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ABSTRACT Acinetobacter baumannii causes hospital-acquired infections and is re-
sponsible for high mortality and morbidity. The interaction of this bacterium with
the host is critical in bacterial pathogenesis and infection. Here, we report the inter-
action of peptidoglycan-associated lipoprotein (PAL) of A. baumannii with host fibro-
nectin (FN) to find its therapeutic potential. The proteome of A. baumannii was
explored in the host-pathogen interaction database to filter out the PAL of the bac-
terial outer membrane that interacts with the host’s FN protein. This interaction was
confirmed experimentally using purified recombinant PAL and pure FN protein. To
investigate the pleiotropic role of PAL protein, different biochemical assays using
wild-type PAL and PAL mutants were performed. The result showed that PAL medi-
ates bacterial pathogenesis, adherence, and invasion in host pulmonary epithelial
cells and has a role in the biofilm formation, bacterial motility, and membrane integ-
rity of bacteria. All of the results suggest that PAL’s interaction with FN plays a vital
role in host-cell interaction. In addition, the PAL protein also interacts with Toll-like
receptor 2 and MARCO receptor, which suggests the role of PAL protein in innate
immune responses. We have also investigated the therapeutic potential of this pro-
tein for vaccine and therapeutic design. Using reverse vaccinology, PAL’s potential
epitopes were filtered out that exhibit binding potential with host major histocom-
patibility complex class I (MHC-I), MHC-II, and B cells, suggesting that PAL protein is
a potential vaccine target. The immune simulation showed that PAL protein could
elevate innate and adaptive immune response with the generation of memory cells
and would have subsequent potential to eliminate bacterial infection. Therefore, the
present study highlights the interaction ability of a novel host-pathogen interacting
partner (PAL-FN) and uncovers its therapeutic potential to combat infection caused
by A. baumannii.
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A cinetobacter baumannii, an ESKAPE pathogen, is a primary global concern to the
human health (1). The World Health Organization (WHO) designated this patho-

gen as a critically prioritized pathogen. A. baumannii evolved different resistant mecha-
nisms, such as the efflux pump (2, 3), beta-lactamases (4), and biofilm formation (5, 6),
etc., as well as diverse tolerance mechanisms in the adverse hospital environment (7).
The coinfections and transmission of resistant A. baumannii are also seen in Covid-19
patients (8–10). The prime steps of a bacterial infection involve the interaction between
the bacterial surface components and the extracellular matrix (ECM) molecules of the host.
However, in A. baumannii-mediated pathogenesis, the mode of adhesion and the partners
involved in host cell invasion is lagging. The role of fibronectin (FN) during infection of

Editor Denise Monack, Stanford University

Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Vishvanath Tiwari,
vishvanath@curaj.ac.in.

The authors declare no conflict of interest.

Received 17 January 2023
Returned for modification 16 February 2023
Accepted 7 March 2023
Published 5 April 2023

May 2023 Volume 91 Issue 5 10.1128/iai.00023-23 1

CELLULAR MICROBIOLOGY:
PATHOGEN-HOST CELL MOLECULAR INTERACTIONS

https://orcid.org/0000-0003-1664-3871
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/iai.00023-23
https://crossmark.crossref.org/dialog/?doi=10.1128/iai.00023-23&domain=pdf&date_stamp=2023-4-5


A. baumannii has been investigated, and it was found that FN interacts with OmpA, FBPs,
and TonB-dependent copper protein (11). The Tol-Pal protein system has three inner
membrane proteins (TolA, TolQ, and TolR) and two outer membrane proteins (TolB and
Pal) (12). PAL is anchored to the bacterium’s outer membrane and interacts with Tol pro-
teins, as well as other cell envelope proteins such as OmpA and Lpp proteins (12). The role
of PAL in the virulence of Burkholderia mallei has been investigated and found to be
involved in resistance to complement-mediated killing and helps in replication inside host
cells (13). No studies have been performed to investigate the role of PAL-FN interaction in
the pathogenesis of A. baumannii.

Hence, the present study focuses on finding the A. baumannii-host interacting part-
ners and the role of interacting bacterial proteins in bacterial pathogenesis. Therefore, to
explore the mechanism, an in silico analysis was performed to screen the interacting part-
ners. The outer membrane-associated interacting partners were filtered, and the PAL-FN
interaction complex was shortlisted, which might have a role in bacterial adhesion on the
host cell. For further investigation, the pal gene was cloned, expressed, purified, and con-
firmed by Western blotting and liquid chromatography-mass spectrometry-based
sequencing. Various experiments such as bacterial growth kinetics, adherence, invasion,
biofilm formation, motility, cell permeability, cell viability, and respiratory bust were per-
formed to show the PAL protein’s role in bacterial pathogenesis. Reverse vaccinology and
immune simulation have been implemented to investigate the PAL protein for its thera-
peutic potential.

RESULTS
Identification of interacting proteins of A. baumannii and human host. The

whole proteome of A. baumannii AYE was downloaded from UniProt, containing 3,652
proteins. Using the Host-Pathogen Interaction Database (HPIDB), protein-protein interac-
tions were analyzed based on homologous pairs of protein interactions across different
organisms. A total of 985 interspecies interactions were obtained between Acinetobacter
baumannii and the host Homo sapiens. In the manual screening of 985 interactions, a total
of 276 unique bacterial proteins have been filtered that interact with different host
proteins (see Fig. S1 posted at https://doi.org/10.6084/m9.figshare.22248886.v1). To
target bacterial initial adherence capability, outer membrane-associated proteins part-
ners of host and bacteria were screened with online server CELLO and PSORTb. Of 276
proteins, only 9 were located in the outer membrane and extracellular region (see
Table S1 posted at https://doi.org/10.6084/m9.figshare.22248886.v1). Cellular localiza-
tion of bacterial proteins interacting with human proteins was also predicted. Of the 9
bacterial proteins, only 4 were located in the human plasma membrane (see Table S2).
A literature survey of these all proteins confirmed that all are found on the surface and
play a vital role in the host-pathogen interaction (11, 12, 14–18). Transmembrane helic-
ity and virulence analysis of these four proteins revealed PAL protein as the best target
for further study due to its 0 transmembrane helicity score with the highest virulence
score (see Table S2).

Interaction analysis of PAL and FN protein using in silico approach. HPIDB analy-
sis-filtered PAL-FN interaction was evaluated by molecular docking, i.e., PatchDock (19).
In the PatchDock server, a docking score of 11303 was found for the PAL-FN complex
and further validated by the FireDock server that exhibited binding free energy of
248.73 kcal/mol (see Fig. S2). The PAL-FN complex showed a dissociation constant (Kd)
of 1.9 � 10210 M. The data represented that bacterial PAL protein possibly interacts with
the host cell fibronectin (FN) to initiate the host cell adhesion in the infection cycle.

Interaction of Acinetobacter is enhanced by immobilized FN. The lung epithelial
cells produce FN and release the same on the cell surface, and their role in bacterial adhe-
sion and internalization was identified (20). In the analysis of PAL-FN-mediated interac-
tion, a preliminary experiment was performed to determine the FN-mediated interaction
and its role in bacterial adhesion capability. In this experimental setup, the A. baumannii
strain significantly (P , 0.0001) bound to an FN-coated (400 mg/mL) plate, and the
increased bacterial CFU was counted with increasing concentration of coated FN (Fig. 1A)
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compared to the control protein. This study showed that fibronectin-mediated interaction
facilitated bacterial interaction. The lung epithelial cells produce the FN and release it out-
side (20). To identify the role of this cell-derived FN in the cell adhesion and invasion pro-
cess, polyclonal antibodies of FN were incubated with A549 cell lines before the invasion
assay. The level of adhesion of wild-type strain of A. baumannii to A549 cell lines was
reduced by anti-FN antibody in a dose-dependent manner (Fig. 2). Adhesion was
decreased significantly by 85.25% in the presence of 10 mg/mL anti-FN antibodies com-
pared to the absence of antibody (P , 0.0043). This study revealed that the host FN pro-
tein has a central role in bacterial infection.

Cloning and overexpression of PAL. The pal encoding gene PCR product of 573 bp
was cloned in T/A vector, followed by its subcloning into the pET28a vector and transforma-
tion in E. coli DH5a competent cells. The kanamycin resistance selected recombinant colony
was used for plasmid isolation. The isolated plasmid was transformed into E. coli C43 BL21
(DE3) for overexpression and purification. Sequencing of the pET28a gene construct and its
nucleotide BLAST analysis matched (100% similarity) with the deposited PAL sequence of A.
baumannii (sequence ID CP040425.1). The translate tool of ExPASy proteomics server
(http://www.expasy.ch/tools) was used to learn the amino acid sequence based on the pal
gene. The theoretical pI and molecular weight of PAL protein were estimated to be 6.43

FIG 1 PAL-FN-mediated host-pathogen interaction. (A) Plot showing CFU/well after incubation of A. baumannii in a well coated with FN protein or control
protein (casein and BSA). (B) Images of bacterial CFU counting plates showing the interaction of A. baumannii with the differently coated proteins. (C) Bar
showing the percent cell viabilities of A549 epithelial cell lines after infection with wild-type and pal mutant strains of A. baumannii in the presence of
exogenous FN. (D) Image showing A549 epithelial cells under an inverted microscope with 5� magnification after infection with A. baumannii. Cell viability
in noninfected A549 cell lines (control) was defined as 100%. All reported values in panels A and C are mean values of three experiments 6 the SD, and
the statistical significance was identified using GraphPad Prism software.
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and 20.59 kDa, respectively. Overexpression of PAL protein was confirmed by Western blot-
ting. Liquid chromatography-tandem mass spectrometry analysis of purified PAL protein
corroborated the presence and purity of the PAL protein.

Purified PAL interacts with pure FN protein. To determine the PAL-FN interaction,
far-Western blotting was performed. A Western blot containing purified cloned PAL
was incubated with soluble human FN. Specific binding of PAL with FN was observed
(see Fig. S2). The same experiment without FN/PAL was performed to exclude possible
background signals. No binding was observed in the negative control, which con-
firmed the specific binding of PAL-FN molecules.

PAL regulates the growth kinetics of Acinetobacter. During bacterial membrane
remodeling, PAL protein is recruited via FtsN at the cell pole divisome (21); hence, PAL
protein may interfere with the normal cell growth kinetics (22). To analyze this, the
growth kinetics pattern of wild-type and mutant cells were examined. The growth
kinetics pattern of the mutant strains exhibited a long lag phase and reduced biomass
at the stationary phase compared to wild-type strains AB5075 (see Fig. S3 in the sup-
plemental material), which shows the role of PAL in bacterial growth. In the present
study, three mutants are used, i.e., wild type (1 to 573), PALB02 (insertion of 73 codons
at 138), and PALH04 (insertion of 73 codons at 268).

Reduction in cell viability of A. baumannii-infected A549 cells in the presence
of FN. Disrupted respiratory epithelium of hospitalized patients on mechanical ventilation
exposes ECM FN, which is recognized by bacterial adhesion proteins (23). To check the
role of exposed FN protein in host cell adhesion, a cell viability assay was performed. The
results showed that infection of wild-type A. baumannii to A549 cells exhibited a signifi-
cant (P, 0.0001) decrease (;49%) in A549 cell viability when infection was performed in
the presence of FN (200 and 400 mg/mL) compared to its absence (i.e., FN, 0 mg/mL).
However, increased viability (approximately 20 to 28%) was witnessed when the A549
epithelial cells were infected with PAL mutant strains (Fig. 1C and D). These results con-
firmed the important role of PAL-FN-mediated interactions in Acinetobacter adherence on
the host cell.

Bacterial adherence and invasion are positively regulated by PAL protein.
Defacement of respiratory epithelial cells facilitates bacterial entry that causes A. bau-
mannii infection. Hence, to assess PAL role in Acinetobacter adherence and invasion,
A549 host epithelial cells were infected with wild-type and PAL mutant strains. The
adherence of mutant strains (AB5075-PALB02 and AB5075-PALH04) were significantly
(P = 0.0021 and P , 0.0155, respectively) impaired by 6 h postinfection (Fig. 3A).

FIG 2 Effect of cell-derived FN on bacterial adherence of A. baumannii. (A) Percentage of bacterial adherence to A549 cell
lines in the presence of different concentrations of anti-FN antibody. The bacterial adhesion is expressed as a percentage of
that observed in the absence of anti-FN antibody (control). (B) Image of a petri plate showing CFU count for adhered
bacteria of the A549 cell line in the presence of a different concentration of anti-FN antibody. All reported values in panel A
are mean values of three experiments 6 the SD, and statistical significance was identified using GraphPad Prism software.
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However, the adhesion assay consisted of both adhered and invaded bacteria; thus, to
examine the internalized bacteria over adherent bacteria, gentamicin protection assay
was executed. The invasion potential of PAL mutant strains (AB5075-PALB02 and
AB5075-PALH04) was significantly (P , 0.0001) impaired compared to wild-type strain
AB5075 (Fig. 3B). These results scrutinized the PAL role in adherence and invasion of
Acinetobacter on A549 lung epithelial cells.

PAL protein does not affect the respiratory burst (ROS and RNS) in the host
cell. Previous studies manifested that oxygen-rich environments suppress the produc-
tion of DAP, and thus the motility of the bacteria (24). Since the PAL protein of A. bau-
mannii possesses higher binding affinity with the DAP protein and facilitates host cell
adhesion and Invasion. An NBT assay was performed to scrutinize the role of PAL pro-
tein in epithelial cell membrane-associated NADPH oxidase complex-mediated reactive
oxygen species (ROS) generation. The results showed that ROS production in the pul-
monary cell was significantly (,0.0001) inhibited upon infection of A. baumannii (wild
type and PAL mutant strain) compared to the control (A549 epithelial cells only), sug-
gesting that it can persist within the host cells by prevention of oxidative burst.
Compared to wild-type AB5075, the mutant strains (AB5075-PALB02 and AB5075-
PALH04) showed only a minor (P , 0.0443) decrease in ROS production in the host
cell. The decrease was only observed in mutant PALH04 but not in PALB02 (Fig. 3C).
ROS production in pulmonary A549 cells was estimated using an EZAssay nitric oxide
estimation kit (HiMedia Laboratories, Inc.) using Griess reagent. The results showed
that the total nitric oxide concentration of A549 cells were elevated in all three treated
samples (wild-type AB5075 [P , 0.0058], AB5075-PALB02 [P , 0.0116], and AB5075-
PALH04 [P , 0.0142]) compared to nontreated control cells. With respect to the wild-
type strain, the PAL mutant strain (AB5075-PALB02 [P , 0.6095] and AB5075-PALH04
[P , 0.4546]) did not modulate (Fig. 3D) the cell-induced reactive nitrogen species
(RNS). These data showed that the PAL protein does not have any role in host cell ROS
and RNS generation.

PAL shield bacterial community with strong biofilm formation. Biofilm forma-
tion plays a predominant role in the colonization of A. baumannii on biotic and abiotic
surfaces. Here, we investigated the PAL role in biofilm formation ability and found that
biofilm was reduced (52.02 and 43.82%, respectively) significantly (P , 0.0001) in PAL

FIG 3 PAL protein role in bacterial pathogenesis. The PAL protein role was evaluated by bacterial interaction analysis in wild-type and PAL mutant strains
of A. baumannii using adhesion analysis (A), invasion assay) (B), and respiratory bust analysis using ROS estimation (C) and RNS estimation (D). All reported
values are mean values of three experiments 6 the SD, and statistical significance was identified using GraphPad Prism software.

Interaction of Bacterial PAL with Host FN Infection and Immunity

May 2023 Volume 91 Issue 5 10.1128/iai.00023-23 5

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00023-23


mutant strains (AB5075-PALB02 and AB5075-PALH04) compared to wild type AB5075
(Fig. 4A). This suggests the role of PAL in biofilm formation.

PAL protein downregulates the bacterial twitching motility. Earlier, nosocomial
pathogen A. baumannii was considered nonmotile rod species due to the absence of flag-
ella. However, recent studies showed the motility (twitching and surface-associated) of this
ESKAPE pathogen (25). Previous studies showed that bacterial DAP (1,3-diaminopropane)
plays a vital role in maintaining bacterial motility and consists of a strong binding affinity
with PAL protein (24). To check the PAL role in twitching and/or surface-associated motil-
ity, a motility assay was performed. In our study, it was observed that A. baumannii twitch-
ing motility had been impaired in mutant AB5075-PALB02 and AB5075-PALH04 strains
(P , 0.0046) compared to wild-type AB5075 (Fig. 4B). The previous study has shown that
the translucent variant of the AB5075 strain does not exhibit a surface-associated (swarm-
ing and swimming) motility (26). However, our study showed an enhanced (P , 0.0001)
motile area in PAL mutant strains compared to the wild-type strains (Fig. 4C and D). In ac-
cordance with this, switching in the degree of motility helps bacteria maintain their cell
locomotion. All of these motility growth areas of the wild-type strain AB5075 and the mu-
tant AB5075-PALB02 and AB5075-PALH04 strains exhibited the role of PAL in bacterial cell
motility.

PAL regulates the membrane integrity/permeability. The outer membrane of A.
baumannii plays a crucial role in maintaining its integrity/permeability, and PAL protein
is one of its key components. To examine PAL protein’s role in maintaining membrane
integrity/permeability, an ethidium bromide (EtBr) accumulation assay was performed
(2). The amount of EtBr uptake in the bacterial cell determines the level of impaired
outer membrane integrity/permeability. A (1.4 6 1.7)-fold increase of dye uptake was
observed in PAL (AB5075-PALB02 [P , 0.0070] and AB5075-PALH04 [P , 0.0001])
mutants compared to wild-type AB5075 cells (see Fig. S4). Thus, these data determined
the potentiality of PAL in the maintenance of outer membrane integrity/permeability,
which may be one of the reasons for more EtBr accumulation.

PAL protein has an interaction ability with innate immune cells. Lipoprotein has
properties to induce the host cell immune system with Toll-like receptor 2 (TLR2)-medi-
ated signaling (27). A recent study on A. baumannii moderated infection mechanism
revealed that interleukin-10 (IL-10) plays an essential role in the host defense against
pulmonary infection of A. baumannii by promoting the antibacterial function of macro-
phages by regulating MARCO expression through the STAT3-mediated pathway (28).

FIG 4 PAL protein pleiotropic role in bacterial cell. In A. baumannii wild-type and PAL mutant strains, bacterial biofilm formation was
observed by crystal violet staining (A) and bacterial motility was analyzed by determining bacterial twitching motility (B), swarming motility
(C), and swimming motility (D). All reported values in panel A are mean values of three experiments 6 the SD, and statistical significance
was identified using GraphPad Prism software.
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Lipoprotein-mediated interaction with the MARCO receptor is also known (29). As per
the literature survey, PAL protein is a lipoprotein; hence, to correlate these two, inter-
action analysis of PAL protein with TLR2 and MARCO receptor has been performed. In
the docking analysis, PAL-TLR2 complex (see Fig. S5A) and PAL-MARCO receptor com-
plex (see Fig. S5B) showed binding free energies of 220.19 and 242.97 kcal/mol,
respectively. Molecular dynamics exhibited the stable interaction between the PAL-
TLR2 and PAL-MARCO receptors; therefore, it can be stated that PAL protein interacts
with TLR2 and MARCO receptor.

Therapeutic potential of PAL protein and its interaction with FN. (i) Reverse vacci-
nology and immune simulation confirmed the potentiometric role of PAL as a vaccine
target. With the help of reverse vaccinology, the epitopes of PAL protein were screened. In
this analysis of PAL protein, 12 major histocompatibility complex class I (MHC-I; see Table
S3), 10 MHC-II (see Table S4), and 8 B-cell (see Table S5) interacting epitopes were short-
listed. These shortlisted MHC-I epitopes were further screened by a class I immunogenicity.
Eight epitopes with negative immunogenicity scores were filtered out, and the rest of the
four proteins were selected (see Table S3). All MHC-I, MHC-II, and B-cell epitopes were
screened for their antigenicity, allergenicity, and toxicity potential, in which MHC-I
(YLAFPLLSA and RRVEINYEA), MHC-II (AHAQFLMANANSKVA), and B-cell (HFDYDSSDLS
TEDYQ, DERGTREYNMA, and ASRKPATTATTGTTNPSTVNTTGLSEDAALNAQNLAGASSKGVTEA
NKAALAK) interacting epitopes were filtered out. The selected epitopes have the potential
to activate the host cell immune response without any allergic and toxicity reactions.
Similarly, physicochemical analysis using the ProtParam server exhibited a PAL vaccine
instability index of 32.18, which signifies protein stability. The aliphatic index and the grand
average of hydropathicity (GRAVY) score of the PAL vaccine were 73.19 and20.423, respec-
tively, with a half-life of 30 h in mammalian reticulocytes. This in silico screening study
showed that PAL could be a potential candidate for vaccine design against A. baumannii.

Furthermore, immune simulation analysis using the C-ImmSim model elaborated the
role of PAL protein in the activation of the immune response (Fig. 5). In Acinetobacter infec-
tion, it has been shown that innate immunity has a significant role in the clearance of
infection (30). Injection of PAL protein as a vaccine without lipopolysaccharide (LPS) exhib-
ited elevated innate immune cells (macrophage) (Fig. 5A). The population of adaptive TH
cells enhances after injection of the PAL vaccine with the elevated concentration of mem-
ory cells (Fig. 5B). Similarly, the total B-cell population with memory cells increases with
subsequent injections of PAL protein that show activation of the adaptive immune
response. The enhanced B cell remains almost similar with further injections (Fig. 5C). The
administration of the PAL vaccine triggers the release of gamma interferon (IFN-g ), trans-
forming growth factor b (TGF-b), IL-10, IL-2, and IL-18 in the host cell (Fig. 5D). In brief, the
development of elevated innate and adaptive immune responses with the generation of
memory cells would subsequently eliminate bacterial infection.

(ii) Potential drug screening targeting to the pal protein. First, U.S. Food and
Drug Administration (FDA) approved library consisting of 2,924 compounds was pre-
pared using the LIGPREP module. The prepared 8,772 stereoisomers were submitted
for ADME/T analysis that filtered out 4,542 compounds. During drug target design,
interface residues of the PAL-FN docked complex were identified. High-throughput vir-
tual screening (HTVS) docking, followed by standard precision (SP) and extra precision
(XP) docking, filtered out three compounds (ZINC00602128, ZINC03794794, and
ZINC00000507). Molecular dynamics (MD) simulations of a protein complex (see Fig.
S6) with FDA-approved drugs for 10 ns revealed the root mean square deviations
(RMSD) for the PAL-FN complex-ZINC00602128 (RMSD = 3.5 Å) and the PAL-FN com-
plex-ZINC03794794 (RMSD = 4.2 Å), whereas the PAL-FN complex-ZINC00000507 inter-
action was not stable throughout the analysis. In addition, the RMSF values also
revealed the lowest fluctuations in the PAL-FN complex with ZINC00602128, whereas
the highest fluctuations were observed with ZINC03794794. The PAL complex with all
three screened drugs showed different numbers of bond formation, including hydro-
gen bonds, hydrophobic interactions, and water bridges. Moreover, the interacting
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fraction exhibited interaction between PAL-drug complex, which means it remains
bound to PAL throughout the simulation.

DISCUSSION

A. baumannii, an ESKAPE pathogen, has gained the attention of the medical fraternity
worldwide due to its nosocomial infection in hospital setups, mainly in ICUs (4, 6, 31–34).
Acinetobacter has developed various resistance mechanisms (MDR, XDR, and PDR) and
strategies to evade the host immune system, mobile genetic plasticity, intraspecies hetero-
geneity, and natural competence (35). To understand the complex disease pathophysiol-
ogy and shaping into therapeutic diagnosis, substantial studies on the identification of
resistant determinants, molecular epidemiology, environmental persistence, and survival
strategies employed by A. baumannii have been conducted (30, 36, 37). For host-pathogen
interactions over ecological time scales, host susceptibility and pathogen virulence are at
the onset of the cross talk. More importantly, understanding the fundamental biology of
pathogenesis and their role in host-pathogen interaction is significantly lagging and creat-
ing an additional hurdle in designing therapeutics.

In host-pathogen interaction, A. baumannii invade nonphagocytic (epithelial, endo-
thelial, and fibroblast) cells with the help of microfilament and microtubule-dependent

FIG 5 Immune simulation of immunization experiment. Injection of PAL protein as a vaccine without LPS was given at day 1, day 28 (4 weeks), day 112 (16 weeks),
and day 168 (24 weeks) after initial injection. The innate immune response i.e. macrophage population (A), the T helper (TH) cell population (B), the B-cell population
(C), and the cytokine and interleukin population (D) after injection of PAL protein as a vaccine were determined. The result shows that administration of the PAL
protein as a vaccine elevated the synthesis of innate immunity, adaptive immune memory cell, and the release of IFN-g , TGF-b , IL-10, and IL-18 in the host cell.
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zipper-like mechanism for bacterial surface protein interaction with host cell proteins to ini-
tiate bacterial entrapment in membrane-bound vacuoles (38). The present study analyzed
the bacterium-host interaction and its respective role in bacterial pathogenesis to identify
the unique therapeutic targets. A complete screening of the Acinetobacter proteome (3,652
proteins) was conducted with the help of a bioinformatics tool (the HPIDB server). To objec-
tify the initial adhesion targets, virulence-associated outer membrane interacting partners
were screened by the CELLO and VFDB servers, respectively. Acinetobacter PAL protein was
filtered out as the most virulent associated protein out of all interacting partners. Dabo and
his group experimentally validated the Pasteurella multocida OMP16 protein interaction
with host fibronectin protein (39), used in this study, and the HPIDB server speculated a
possible interaction between Acinetobacter PAL protein and host fibronectin which was fur-
ther validated by in silicomolecular docking.

It has been suggested that the outer membrane proteins of Gram-negative bacteria
have key virulence-associated factors exhibiting a role in bacterial adherence, invasion,
adaptation, and pathogenesis in the host cell (40). In addition to this, the host ECM is
crucial for bacterial colonization, acting as a receptor for the bacterial entry (41). In the
field of Acinetobacter adherence, only a few interacting proteins, such as OmpA, EF-Tu,
Omp33, TonB-dependent copper receptor, a 34-kDa outer membrane protein, the
transporter protein Ata, and ChoP protein, have been known to facilitate bacterial ad-
hesion and invasion (11, 42–47) by interacting with host matrix receptors, including fi-
bronectin, collagen IV, and platelet-derived factor.

To treat A. baumannii infection, polymyxins (polymyxin B and colistin) are last-resort
antibiotics (48). In colistin-resistant Acinetobacter, Henry et al. reported that it increases
the expression of PAL protein (HMPREF0010_02142) to aid outer membrane stabiliza-
tion (49). Also, various studies have shown the PAL protein associated immunogenic
potency and virulence, thereby executing it as an attractive target to combat wide-
spread epidemic battle (12, 22, 50–52). Moreover, in the host cell, ECM protein acts as
a receptor bridge for bacterial (N. meningitidis, S. aureus, and S. suis) entry (41, 53–55).
During infection, A. baumannii binds to fibronectin, followed by epithelial and phago-
cytic cells permitting bacterial invasion and intracellular persistence (56). However, the
FN-interacting partners are yet to be explored to discover the interaction machinery
and suitable therapeutics. Hence, in vitro validation of PAL-FN interaction was per-
formed to identify their role in bacterial adhesion and pathogenesis.

The proliferation of A. baumannii might be reflected as an essential virulence factor
(57). Based on our findings, the PAL mutant strain exhibited a lower growth rate than
the wild type, signifying the PAL protein role in the growth kinetics of Acinetobacter.
Earlier studies reported that, through matrix binding, bacteria promote their attach-
ment and colonization on the host cell at the beginning of the infection (58). Here, we
illustrated that the A. baumannii wild-type strain showed enhanced binding efficiency
with FN versus the control casein and BSA proteins, indicating that FN is a potent con-
tributor to A. baumannii host cell interaction. Furthermore, anti-FN antibody treatment
reduced bacterial adhesion, indicating that FN binding with A. baumannii plays a key
role in efficient binding. PAL binding to FN significantly enhances the adherence of A.
baumannii to the lung epithelial A549 cells. Thus, this employs that FN acts as a bridge
between the Acinetobacter and host epithelial cell interaction. Further, the bacterial
PAL protein was cloned and purified, and FN-mediated interaction was confirmed by
far-Western blotting.

In addition, the Acinetobacter PAL mutant strain showed an impaired bacterial internal-
ization (both adhesion and invasion) on host epithelial cells compared to the wild-type
strain signifying a PAL-mediated bridge have a profound role in cellular protrusions lead-
ing to bacterial entrapment. In the infection process, PAL protein exhibits an active contri-
bution to bacterial adherence and invasion, despite anonymous cascade signaling. PAL
protein-associated cellular signaling and dynamic features can be highlighted succinctly
by analyzing host immune signaling cascades. One of the initial responses in the host
immune system is the reactive species free radical generation (ROS/RNS) to invade
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bacterial colonization by cellular immune activation. Acinetobacter exploits host cell-
induced NADPH oxidase and mitochondrion-derived ROS, which detoxifies H2O2 into
water and oxygen to prolong infection (30, 59–61). Our study found that A. baumannii-
infected host epithelial cells had diminished ROS production and an elevated RNS produc-
tion compared to the noninfected control. However, the PAL mutant-infected host cells
showed no significant modulation, which indicated that PAL protein does not have a role
in reactive species generation.

A. baumannii virulence-associated outer membrane protein A (OmpA) and DAP have
been known to possess intricate roles in the regulation of biofilm formation, motility, sur-
vival capacity in an oxygen-rich environment, and the maintenance of cell homeostasis
(62–64) and also induce host cell apoptosis (42). Bacterial PAL protein containing the
OmpA-like domain (65) and exhibiting an interaction with cell peptidoglycan DAP might
play a pleiotropic role in bacteria. Upon analysis of the PAL protein, we observed that it
maintains bacterial virulence by regulating the bacterial twitching motility, biofilm produc-
tion, and cellular homeostasis by maintaining membrane integrity.

The past era showed the traditional vaccine design of A. baumannii to be very ex-
pensive and time-consuming. In this regard, various antigenic candidates, including
live attenuated strains, formalin-inactivated whole cells, bacterial ghosts, K1 capsular
polysaccharide, outer membrane complexes [OmpA, trimeric autotransporter protein,
biofilm-associated protein, and poly-N-acetyl-b-(1-6)-glucosamine], outer membrane
vesicles, and subunit vaccines, have been examined that induce phagocytic and/or
antibody-mediated inhibition or killing (66–78). However, these vaccines were not suf-
ficient for a mixed Th1/Th2 or Th1/Th17 response. Therefore, none have passed in clini-
cal trials, which clarifies the challenges behind eradicating this infection. Therefore,
there is a critical need for further advancement in understanding the multifarious rela-
tionships between Acinetobacter and the human host at every phase of the disease
progression (79).

In recent studies, Pal/OmpA DNA vaccine-associated pVAX1 expression plasmid was
vaccinated into mice, which elevated the humoral and mixed Th1/Th2/Th17 response
and mouse survival with a lower bacterial burden compared to the unvaccinated
group that died within 3 days (80). These results highlighted Pal/OmpA DNA as a
potent vaccine target, but further detailed analysis is mandatory to expand delivery,
immune response, potency, and DNA vaccine licenses to target the Acinetobacter (80).
In our study, in silico interaction of PAL protein with TLR2 and MARCO receptor has
been performed, and this identified the role of PAL protein in innate immune
responses. PAL protein potential epitopes were filtered out using reverse vaccinology
that exhibited high binding potential with host MHC-I, MHC-II, and B cells. Collectively,
our results suggested that PAL protein is a potential vaccine target for developing
much-required antimicrobials. These immune simulation results also indicated the
potential of PAL protein in immune activation to target this emerging infectious threat.
In addition, in silico analysis yielded bepotastine as a possible lead to inhibit PAL-FN
interaction based on docking, binding free energy scores, and molecular dynamics
simulation.

Our study explored the novel interaction between PAL protein and FN. Protein
interaction with host FN might expose integrin-binding module (RGD motif), which
can further lead to integrin binding on host epithelial cells, followed by bacterial inva-
sion (81–85). A PAL-FN interaction-mediated integrin signaling study might uncover in-
depth knowledge of bacterial invasion and inflammation. Most intriguingly, several
studies demonstrated that the bacterial twitching motility is associated with high viru-
lence in the infection model compared to surface-associated motility (86, 87), signify-
ing that PAL might play a role in virulence. Moreover, the molecular mechanism
behind this phenomenon remains unknown. In addition, a study showed that fibronec-
tin interaction ability with macrophage cells can modulate its functions (88). Based on
our findings, we propose that the PAL protein itself or PAL-FN interaction might
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modulate macrophage cell activation, an interlinking system, a hypothesis that needs
to be tested in the future.

Hence, the present study suggests that the PAL-FN complex binding exhibits the fore-
most role in host cell adhesion. In A. baumannii pathogenesis, the essential role of PAL pro-
tein was corroborated that maintains the bacterial cell motility and biofilm formation.
Hence, the present result also highlights the potential of the PAL protein as a therapeutic
target against A. baumannii infections.

MATERIALS ANDMETHODS
Materials. Dulbecco modified Eagle medium (DMEM; HiMedia), HEPES (HiMedia), fetal bovine serum

(FBS; HiMedia), amphotericin (HiMedia), vancomycin (HiMedia), gentamicin (HiMedia), the EvaGreen
qPCR Mix Plus (Solis BioDyne), the EZAssay nitric oxide estimation kit (HiMedia), the Verso cDNA synthe-
sis kit (Thermo-scientific), mouse polyclonal anti-His antibody (R&D Systems), mouse anti-FN antibodies
(R&D Systems), horseradish peroxidase (HRP)-conjugated anti-mouse antibodies (R&D Systems), pre-
stained protein ladder (HiMedia), an Amicon Ultra 3-kDa cutoff filter (Millipore), TMB substrate (HiMedia),
human fibronectin (HiMedia, TC618), EEO low melting agarose (SRL), ethidium bromide (CDH), T4 DNA
ligase kit (Thermo Scientific), isopropanol (CDH), ethanol (HiMedia), and Trypticase soy broth (HiMedia)
were obtained from the indicated suppliers.

Cell lines and culture conditions. The experiments here involved no animals or humans. The
human pulmonary epithelial (A-549) cell line was procured from NCCS Pune and was cultured according
to a published protocol (89). Briefly, A549 cells were maintained in DMEM containing 1% HEPES, 10%
FBS, 2.5 mg/mL amphotericin, 50 mg/mL vancomycin, and 50 mg/mL gentamicin at 37°C in an atmos-
phere of 5% CO2. The passage of A549 cell lines was pewrformed after every 2- to 3-day interval using
0.05% trypsin-EDTA. For A. baumannii infection and host gene expression experiments, cells from the
confluent flask were seeded in 96- and 6-well plates.

Bacterial strains and culture conditions. A. baumannii wild-type (AB5075) and PAL mutant
(AB5075-B02 and AB5075-H04) strains were taken from the transposon mutant library (90). The mutant
strains were prepared by insertion of a tetracycline resistance marker in the pal gene (90). In the
AB5075-B02 strain, a tetracycline resistance marker was inserted after 138 bases, whereas in AB5075-H04
a tetracycline resistance marker was inserted after 268 bases of the pal gene. A. baumannii wild-type cul-
ture was grown in Luria-Bertani (LB) media, whereas PAL mutant strains were grown in LB medium con-
taining 10 mg/mL tetracycline at 37°C. To perform different assays, the bacterial strains were harvested
by centrifugation, washed, and resuspended in sterile phosphate-buffered saline (PBS; 140 mM NaCl,
3 mM KCl, 5 mM Na2HPO47H2O, 2 mM KH2PO4 [pH 7.4]).

In silico analysis of host-pathogen interaction partners. Identification and analysis of host-patho-
gen interactions (HPI) is an essential core step to studying A. baumannii infections. The computational
prediction of host-pathogen protein interactions was carried out through the HPIDB server 3.0 (https://
hpidb.igbb.msstate.edu/). HPIDB predicts HP-PPIs (host-pathogen protein-protein interactions) by serv-
ing homologous experimentally derived HP-PPIs as a template. The whole proteome of A. baumannii
AYE was downloaded from UniProt (http://www.uniprot.org/) and was given as an input to predict inter-
acting partners that are restricted to Homo sapiens. The cellular localization of interacting partners was
determined by the online servers CELLO (91) and PSORTb (92). The bacterial adhesion protein must pos-
sess a transmembrane helix of either 0 or 1 and high virulence, so that the in vitro experiment of protein
will not be hampered (93). Thus, the interacting partners were further screened based on the number of
the transmembrane helix (TMHMM server) (94, 95) and virulence-associated factor (VFDB) (96, 97).

In silico analysis of host fibronectin protein and bacterial PAL protein interaction has been analyzed
using molecular docking according to a published method (98). First, the protein PDB IDs, PAL (4G4X)
and FN (2CG6), were downloaded from the RCSB protein data bank. Downloaded PDBs were subjected
to interaction analysis using the PatchDock server, which provides the best 10 binding score solutions.
Using fast interaction refinement in a molecular docking server (FireDock), the global binding energy
was calculated from the 10 best scores (99). The protein-protein complex dissociation constant (Kd) was
determined with the help of the Prodigy (PROtein binDIng enerGY prediction) server (100) that calcu-
lated dissociation constant from DG = RT ln(Kd), where R is the ideal gas constant (kcal K21 mol21) and T
is the temperature in kelvins.

Adherence of Acinetobacter to immobilized FN proteins. The binding of A. baumannii to immobi-
lized FN protein was studied according to a published protocol (39, 101). Briefly, host FN (200 and
400 mg/mL) protein, casein, or bovine serum albumin (BSA; control, 400 mg/mL) was diluted in coating
buffer 0.1 M sodium bicarbonate (0.25 M NaHCO3, 0.25 M Na2CO3 [pH 9.6]) and incubated overnight at
4°C. On the following day, the wells were washed with PBS three times and then blocked with 100 mL of
PBST (PBS 1 0.1% Tween 20) containing 2% BSA for 2 h at 37°C. For the binding assay, a 100-mL sample
(1 � 105 CFU/mL AB5075 culture) was added per well, followed by incubation for 4 h at 37°C. After 4 h,
the A549 cell medium was removed carefully, and the plates were rinsed twice with PBS. Adherent bac-
terial cells were scraped using PBST and plated onto an LA plate. Overnight incubated bacterial cells
were counted per well and compared to controls.

For the inhibition assay, before Acinetobacter infection, the A549 cell monolayer was incubated in se-
rum-free media containing mouse anti-human FN antibody (0 to 10 mg/mL) for 30 min. Treated cells
were infected with a multiplicity of infection (MOI) of 10 (1 � 105 CFU/mL/well) in serum-free medium.
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After 6 h of incubation, A549 cells were washed twice with PBS, and cells were scraped with PBST. Then,
100mL of PBST-scraped lysate was spread onto an LA plate, followed by overnight incubation (102).

Cloning and overexpression of pal gene and purification of the PAL protein. A. baumannii
AB5075 genomic DNA was isolated in accordance with a published protocol (4). The DNA sequence encod-
ing the pal gene was obtained from UNIPORT, and primers were designed. The pal gene-specific primers
were PALFw (59-ACTGGATCCCTAATGGAGATGATGATGAA-39) and PALRv (59-GCAAGCTTCGGTTATTTT
AATAGAGGAGGAAC-39) that contained BamHI and HindIII restriction sites. The pal gene PCR product of
573 bp was ligated in the pET28a expression vector, with an N-terminal six-histidine tag to the sequence.
The ligated plasmid was transformed in E. coli DH5a competent cells. The kanamycin-resistant recombinant
colonies were screened via PCR using vector-specific T7 primer and digestion, followed by gene sequencing.

Transformed pal gene into the expression host C43 BL21(DE3) was grown in LB medium containing
50 mg/mL kanamycin at 37°C until the optical density at 600 nm (OD600) reached 0.5 to 0.6. The expres-
sion of the recombinant pal gene was induced at 16°C for 48 h using 0.5 mM IPTG (isopropyl-b-D-thioga-
lactopyranoside). Induced cells were harvested by centrifugation (5,000 rpm, 10 min, 4°C), and pellets
were resuspended in sonication buffer (150 mM NaH2PO4, 300 mM NaCl, 1 mM phenylmethylsulfonyl flu-
oride, 1 mg/mL lysozyme; pH 7.6) and disrupted by sonication (SONIC Vibra-cell) with 30-s pulses for
eight cycles with a 1-min rest. For purification, the lysate was centrifuged (16,000 rpm, 20 min, 4°C), and
the supernatant was loaded onto a Ni-affinity column to purify the His-tagged PAL protein. Protein frac-
tions were checked for the presence of specific PAL protein by Western blotting with mouse polyclonal
anti-His antibody, followed by sequencing by mass spectrometry.

PAL-FN binding analysis. Far-Western blotting was performed to confirm the PAL-FN interaction (103,
104). PAL protein was mixed in a 1:1 ratio with 2� Laemmli buffer (0.125 M Tris-HCl [pH 6.8], 4% sodium do-
decyl sulfate [SDS], 20% glycerol, 0.002% bromophenol blue, without b-mercaptoethanol), followed by incu-
bation at room temperature for 10 min before electrophoresis in a 10% SDS (wt/vol) polyacrylamide gel. A
prestained protein ladder was used as the molecular weight standard for gel. Samples were run on two sepa-
rate duplicate gels. Both sets were transferred to a polyvinylidene difluoride membrane using a Bio-Rad
Trans-Blot blotting kit. Overnight, the membranes were blocked in blocking buffer (1� PBS buffer [pH 7.2]
with 1.5% BSA and 5% skim milk). Afterward, the polyvinylidene difluoride membrane was incubated with
human FN (10 mg/mL) in PBS containing 2% NaCl, 5% fetal calf serum, and 0.05% Tween 80 at 4°C for 24 h
(105) and then washed three times with PBST buffer. To detect bound FN, the membranes were incubated
with mouse anti-FN antibodies in a 1:1,000 dilution in PBST overnight at 4°C, followed by another three
washes. Incubation with the HRP-conjugated anti-mouse antibodies at a dilution of 1:1,000 was then per-
formed for 1 h, followed by three washes with PBST buffer. The membrane was finally developed with TMB
membrane peroxidase substrate. To confirm the anti-FN antibody’s specificity body, a control blot was
exposed to the antibody without the FN binding step (45).

Growth kinetics. Growth kinetics analysis of the wild-type and mutant strains was performed as
described previously (22, 106). Briefly, a single colony of A. baumannii was inoculated and cultured in LB
medium (37°C, 200 rpm, 16 h). Overnight-cultured cells were washed, and the bacterial CFU count was
measured using serial dilution on the LA plate. Initial inocula of wild-type and mutant strains (1 � 104

CFU/mL) were added to 96-well plates containing 200 mL of fresh LB medium. The culture plate was
incubated at 37°C, bacterial growth (OD600) was then measured at an interval of 2h until it reached the
stationary phase.

Host cell viability determination in the presence of external FN. The viability of A549 cell lines in
the presence of exogenous FN (0, 200, and 400 mg/mL) was determined after infection (MOI of 10:1)
with wild-type and mutant Acinetobacter strains using an MTT assay as previously described (107).
Briefly, at 4 h postinfection, 10 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg/mL) was added, followed by incubation for 3 h at 37°C. Cell medium was removed, and
the formed purple formazan crystals were solubilized using dimethyl sulfoxide (DMSO; 100 mL/well). The
cell viability of nontreated cells was measured by determining the absorbance at 570 nm, which is
directly proportional to living cells. The results are expressed as the percent viability of the A549 cells
(108).

Adhesion and invasiveness to A549 human alveolar pulmonary cells. The role of the PAL protein
in bacterial adhesion and invasion was evaluated by following a previously described procedure (89),
with some modifications. Briefly, A549 pulmonary epithelial cells were cultured in 5% CO2 at 37°C.
Confluent monolayers were washed twice with PBS, coinfected at an MOI of 100 per well, and incubated
for 6 h at 37°C. The infected A549 cells were washed twice with PBS and then lysed in 500 mL of PBST
(PBS with 0.1% TritonX-100) to examine bacterial adhesion. The cell monolayers were infected, as
described above, to determine bacterial invasion. Each well was washed twice with PBS and treated
with gentamicin (300 mg/mL) (109) to kill extracellular bacteria, followed by washing and dissolving in
500 mL of PBST. Dilutions of the adhesive and invasive lysates were plated onto an LA plate and incu-
bated at 37°C for 18 h. The CFU were enumerated to determine the attached (adhesion assay) and
invaded (invasion assay) bacteria with A549 cells compared to wild type-infected wells. Experiments
were conducted in triplicates.

ROS estimation. ROS production in respiratory epithelial A549 cells was quantified by using a nitro-
blue tetrazolium assay (110). The pulmonary A549 (1 � 105) cells were incubated overnight in a 96-well
plate at 37°C. For bacterial infection, cell monolayers were washed twice with PBS and infected for 2 h
with wild-type and mutant strains of A. baumannii at an MOI of 100. In contrast, noninfected cells were
used as a control that contained DMEM only. After infection, the cells were washed twice with PBS and
incubated with 100 mL of p-nitroblue tetrazolium chloride solution (1.6 mg/mL in PBS) at 37°C and 5%
CO2 in the dark for 45 min. Then, A549 cells monolayer were washed twice with Hanks balanced salt
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solution and once with methanol, followed by the addition of 108 mL of 2 M KOH and 92 mL of DMSO to
dissolve the crystals. The absorbance of the solubilized formazan was determined at OD620 using a
BioTek synergyH1 microplate reader.

RNS estimation. RNS were measured in bacterium-infected pulmonary A549 cells using the EZAssay
nitric oxide estimation kit. Briefly, bacterial infection was performed similarly to the method used for cel-
lular ROS estimation. After infection with wild-type (AB5075) and mutant strain (AB5075-PALB02 and
AB5075-PALH04) bacterial cells, A549 cells were washed twice with PBS and incubated with a reducing
agent to reduce nitrate to nitrite. Then, 50 mL each of Griess reagent-I and Griess reagent-II were added,
followed by incubation on the plate at 37°C for 4 h. The absorbance was recorded at OD580, which was
was proportional to the total nitric oxide produced by the cells.

Quantitative biofilm assay. To analyze the role of bacterial PAL protein in biofilm formation, A. bau-
mannii wild-type (AB5075) and PAL mutant (AB5075-PALB02 and AB5075-PALH04) strains were streaked
onto an LA plate, and single colonies of all strains were inoculated in tryptic soy broth (TSB; 5 mL) con-
taining 0.25% (wt/vol) glucose (37°C, 12 h, 200 rpm) (111). Overnight cultures were pelleted, washed,
and resuspended in 5 mL of TSB, and bacterial cells (1 � 105 CFU/well) were incubated (30°C, 48 h) in 6-
well ELISA plates under static conditions (112). To measure the biofilm formation, total cell biomasses
were first quantified at OD600, and free-floating bacterial cells were washed. Crystal violet (500 mL of a
1% solution) staining of Acinetobacter biofilms was performed at room temperature for 30 min. Stained
biofilms were dissolved in 95% ethanol and quantified at OD580 using a BioTek synergyH1 microplate
reader. To avoid the bacterial growth differences in various experimental setups, the OD580/OD600 ratio
was measured to normalize the amount of biofilm formed to the total cell biomass. Biofilm formation
was scored according to a published protocol (113).

Motility assays. The effects of peptidoglycan-associated lipoprotein on the cell motility and bacte-
rial movement of wild-type and mutant A. baumannii strains were assessed. For swimming motility, A.
baumannii wild-type and PAL mutant strains were inoculated onto an LA agar plate and incubated over-
night at 37°C. To analyze the swimming motility, bacterial strains were inoculated as 1-mL aliquots of
1 � 108 CFU/mL bacterial cells on a swimming plate in tryptone broth (10 g/L tryptone, 5 g/L NaCl) that
contained 0.3% (wt/vol) agarose, followed by incubation at 30°C for 12 to 14 h. For swarming motility,
swarming medium plates (0.5% [wt/vol] agar, 8 g/L nutrient broth, 5 g/L glucose) were prepared and
allowed to dry at room temperature overnight before being used. The swarming efficiency of bacteria
was analyzed by inoculating 1-mL aliquots of the bacterial sample containing 1 � 108 CFU/mL bacteria.
The swarming motility was observed on incubated plates after overnight incubation at 30°C. For twitch-
ing motility, a twitching motility-associated stab assay was performed on a plate containing LB broth (10
g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) solidified with 1% (wt/vol) agar. A single-colony inoculum
was picked from an overnight-grown LB agar (1.5% [wt/vol]) plate using a toothpick and stabbed to the
bottom of the petri dish. After incubation at 37°C for 24 h, the bacterial surface was measured for twitch-
ing motility with 0.1% (wt/vol) crystal violet staining of the petri dish surface (114).

Cell permeability assay. The cell permeability of bacteria was estimated by using an EtBr accumula-
tion assay (115, 116). Briefly, wild-type AB5075 and mutant AB5075-PALB02 and AB5075-PALH04 cells
were grown overnight at 37°C. The bacterial cultures were pelleted (5,000 rpm, 5 min), washed, and
adjusted to 1 � 105 CFU/mL. The wells containing bacterial suspension without EtBr were kept as con-
trols. For an accumulation assay for the energy source and nonspecific substrate, glucose (0.4%) and
EtBr (0.5 mg/mL) were added. The fluorescence emission was examined for 40 min (2-min intervals)
using fluorescence spectrophotometer (i.e., a BioTek synergyH1 microplate reader) with excitation (530-
nm) and emission (600-nm) wavelengths.

Interaction of PAL protein with TLR2 and MARCO receptor. To correlate the interaction analysis
of PAL protein with TLR2 and MARCO receptor, TLR2 (2Z81) and MARCO receptor (2OY3) PDB IDs were
downloaded from the RCSB protein data bank. Interaction analysis was performed using the Patchdock
server, and the best 10 complex energy refinements were determined using the FireDock server.
Molecular dynamics (MD) simulations of the top-ranked protein-protein complex were performed using
GROMACS version 5.4 (3).

Screening of the PAL protein as a vaccine target and immune simulations. PAL protein is a lipo-
protein with host fibronectin interaction properties and virulence-associated factors with potential vaccine
targets. To identify this protein’s antigenic and immunogenic property, a reverse vaccinology technique has
been applied in accordance with an earlier protocol (117). Briefly, in this approach, PAL protein, MHC-I
(NetCTLpan server), MHC-II (IEDB server), and B-cell (Bepipred Linear Epitope Prediction 2.0) interaction epi-
topes have been analyzed. The analyzed epitopes were further screened based on their class I immunogenic-
ity (IEDB), antigenicity (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html), allergenicity (https://
ddg-pharmfac.net/AllergenFP/), and toxicity (https://webs.iiitd.edu.in/raghava/toxinpred/multi_submit.php)
scores. Physicochemical property analysis of PAL vaccine was done using the ProtParam server (118).
Furthermore, the role of PAL protein-mediated vaccine in immune (humoral and cellular) simulation was
examined by using the C-ImmSim online server (http://kraken.iac.rm.cnr.it/C-IMMSIM/), which works based
on the Celada-Seiden model (119). The simulation was performed with default parameters (120) with no LPS
on day 1, at 4 weeks, at 16 weeks, and at 24 weeks with a multiplication factor 0.2 and an infectivity of 0.6.
The different immune cell responses were analyzed in the host after vaccine injection.

Virtual screening of leads via molecular docking and dynamics simulation against the PAL-FN
complex. Virtual screening of drugs and molecular docking was performed using Schrödinger (3).
Briefly, the FDA-approved compound library from the ZINC database containing 2,924 compounds was
used for the screening. The LIGPREP tool was used for ligand preparation, and ADMET analysis was con-
ducted. Virtual screening was performed by three different methods: high-throughput virtual screening
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(HTVS) docking, standard precision (SP), and extra precision (XP), and the binding free energies were cal-
culated by MMGBSA (molecular mechanics-generalized Born surface area). MD simulations of the top-
ranked PAL-ligand complex were examined using Desmond software using published methods (121).

Statistics. All reported values are as means6 the standard deviations (SD). One- or two-way analysis
of variance was performed to evaluate the randomness of the data and a measure of overall statistical
significance between the wild-type and mutant strains. Statistical significance was identified using
GraphPad Prism version 5 software. Significance (P) values are indicated by asterisks in the figures (*,
P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).

Data availability. Figures S1 to S6 and Tables S1 to S5 in the supplemental material are available
online (https://doi.org/10.6084/m9.figshare.22248886.v1).
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