; a-helices are shown in helices.
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Fig. 2. Representation of A. baumannii FabB structural models. A) Topology model of the secondary structure of AbFabB. B) Three-dimensional structure of AbFabB.

compounds with good AG energies were identified that interact with have also docked the thiolactomycin (TLM) inhibitor for comparison
active site residues (Table 1). The ADME properties of the selected li- with the compounds. We obtained a similar binding pose found in the
gands are also given in Supplementary Table S2. E. coli FabB-TLM complex (PDB ID: 2VB8) where interaction with the

According to the molecular docking scores, compounds have lower active site residues Cys174, His313, and His349 occurred [55]. How-

XP GScores in IFD than the HTVS and QPLD campaigns (Table 1). We ever, docking scores of TLM are unsatisfactory when compared with our
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Table 1
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Docking scores and MM-GBSA AG binding energies of the top 9 compounds and TLM were selected after the 100 ns of molecular dynamics simulations.

Compound Compound Catalog HTVS QPLD IFD Prime MM- Interacting residues”
No number GBSA
XP XP XP Prime IFDScore®  AG_Bind"
GScore® GScore® GScore® Energy”
L1 7013870425 —7.23 —7.164 —10.616 —16466.42 —833.94 —36.72 His313
L2 7018801344 -7.119 —6.827 —9.68 —16532.48 —836.3 —47.92 His313/His313, His349, Phe406/
Phe406, Phe408
L3 7020610985 —7.419 —7.326 -9.69 —16523.85 —835.88 —45.54 Phe240, Val281, Pro283, Phe406,
Phe408
L4 5409960 -6.919 —7.395 —9.025 —16508.32 —834.44 —40.8 His313/His313, Phe408
L5 6238550 —7.089 —7.533 —11.16 —16469.52 —834.64 —35.46 His313, His349/His349, Phe406/
Phe406
L6 7564889 —6.976 —7.382 —9.769 —16479.85 —833.76 —61.88 His313, Phe406, Gly407
L7 7565285 —6.681 —6.783 -10.276 —16509.43 —835.75 —51.3 His313, His349, Phe406, Gly407,
Phe408
L8 12398517 —6.94 —6.986 —10.366 —16515.62 —836.15 —-32.73 Glu324, His349, Phe408
Lo 7012740234 —7.09 -7.116 —8.85 —16507.26 —834.21 —45.35 Pro283, Thr315, Phe406, Phe408
Thiolactomycin 135403829 —4.571 ND —7.507 —16970.96 —856.05 -31.70 Cys174, His349
(TLM)

2 Scores are in kcal/mol.

b Residues interacted that more than %50 of simulation time. Bold: H-bond, thin: hydrophobic interaction.

¢ PubChem CID.

hit compounds. The only exception is seen for the IFD score of TLM.
Molecular dynamics simulations show that the compounds L1, L2, L4,
L5, L7, and L8 make H-bond with at least one catalytic residue (His313
and/or His349), while compound L6 makes hydrophobic interaction
(pi-pi stacking with His313). Other than the catalytic residues, Phe406
and/or Phe408 make hydrophobic interactions with the compounds
except for L1. Both compounds L2 and L5 have hydrogen bonds and
hydrophobic interactions with the Phe406 residue during simulation.
Other residues that contribute to protein-ligand interactions are Phe240,
Val281, and Pro283 in L3, Gly407 in L6 and L7, Glu324 in L8, Pro283,
and Thr315 in L9. The MM-GBSA binding free energies of the
protein-ligand complexes varied from —32.73 kcal/mol to —61.88
kcal/mol. L6, the compound with the highest affinity, forms mainly
non-polar contacts, while other high affinity compounds (L2 and L7)
make polar contacts with the catalytic residues His313 and His349. On
the other hand, the simulation of the AbFabB-TLM complex shows that
the interaction with His313 is lost while the interaction with Cys174 and
His349 is preserved. TLM has the lowest affinity, —31.70 kcal/mol,
among compounds that interacted with AbFabB according to the
end-point free energy of binding calculation with the Prime (Table 1).
RMSD plot shows changes in the protein structure with respect to the
initial position. The average RMSD for the apo-AbFabB protein back-
bone atoms was found around 1.78 A. It was shown that there was no
major change in the RMSD, and it remained stable through the simu-
lation with minimal variation. The maximum RMSD value for apo-
AbFabB was 2.52 Z\, while the minimum value was 0.97 A. The mean
RMSD for AbFabB-L1 and AbFabB-L2 complexes were about 1.99 A. The
maximum RMSD value for AbFabB-L1 was 2.78 A and the system varied
between 40 ns and 50 ns for 10 ns and remained stable after 50 ns. The
maximum value for the AbFabB-L2 complex was 2.61 A Although the
mean RMSD AbFabB-L2 was higher than the apo-AbFabB RMSD, there
was no significant change in the plot. The mean RMSD for the AbFabB-
L3 was 1.87 A, which is slightly higher than the apo-AbFabB. AbFabB-L4
mean RMSD was 1.95 A, higher than the apo-AbFabB, and there was a
change in the plot before 38 ns. RMSD for the AbFabB-L5 was 1.90 A and
was mostly stable. One of the highest RMSD among the complexes, 2.25
A, belongs to the AbFabB-L6, and its maximum value was found to be
3.04 A. The AbFabB-L6 RMSD plot shows similarities after the 77 ns with
the apo-AbFabB RMSD plot. AbFabB-L7 mean RMSD was 1.77 A. Its
value is quite similar to apo-AbFabB RMSD. AbFabB-L7 maximum
RMSD value, 2.4 /o\, lower than apo-AbFabB maximum RMSD value.
AbFabB-L8 had a mean RMSD of 1.85 A, and its most stable value was

between 50 ns and 73 ns. For the last complex, AbFabB-L9, the mean
RMSD was the same as apo-AbFabB mean RMSD, which is about 1.78 A.
RMSD plot showed that after 38 ns the protein structure remained sta-
ble. The RMSD plots and mean RMSD values for 100 ns simulations are
represented in Supplementary Fig. S5 and Supplementary Table S3.

RMSF stands for root mean square fluctuation and measures the
average flexibility of the residues during simulations based on the
reference position. In the plot, the peaks represent the residues that
fluctuate the most. Secondary structures like alpha helices and beta
strands are more rigid and less fluctuated than the unstructured parts of
the protein [56]. For apo-AbFabB, amino acid fluctuations were in an
acceptable range and the greatest value of fluctuation was around 5 A, in
arandom coil between n-4 and $-9. The mean RMSF value was 1.19 A.In
apo-AbFabB, between Lys133-Asp143, Asp276-Gly285, Ala299-Thr306,
and Gly333-Val337 fluctuated the most compared to the rest of the
protein. These areas mostly consist of random coils. RMSF analysis of
apo- and ligand-bound proteins reveals that they all show similar pat-
terns in highly fluctuated regions. The RMSF plot of the complexes and
mean RMSF values for 100 ns simulations are given in Supplementary
Fig. S6 and Supplementary Table S3.

LigFitProt analyzes show the changes in ligand position based on the
aligned position of the protein-ligand complex on the protein backbone.
It was observed that the AbFabB-L1 complex had the highest RMSD
mean value among all complexes, 4.21 A, while the AbFabB-L2 complex
had the lowest value. The rotational motions of the ligands were also
examined. LigFitLig plots show the changes that the ligand makes within
itself and how consistent the ligand is. It is calculated by superimposing
other ligand positions during molecular dynamics simulation to the
initial ligand conformation. Results showed that all compounds had
minor rotational motion, and all their RMSD mean values were less than
2.0 A. The highest RMSD mean value belongs to the L5 with 1.52 A, and
the lowest RMSD mean value belongs to the L3 with 0.23 A. The mean
LigFitProt and LigFitLig RMSD values of the nine compounds
throughout the 100 ns simulations are represented in Supplementary
Table S3.

Compounds L2, L6, and L7 have been selected for the 1 ps MD sim-
ulations for assessing ligand stability during a long simulation time
because of having the best free energies and interaction with the key
residues. We have also simulated the AbFabB-TLM complex for 1 ps for
comparison. At the end of the simulation, MM-GBSA binding free en-
ergies were calculated for compounds other than the TLM and L2, which
lost their interaction with the receptor and leave the binding site at
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approximately 130 ns and 800 ns, respectively.

The RMSD average value of the protein backbone atoms of the
AbFabB-TLM complex is higher (2.75 1°\) than that of the AbFabB-L6 and
AbFabB-L7 complexes and increases especially after the leave of TLM (at
130 ns) and after the 400 ns (Supplementary Figs. S8-A). RMSD plot of
the compounds with respect to the protein structure clearly shows that
the TLM leaves the protein at about 130 ns while the L6 and L7 keep
their binding position in the active site cavity throughout the simulation
(Fig. 3C, Supplementary Figs. S8-B). The mean RMSD values for back-
bone atoms of AbFabB-L6 and AbFabB-L7 complexes were 2.23 A and
2.24 A, respectively. Maximum values for AbFabB-L6 and AbFabB-L7
were 3.77 A and 3.49 A, while minimum values were 1.01 A and 0.99
/0\, respectively. Towards the end of the simulation, after 964 ns, there
are some changes in the complexes’ backbones, but the overall plot
shows consistent behavior throughout the simulation (Fig. 3A). RMSF
plot indicated that the AbFabB-L6 and AbFabB-L7 complexes show
similar peaks in the same regions, and minor fluctuations were observed
throughout the simulations. While the maximum RMSF value of the
AbFabB-L6 complex was 4.81 A, the maximum RMSF value of AbFabB-
L7 was 6.21 A (Fig. 3B). The highest peak of the plot belongs to residues
located between 118 and 145 (Fig. 3B, Supplementary Fig. S7, colored in
purple). In the second peak of the RMSF plot, both AbFabB-L6 and
AbFabB-L7 complexes showed fluctuation in the loop between -8 and
a-12 which was also found to be highly flexible in ligand bound E. coli
FabB and responsible for the TLM binding [13,55] (Fig. 3B, Supple-
mentary Fig. S7, colored in blue). The third peak of the plot is seen
between Leu296 and Thr306 (Fig. 3B, Supplementary Fig. S7, colored in
green). The fourth peak from the RMSF plot is the same for both com-
plexes and the peak began at the end of a-13 (Gly333-Glu336) (Fig. 3B,
Supplementary Fig. S7, colored in red). The last peak was in the loop
between p-13 and f$-14 (407-410) (Fig. 3B, Supplementary Fig. S7,
colored in orange). Previous studies showed that the Phe408 (Phe391,
Phe392, and Phe393 in P. aeruginosa, E. coli, and B. melitensis FabB) plays
a vital role in ligand binding and substrate specificity by changing its
conformation from closed to open in the apo and intermediate-binding
state, respectively (13,22,30,32). Corresponding LigFitProt RMSD
mean values for AbFabB-L6 and AbFabB-L7 were 2.66 A and 1.99 A.
These results suggest that L6 changed its position more, while L7 moved
more stable with respect to its initial position (Fig. 3C). AbFabB-L6 and
AbFabB-L7 complexes were also evaluated for LigFitLig RMSD values.
LigFitLig RMSD plots showed similarities, and mean values for L6 and L7
were 1.14 A and 1.16 A, respectively (Fig. 3D).

Compound L6, (2-(6-chloro-9H-carbazol-2-yl)-N-(1H-imidazole-2-
yl)propanamide), has imidazole ring and it interacts with aromatic
residues Phe212 and Phe408 during most of the simulation time. Hy-
drophobic interactions with the residues including Phe240, Ala288, and
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Phe406 were also observed (Fig. 4A). The other moiety of the compound
is the polycyclic aromatic hydrocarbon, carbazole, which interacts with
Gly407 and His313. Pi-pi stacking interaction was observed between the
L6 and catalytic residue His313. L6 also makes a hydrogen bond with
His349 but the interactions are not stable until the end of the simulation.
His349 makes a water bridge at half of MD simulation time while the
other half comprises hydrogen bonding. It was observed that the prop-
anamide moiety of the L6 makes a water bridge with the residue Thr317
(Fig. 4A and B). It was shown that the Thr317 equivalent in B. melitensis
(Thr300) forms hydrogen bond with the platencin inhibitor [30].
Compound L7, 2-[3-(4-methoxyphenyl)-6-oxo-1.6-dihydropyridazi-
n-1-yl]-N-(1H-1.2.4-triazol-3-yl) ~acetamide, has methoxyphenyl,
1.6-dihydropyridazin and 1.2.4-triazol ring structures. According to the
protein-ligand contact results, L7 makes stable hydrogen bonds with the
His313, His349, and Gly407 residues during the simulation. Both
His313 and His349 bind to the oxygen of the 1.6-dihydropyridazin ring
structure. Gly407 interacts with the acetamide moiety of the compound
(Fig. 4C and D). In both ligand-receptor interactions, hydrophobic
interaction was observed with active site aromatic residues Phe212,
Phe240, Phe406, and Phe408. While L7-Phe406 and Phe408 in-
teractions are not stable until the end of the simulation, L6-Phe408 pi-pi
stacking interaction dominates in L6 binding. While the main interac-
tion is the hydrogen bonding in L7 binding, L6 makes mainly hydro-
phobic interactions. In brief, we have observed that other than the
catalytic residues (His313 and His349) Phe406, Gly407, and Phe408 are
the key residues involved in the interaction at the malonyl-ACP binding
site (Fig. 4). The structure of the protein-ligand complexes before and
after the 1 ps molecular dynamics simulations are shown in Fig. 5.

Fig. 6 shows the mean energies contribute to the overall MM-GBSA
binding energy. Snapshots from the last 100 ns of the 1 ps MD simula-
tion were taken into account in calculations. While the MM-GBSA AG
binding energies are very close to each other (—52.72 kcal/mol and
—49.39 kcal/mol for L6 and L7, respectively), the main driven forces in
binding energies are different. Lipophilic energy, vdW energy, and
packing (pi-pi stacking) are the main kinds of energies in L6-protein
binding. On the other hand, contributions of coulomb and H-bond en-
ergies in L7 are totally different from the L6-protein binding. When the
protein-ligand contacts and AG binding energy calculations are evalu-
ated together, the L6 interaction has a more non-polar nature compared
to the L7.

4. Conclusion
In the WHO’s global priority list of pathogens, carbapenem-resistant

Acinetobacter baumannii is listed as critical. With the benefits of differ-
ences between mammalian and bacterial FAS pathways, exploration of
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Fig. 3. Plots of AbFabB-L6 and AbFabB-L7 complexes for 1 ps MD simulation. A) RMSD plot. B) RMSF plot. Colored arrows show the most fluctuated parts of the
protein during simulations (Supplementary Fig. S7). C) RMSD LigFitProt plot. D) RMSD LigFitLig plot. In all plots, L6 is shown as green, and L7 is shown as blue. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



E. Albayrak et al.

A Protein-Ligand Contacts
AR *eow S\\‘\\x i‘¢‘_{'.&9")\q‘\\\C
SEEVES e & «’ SV EEPE &S
M H-bonds ™ Hydrophobic I lonic I Water bridges
C Protein-Ligand Contacts
n I |
- | n | -—
Lt 1\“\‘1~‘w. PO Pl
SSIELEVEIE?, TELEEISIES &

8 H-bonds # Hydrophobic M lonic M Water bridges|

Journal of Molecular Graphics and Modelling 124 (2023) 108565

L6 B ngmd-Pro(A:n Contacts L 6
= aal
e
x s
) . -y /ﬁ
S w "
Y
o
5
o 2
s
€
L7 D Ligand-Protein Contacts L7
© e
"
N / \)‘\ /‘\ >
®
o H @
07 406

Hydrophob<

Fig. 4. Protein and ligand contacts for L6 (A and B) and L7 (C and D) during 1 ps MD simulation.

Fig. 5. Superimposition of the initial and the final structures of the protein-
ligand complexes. A) AbFabB-L6 initial and the final structure. B) AbFabB-L7
initial and the final structure. The initial structure is shown as yellow, and
the final is shown as blue. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

novel drug candidates against bacteria can be carried out by targeting
the FAS II pathway without harming human health. Here, we conduct
research to screen potential candidates against AbFabB through
computational tools. After the 3D structure modeling and docking

dG_Bind Coulomb Hbond
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-49.39  -19.15 -1.27
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-60

mLe
mL7

Fig. 6. Mean MM-GBSA AG values for compounds L6 and L7

campaigns, molecular dynamics simulations were performed to assess
interaction and ligand stability in the active site of the protein. Binding
free energies were analyzed by the MM-GBSA approach. As a result, two
of the nine compounds showed lower binding free energies and
remained stable throughout the simulation time of 1 ps. In conclusion,
these compounds can be considered promising inhibitors for AbFabB.
Furthermore, we believe that with in vitro studies supporting the find-
ings, a major step will be taken to find novel hit compounds against
multidrug-resistant Acinetobacter baumannii.
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