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ABSTRACT Here, we report the draft genome sequences of two Escherichia coli strains
that were isolated from raw milk samples obtained from lactating cows with mastitis in
Bangladesh. One strain was assigned to a novel sequence type 13054, and the other strain
belonged to sequence type 101.

astitis is a complex, multi-etiological disease caused by more than 140 bacterial

species. It is one of the most widespread diseases of major economic importance
in the dairy industry worldwide (1, 2). Escherichia coli is one of the leading mastitis-
causing pathogens (2-5). Mastitis is a disease with serious zoonotic potential associ-
ated with shedding of bacteria and their toxins, including Shiga toxin-producing E. coli
strains (6), through unpasteurized milk, constituting potential threats to humans and
other animals. Here, we report the draft genome sequences of two E. coli strains that
were isolated from raw milk samples obtained from lactating cows with mastitis in
Bangladesh. The study was performed due to the lack of genome-based studies of
mastitis-causing E. coli strains from Bangladesh.

Mastitis milk samples (10 mL) that had been collected in sterile tubes from 36-month
and 46-month-old lactating Holstein-Friesian cows (Bos taurus taurus) were transported to
the laboratory, maintaining a proper cold chain. Nutrient broth (10 mL) was inoculated
with 500 uL of a milk sample, incubated at 37°C for 18 h, and subsequently streaked on
selective eosin methylene blue (EMB) agar plates (HiMedia Laboratories LLC.,, Mumbai,
India). After incubation at 37°C for 24 h, pure single colonies were identified as E. coli using
Gram staining and the indole, methyl red, Voges-Proskauer, citrate utilization (IMViC) test.
The purified cultures of the two E. coli strains were submitted to Invent Technology Ltd.
(Banani, Dhaka, Bangladesh) for whole genome sequencing. DNA was extracted from over-
night cultures that had been grown in nutrient broth at 37°C, using a genomic DNA purifi-
cation kit (Promega, WI, USA). Sequencing libraries were prepared using the Nextera XT
library preparation kit (lllumina, CA, USA) and were sequenced on an lllumina NextSeq 550
system using the NextSeq 500/550 high-output kit v2.5 (300 cycles).

Default parameters were used for all software unless otherwise specified. Quality control was
performed using ASA3P v1.4.0 (7). Assembly was performed using SPAdes v3.13.0 (8) integrated
in ASA3P. Contigs, excluding those smaller than 200 bp, were uploaded to the National Center
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TABLE 1 Basic characteristics of the whole-genome sequencing, assembly, and annotation
of strains BR-MHR261 and BR-MHR268 reported in the present study

Finding for strain:

Parameter BR-MHR261 BR-MHR268
No. of raw reads 17,971,212 19,625,988
Avg read length (nucleotides) 128.9 129
Avg coverage (x) 462 518
No. of contigs of >200 bp 93 152
Ns, (bp) 212,731 217,132
Genome size (bp) 5,014,182 4,887,493
G+C content (%) 50.6 50.6
Total no. of genes 4,929 4,831
No. of coding sequences (with protein) 4,701 4,586
No. of RNA genes 87 86
No. of rRNAs (5S, 16S, 23S) 1,1,2 0,21
No. of complete rRNAs (5S, 16S, 235) 1,1,0 0,0,1
No. of partial rRNAs (5S, 16S, 23S) 0,0,1 0,2,1
No. of tRNAs 7 74
No. of noncoding RNAs 8 9
No. of pseudogenes (total) 142 159

for Biotechnology Information (NCBI) (Bethesda, MD, USA) and annotated using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) v6.0 (9). Sequencing, assembly, and annota-
tion datafor BR-MHR261 and BR-MHR268 are summarized in Table 1.

No antibiotic resistance genes were detected using ResFinder v4.0 (10). Virulence
genes detected with the Virulence Factor Database (VFDB) integrated in ASA3P differed
in the two isolates. BR-MHR261 and BR-MHR268 harbored 46 and 34 virulence determi-
nants, respectively. Both isolates harbored genes involved in iron acquisition (entero-
bactin) and the E. coli common pilus. Unique features were type Il secretion system
genes in BR-MHR261 and type | fimbria genes in BR-MHR268.

Multilocus sequence typing (MLST) sequence types (STs) were determined using
PubMLST (11) and the Achtman scheme (12). BR-MHR261 had a new and very rare ST
(ST-13054). BR-MHR268 was an ST-101 isolate. E. coli ST-101 strains have already been
detected in mastitis samples (13).

This report highlights the significance of continued genomic surveillance of masti-
tis-associated E. coli in food chain cattle and food production, which will help us to
understand its role in the spread of antimicrobial resistance and pathogenesis.

Data availability. This whole-genome sequencing project has been deposited in
DDBJ/ENA/GenBank under the accession numbers JALBGL0O00000000 (BR-MHR261) and
JALBGKO000000000 (BR-MHR268). The versions described here are the first versions. The
sequences are publicly available under BioProject accession number PRINA716986, BioSample
accession numbers SAMN26025966 (BR-MHR261) and SAMN26025967 (BR-MHR268), and SRA
accession numbers SRR18182111 (BR-MHR261) and SRR18182110 (BR-MHR268). All genomes
are also publicly available at PubMLST (https://pubmlst.org/organisms/escherichia-spp).
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WGS-based screening of the co-chaperone protein DjlA-induced
curved DNA binding protein A (CbpA) from a new multidrug-resistant
zoonotic mastitis-causing Klebsiella pneumoniae strain: a novel
molecular target of selective flavonoids
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Abstract

The research aimed to establish a multidrug-resistant Klebsiella pneumoniae-induced genetic model for mastitis considering
the alternative mechanisms of the DjlA-mediated CbpA protein regulation. The Whole Genome Sequencing of the newly
isolated K. pneumoniae strain was conducted to annotate the frequently occurring antibiotic resistance and virulence factors
following PCR and MALDI-TOF mass-spectrophotometry. Co-chaperon DjlA was identified and extracted via restriction
digestion on PAGE. Based on the molecular string property analysis of different DnaJ and DnaK type genes, CbpA was
identified to be regulated most by the DjlA protein during mastitis. Based on the quantum tunnel-cluster profiles, CbpA was
modeled as a novel target for diversified biosynthetic, and chemosynthetic compounds. Pharmacokinetic and pharmacody-
namic analyses were conducted to determine the maximal point-specificity of selective flavonoids in complexing with the
CbpA macromolecule at molecular docking. The molecular dynamic simulation (100 ns) of each of the flavonoid-protein
complexes was studied regarding the parameters RMSD, RMSF, Rg, SASA, MMGBSA, and intramolecular hydrogen bonds;
where all of them resulted significantly. To ratify all the molecular dynamic simulation outputs, the potential stability of the
flavonoids in complexing with CbpA can be remarked as Quercetin > Biochanin A > Kaempherol > Myricetin, which were
all significant in comparison to the control Galangin. Finally, a comprehensive drug-gene interaction pathway for each of the
flavonoids was developed to determine the simultaneous and quantitative-synergistic effects of different operons belonging
to the DnalJ-type proteins on the metabolism of the tested pharmacophores in CbpA. Considering all the in vitro and in silico
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parameters, DjlA-mediated CbpA can be a novel target for the tested flavonoids as the potential therapeutics of mastitis as
futuristic drugs.
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CTA Cefotaxime Introduction
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MTC Methicillin Klebsiella pneumoniae has been recognized and distin-
GGI Gene—gene interaction guished as an infectious pathogenic agent and a potential
PPI Protein—protein interaction threat to public health worldwide [1]. K. pneumoniae is a
WGS Whole genome sequencing notable opportunistic pathogen, a natural inhabitant of the
ESBL Extended-spectrum beta-lactamase environment and mucosal surfaces of mammals and the
RMSD Root mean square deviation human gastrointestinal tract [2]. It is typically a rod-shaped,
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non-motile, encapsulated, facultative anaerobic bacterium
belonging to the Enterobacteriaceae family [3]. Despite
its natural presence in the normal flora of healthy humans
and animals’ skin, mouth, and intestine, this Gram-negative
bacterium can develop various diseases, including pneu-
monia, respiratory tract infections, urinary tract infections
(UTI), sepsis, meningitis, and infections at the surgical site
in immunocompromised or healthcare-exposed patients,
elderly, and neonates [4, 5]. The prevalence of K. pneumo-
niae infection is primarily found in nosocomial infections,
with an annual global percentage rate of around 10% [6].
The two most recent predominant strains of K. pneumoniae
are classic (cKp) and hypervirulent (hvKp) [1]. The multid-
rug-resistant (MDR) strains are more likely to appear from
classic K. pneumoniae (cKp), which is characterized by low
virulence, appearing primarily in healthcare settings as wit-
nessed in Europe but carrying antimicrobial resistance genes
(ARGs) [7]. Hypervirulent strains (hvKp) primarily cause
community-acquired infections among healthy individuals
via virulence genes. The pathogenesis of K. pneumoniae
depends on the abilities of its virulence factors- pili, capsule,
lipopolysaccharide (LPS), and iron—acquiring siderophore to
bypass the host immune system. Type 1 and 3 pili promote
adhesion to host cells and abiotic surfaces. hvKp exhibits
capsular serotypes of K1 and K2 mainly, while classical
Kp (cKp) has a significant percentage of K20 serotypes [8].
hvKp tends to produce more siderophore than cKp. How-
ever, the ones most specific to hvKp virulence and survival
are aerobactin and salmochelin [9], while yersiniabactin may
be acquired via horizontal gene transfer.

Antibiotic resistance rates in K. pneumoniae have been
continuously increasing throughout the years. According to
studies, third-generation cephalosporin, aminoglycosides,
fluoroquinolones, and carbapenems have a non-susceptible
rate for K. pneumoniae [10]. Whole genome sequencing
(WGS) of cKp and hvKp strains dictates that both can get
involved in co-integrated transfers [11]. Therefore, clinicians
are concerned as several countries have already reported the
emergence of multidrug-resistant, hypervirulent strains [12],
which stemmed from the convergence of cKp and hvKp
strains [13]. The hvKp contains virulent genes in its outer
membrane vesicles (OMYV), allowing horizontal transfer to
extended-spectrum beta-lactamase (ESBL)-producing cKp
(classic) [14]. Moreover, among CRKP isolates, sequence
type ST11 co-carrying bla NDM-5 and bla KPC-2 genes
were reported in more than half of its (ST11) percentage
[15]. A chaperone ushers pili system (KPI) supports CRKP
(ST-15) to make biofilms and adhere to various tissues [16].

Amidst the rising antibiotic resistance, it has been shown
that some phytochemicals have antimicrobial efficacy against
K. pneumoniae, inhibiting its growth of K. pneumoniae [17].
Some known chemical compounds, e.g., Limonene, Ben-
zaldehyde, Acetophenone, Farnesene, Durenol, Thymol,

Linalool, are mainly found in plant essential oils responsible
for the inhibition of the growth of K. pneumoniae, which
requires protein folding during environmental stress [18].
Chaperone proteins such as DnaK are highly conserved
ATP-dependent proteins that play a crucial role in protein
folding, including fixing misfolded or unfolded polypeptides
that may arise during bacterial stress, heat shock, or patho-
genic conditions [19]. Since they are upregulated in stressful
conditions for cell survival, inhibition of their activity can
lead to bacterial death [20]. Among the six co-chaperones
of the Dnal/Hsp40 family identified in E.coli, only three co-
chaperones- Dnal, CbpA, and DjlA can bind to DnaK [18].
The co-chaperone complex acts as a molecular switch that
regulates chaperone proteins’ activity, such as DnaK [21].
Therefore, particular plant-based flavonoids can target these
conserved sequences of CbpA-CbpM protein complexes and
CbpA-mediated DjlA protein functions, thus preventing
their infection formation. In recent studies, in silico analysis
has been emphasized in determining the target-specificity of
the natural flavonoids as the potential antimicrobial drugs
caused by K. pneumoniae [22].

Considering the aforementioned facts, the current study
aimed to determine the whole genome sequencing of a mul-
tidrug-resistant Klebsiella pneumoniae strain to annotate the
genes responsible for antibiotic resistance and virulence for
mastitis infection. Besides, the DjlA-reinforced CbpA gene
was identified as responsible for coding the CbpA chaperon
protein which can induce mastitis formation. Finally, the
DjlA-induced CbpA protein was established as a novel ther-
apeutic target for selective natural flavonoids depending on
their pharmacokinetic and pharmacodynamic profiles, while
the involvement of a group of operons in metabolizing the
pharmacophores was also analyzed comprehensively estab-
lishing drug-gene interaction (DGI) pathways.

Materials and methods
Sample collection

The milk samples were collected aseptically in separate fal-
con tubes (15 mL each) from 278 mastitis-infected cows
after on-farm California Mastitis Test (CMT) from different
farms of Chittagong, Dhaka, Gzipur, Jashore, Mymensingh,
Pabna, Sirajganj and Sylhet districts of Bangladesh. Briefly,
the udders of the cow were washed with clean water and
allowed to dry; then, rub the udder teats with 70% ethanol,
the first two strings of milk were discarded, and CMT was
performed. The mastitis-positive milk samples were col-
lected in separate sterilized falcon tubes preserved in the ice-
box and transported to Molecular Microbiology Lab., BAU,
Mymensingh. The collected milk samples were processed
for somatic cell count using LACTOSCAN COMBO’s SCC
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(Milkotronic Ltd, Bulgaria) according to the manufacturer’s
protocol [23]. The milk was mixed well with Sofia-Green
dye, loaded into LACTOCHIP micro-fluidic camera, and
computed based on the principles of the fluorescent micro-
scope technique. Finally, data were recorded [24].

Isolation and biochemical characterization

The mastitis-infected milk (100 pL) was inoculated
into 9.9 mL nutrient broth media and incubated at 37 °C
(150 rpm). After 24 h of incubation, the consecutive cul-
tures were streaked on different agar media and inoculated
the plates at 37 °C for 18 h. Finally, the pure colonies were
allowed to grow on EMB agar which is selective for K. pneu-
moniae. Isolation of single colonies from the pure culture,
microscopic examination, and different biochemical tests
like catalase, pH-bile-phenol tolerance tests [25, 26], and
hemolysis [27].

Antibiogram profiling of the presumptive K.
pneumoniae

The antibiogram profiling was completed by disk diffusion
method on Mueller—Hinton Agar as per CLSI’2020. Briefly,
the isolates were grown overnight in Tryptic soy broth (TSB)
at 37 °C, 150 rpm, and inoculums were prepared (as 0.5
McFarland standard), set the antibiotic discs at equal dis-
tance on the plates and incubated at 37 °C for 18 h and
measured the zone of inhibition diameter. Finally, the results
were interpreted following the CLSI’2020 recommendation,
where resistance, intermediate, and susceptibility indexes
were individually and quantitatively assessed [28].

Molecular identification of the mastitis-causing
Klebsiella pneumoniae strain

PCR and MALDI-TOF MS

DNA was extracted from the microbiologically suspected
K. pneumoniae isolates and 16S rRNA gene PCR was
performed. The PCR-confirmed isolates were allowed for
MALDI-TOF MS (Matrix-assisted desorption ionization-
time of flight mass spectrometry) detection using Bruker
MALDI Biotyper following the manufacturer’s protocols
[29]. The evolutionary relationship of the isolated strain
with its genetic neighbors was analyzed quantitatively using
Phylogeny.fr [30].

Whole genome sequencing (WGS) of the identified
Klebsiella pneumoniae

The PCR and MALDI-TOF MS confirmed Klebsiella spp.
was allowed to WGS by “Illumina NextSeq 550”. The WGS

@ Springer

starts with DNA extraction (Genomic DNA Purification Kit
A1120, Promega, USA) of the overnight growing bacterial
culture, quantify (QuantiFluor® dsDNA System, Promega),
and library prepared with Illumina DNA Prep. Then the
library was quantified again, denatured, and diluted at 760
pMol to load into the system for sequencing. The sequences
were assembled using the Unicycler pipeline (Galaxy Ver-
sion 0.5.0+ galaxyl) [31] under the Galaxy server (https://
usegalaxy.eu). The assembled files were submitted to NCBI
GenBank to get new accession numbers for the identified
strain [25].

Annotating the antibiotic resistance genes
from the genome

In the current study, a wide range of antibiotic-resistant
and virulent genes were classified to be present within the
genomes of the microbial strains identified, considering their
unique mechanisms. The antibiotic-resistance genes of the
genome of the identified Klebsiella strain were profiled
through CARD-RGI Interface [32, 33].

Profiling of the gene-gene interaction (GGI)
networks behind the antibiotic resistance
characteristics

The molecular string networks of the most sensitive anti-
biotic resistance and virulence genes were characterized
using the STRING database [34]. The most viable genes
were identified according to their ability to act as the inter-
action sources for the whole cluster strings at the time of
infection initiation and progression in mastitis [35]. The
interaction sources and signal recipients among the clusters
were screened by Cytoscape 3.8.2 [36], which runs through
the Java Runtime Environment interface [37].

Annotating the virulence factors from the genome

Likewise, the genes responsible for the microbial virulence
properties were profiled using the VFDB Interface (http://
www.mgc.ac.cn/VFs/main.htm) [38, 39]. The ontology of
the virulent factors comprising genes with point-specific
pathogenic functions to the multivalent-simultaneous and
even non-defined functions were analyzed in this research.
Both static and dynamic virulence gene profiles were com-
pared to determine the most virulent factors among them
[39]. Finally, the most virulent gene was identified from
the annotated gene lists, encoding DjlA chaperone protein,
which was isolated and screened through PCR, restriction
digestion, and PAGE methods [26]. At the same time, the
molecular string profile of the DjlA protein was also deter-
mined using Cytoscape 3.8.2 [34, 36]. The evolutionary
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relationship of DjlA chaperone protein was characterized
using NGPhylogeny.fr [40, 41].

CbpA-DjlA string analysis

A molecular string network between CbpA and DjlA was
developed in STRING interface, and Cytoscape 3.8.2 [34,
36], where the strength of proteomic interactions was clas-
sified based on the number of their source of interactions
among selective operon clusters. Besides, the group of pro-
teins that help DjlA in provoking CbpA at the time of infec-
tion formation, was also identified [42].

In silico analysis of co-chaperone DjlA-induced CbpA
protein as a therapeutic target

Protein optimization

The crystal structure of the CbpA was fetched from the
Protein Data Bank (PDB) (PDB ID: 3UCS), as the target
macromolecule of this study [43]. The follow-up protein
optimization was conducted on “UCSF Chimera Soft-
ware version-1.14” where the “A chain” of the protein was
selected, followed by the removal of non-standard amino
acids, atoms, water molecules, metal ions, and ligands [44,
45].

Quantum tunnel property analysis

After necessary optimization, the structure was conserved
as “pdb format” for further docking analysis. For the active
site prediction on the A chain, the pdb file was uploaded
to the COACH-D algorithm [44, 46]. The “A chain protein
homology model” was obtained by evaluating amino acid
residues’ binding energy and association. A total of five sites
were obtained from the algorithm, among which the one
with the highest binding affinity and the number of amino
acid residues was selected for the quantum tunneling. The
quantum tunneling of the “A chain” of 3UCS was done using
the ‘CAVER Algorithm’ to elucidate its morphological fea-
tures to predict the best active site for ligand docking [34,
36]. Based on the tunneling parameters, such as the pro-
tein tunnel length (A), curvature (Radius), and bottleneck
(Radius), tunnel cluster-2 the supramolecular docking region
was verified [46].

Preparation of flavonoids

A total of five chemical compounds: Galangin (control),
Kaempferol, Biochanin A, Myricetin, and Quercetin, were
selected from the 200 compound library after their exten-
sive Pharmacokinetic and QSAR properties. The 3D crystal
structures of these phytochemicals were obtained from the

PubChem database and conserved in “SDF” format [47].
The energy minimization was completed by UCSF Chimera
1.14, then transforming the structure to “mol2” format to
perform molecular docking [37].

Molecular docking

Molecular super docking of each optimized ligand on the
best binding site of the “CbpA-A chain” was conducted
through the PyRx 0.8 software package [45, 47]. The mac-
romolecule DjIA (PDB ID-3UCS) and each ligand complex
were converted to the “pdbqt” file format on this software.
After docking, the root means square deviation RMSD (10\)
was analyzed, and binding affinities of each ligand—pro-
tein complex were filed up in “.csv file” format for further
visualization. The ligand—protein complex was visualized
on PyMOL (version 2.4.1) [43, 44], and each complex was
converted into “pdb” format for post-docking analysis.

Post-docking analysis

After the qualitative assessment and visualization on
PyMOL software, each ligand—protein complex underwent
quantitative analysis of H-bonds and Hydrophobic interac-
tions on LigPlot+ (version 2.2) [46, 47], a JAVA runtime-
based software [44, 45].

MDS analysis

The ligand-free protein’s initial MDS was run on CABS-flex
2.0 for 10 ns. After observing the protein’s natural structural
modification in water, each of the ligand—protein complexes
was run through LARMD for 3.1 ns to analyze principal
component analysis (PCA), RMSD, root mean square fluc-
tuation (RMSF), solvent accessible surface area (SASA) and
MM-GBSA dG-binding score [34]. A final comprehensive
MDS analysis of each of the ligand—protein complexes was
conducted by GROMACS molecular dynamics package
(version 5.1.2) for 100 ns to analyze RMSD, RMSF, SASA,
Polar Surface Area (PSA), Radius of gyration (Rg), Ligand
H-bonds, MMGBSA-dG binding score, and intramolecular
H-bonds [36, 44]. The grid box size dimension was fixed
to 10:10:10, with neutralizing ions (Na+) as the nullifying
agent. The probe radius was 1.4 A for SASA and molecu-
lar surface area (MolSA) analysis [43, 47]. All the results
obtained from the simulation were transferred and conserved
in “.csv file” format.

Drug-gene interaction (DGI) analysis
The individual effects of each of the tested flavonoid phar-

macophores on a group of gene clusters based on their DGI
properties were analyzed using STITCH, GeneMANIA, and
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Cytoscape 3.8.2 combinedly [34, 36]. In that case, the syn-
ergistic and simultaneous impacts of the operons (groups of
genes with similar functions) on the individual flavonoids
were considered [34].

Statistical analysis and graphical representation

The statistical analysis and graphical representation were
prepared using the ‘GraphPad Prism version 8.0.1° software
package (for Mac OS) [48-51]; and the ‘R programming’
(version R-4.0.2 for Linux) [40, 52, 53].

Results
Isolation, identification, and characterization

The isolated pathogen was identified as K. pneumoniae
strain BR-MHR521 (NCBI BioProject Accession No.
PRINA915214) based on the whole genome mapping. The
newly identified strain showed tolerance to the pH 5.5; 1.0%
bile salt; 0.3% phenol; gram-negative; non-motile; catalase
positive; oxidase negative; and indole test negative.

Antibiogram of K. pneumoniae strain BR-MHR521

The isolated K. pneumoniae (BR-MHR521) showed differ-
ent susceptibility to different antibiotics in the disk diffusion
method. The antibiogram (Fig. 1) shows that K. pneumoniae
is highly susceptible to Cefoperazone (CFP), Linezolid (LZ),
and Penicillin G (PNG). Moreover, the antibiogram shows
that K. pneumoniae is moderately susceptible to ceftaroline
fosamil (CFT), Doxycycline (DC), sulfamethoxazole and tri-
methoprim (SMA-TMP), and Tetracycline (TC); addition-
ally, resistant to antibiotics, including Cefatrizine (CFS),
ceftazidime (CZD), Cefotaxime (CTA), Imipenem (IPN),
and methicillin (MTC).

Annotating the antibiotic resistance genes

The current study resulted that most of the genes for pro-
moting antibiotic resistance in K. pneumoniae means-
MarA (STRING Identifier: JG24_11650); BaeR (STRING
Identifier: JG24_17005); and RsmA (STRING Identifier:
GCA_001598715_02965) can play pivotal roles as interac-
tion source for the neighboring genes amid their individ-
ual gene—gene-interaction (GGI) network except the CRP
gene (STRING Identifier: JG24_26820) which mainly act
as the interaction recipient from the other gene clusters
of its genetic string network (Fig. 2). Among the frequent
resistance genes, MarA roles as the interaction source of
seven other antibiotic resistance-provoking genes, includ-
ing AdaA (JG24_28085), AraC (JG24_13785), MarR
(JG24_11655), Marc (JG24_11665), AraC (JG24_13135),
AraC (JG24_22430), RhaR (JG24_26050) genes responsi-
ble for differential transcriptional modulation at resistance
formation (Fig. 2A). In contrast, the CRP gene maintains
the gene—gene-interaction (GGI) as an interaction sig-
nal receiver from seven different transcription-regulating
genes, such as RpoA, RpoB, RpoD, RpoZ, and GItB genes
(Fig. 2B). Besides, the BaeR gene provides an interaction
signal to the CreC (JG24_29395), ArcB (JG24_22980),
BarA (JG24_20205), and hybrid sensory histidine kinase
(JG24_22255) genes (Fig. 2C). The RmsA gene signals to
the similar-functioning LptD (GCA_001598715_02968),
SurA (GCA_001598715_02967), RpsD
(GCA_001598715_04304) genes of a string (Fig. 2D).
Depending on the number of interaction signals, MarA is
comparatively more vigorous than the rest holding the most
antibiotic resistance mechanism in K. pneumoniae.

Annotating the virulence genes
The present study identified Aerobactin, RmpA, DjlA, and

Colibactin coding genes as virulence factors. The Dnal gene
for DjlA biosynthesis resulted as the most significant one,

Fig. 1 Graphical illustration 4 *
of the antibiotic sensitivity of 50 n 33
K. pneumoniae (BR-MHR521)
against 34 antibiotics based on 40 wy 5 Q@ 9 oy
the zone of inhibition (ZI) (mm) .a n o o ¥ - N P o 22 E
and dose concentration (DC) o 30 I N g
(ng) 8 20- & v ! g
8 4 -11 ~o-
10 I I
SRR I AT L,
T T T T 1 I T T I I T T I 1T T T 7T I I T I 1T T 1T 1 T 17 T 17T
«& VC&Q%&&Q Y Q‘\»CQV LARRNNAN
§‘§ PSS T ‘¢ (Y %@Q RN v@&%eoﬂs&&@:&@ 4
)

@ Springer



Molecular Diversity

A
ftrA
JG24 26050 JG24_28085
Q 0
D 5 JG24 25160 B
a4 22430 JG24_13785
GCA_002508748 02068 GCA_QMSSAM 5_02963 > aA
N ? 093 "oad o
7 g Ao P 624 26830 g 9
Y 4 4624_11650—3G24_11655 = Yy Q
GeA_002808315 02064 oc{;x‘oﬁmm_o?w JG24 13185 5 vy b o % . ) 624 21880
; g o Vo) O‘_. i Q
ral g ) A JG24_10255
GeA 00158715 Goes GCA_QIS88l s 01250 JG24 11645 JG24 11665 poZ 5 g B e
‘,y <« ¢ ;"' i, 3 . :
q R c 5 s i Qe
GCA_00268838, 00002 oA offElYs 01129 b toz"‘m ’2 % o ¢G624_16630
V., 1G24_16980 - 1624_17000 poB 3. ; , le.
o) ~ : .. S X o)
Q W 3 s ] <§
GCA_001898153_00779 e odNe8Rs 04304 y 1G24_08835 QB 5 e 'OrPOD
R " A o B - Sk o
el JG24_16885 > JG24_17005 X o 9 OI'DOA‘
GCA_00288815 01114 o b 362416990
1624_22255 ;
o F'é 4G24_29395
1G24 20205
R AT
JG24_22980

Fig.2 Analysis of the molecular networks of the most prominent
antibiotic resistance genes means MarA (yellow circle and green dia-
mond) (A); CRP (yellow circle and blue hexagon) (B); BaeR (yellow

considering the mechanism of infection formation at selec-
tive anomalies.

Identification of chaperone Dnal gene

The DnalJ gene encoding “DjlA chaperon protein,” especially
the “heat shock protein,” was preliminary identified through
restriction digestion and PAGE with a length of 1104 bp
studying the position of the gene inside the whole genome,
which was most similar to the sequence of K. pneumoniae
subsp. pneumoniae HS11286 chromosome (Gene Bank
Accession No. NC016845.1) studied previously (Fig. 3A).

DjlA-mediated protein-protein interaction (PPI)
involved in CbpA regulation

DjlA protein is interconnected with a group of differential
chaperone proteins means SurA, DnaK, GrpE, NfuA, HscA,
NifU, and JG24_16675 (nitrogen fixation protein NifU
coding) genes in the molecular strings (Fig. 3). Besides, a
few functionally non-defined proteins were found within
the molecular string networks of DjlA, such as IptD and
JG24_01530 proteins (Fig. 3B). Considering the identified
PPI profile, DjlA acts as the interaction recipient of all the
aforementioned protein signals, including the functionally

circle and blue circle) (C); and RsmA (yellow circle and green trian-
gle) (D), where each of them represents their strings accordingly

non-defined ones, staying at the center of the string mesh
(Fig. 3B). A quantitative interaction strength among these
proteins were identified based on molecular-string scores,
where CbpA was found to be vigorously connected with the
DjlA at all standards (Fig. 3C). According to the molecular
STRING profiles of K. pneumoniae, proteins like DnakK,
GrpE, and HscA from DjlA protein cluster, can directly
regulate the functions of CbpA from the time of onset to
severe progression of infection, resulted in this research.

The evolutionary relationship study for DjIA

The phylogenetic analysis of DjlA chaperone protein (NCBI
GI: 496082963; Accession: WP_008807470.1) revealed
that it possesses a very significant evolutionary relationship
with a group of chaperone proteins (Fig. 4A) from differ-
ent microorganisms, including- WP_110233507.1 from
Klebsiella variicola; WP_243234166.1, WP_225371030.1,
HBUS8762037.1, and CAF2004784.1 from K. pneumo-
niae considering both the radial (Fig. 4B) and linear forms
(Fig. 4C) of analysis. In all the cases, the genetic similarity
and evolutionary matching score of DjlA chaperone protein
with the other chaperones were p <0.01 on a scale a=0.05
means very significant.
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Fig. 3 Polyacrylamide Gel
Electrophoresis of DjIA gene
encoding DjlA protein extracted
from K. pneumoniae strain
BR-MHRS521. The red arrows
toward DjlA indicate the inter-
action sources of DjlA inside
the PPI strings
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Pharmacokinetic profiling

The values of Log P of the five ligands ranged from 1.69 to
2.87, where Biochanin A harbored the highest value com-
paratively. The blood—brain-barrier values of Myricetin
were the lowest (— 1.493), whereas Biochanin A showed
BBB permeability (— 0.221). There was no violence
regarding Lipinski’s rules in any ligands except for the
test ligand Myricetin (Table 1). Among the test ligands,
Biochanin A resulted in maximum intestinal absorption
(93.028%). All five compounds’ total clearance (TC) val-
ues were positive and ranged between 0.256 and 0.477.
None of the ligands showed any hepatotoxicity or AMES
toxicity (AT). Also, the LD50 level of Myricetin was the
highest (2.49) among all the ligands. All five ligands,
including the control, showed significant maximum-toler-
ated doses (MTD), maintaining the range of 0.33 to 0.736
log mg/kg/day (Table 1). The QSAR profile indicates sub-
stantial antibacterial activities for all the ligands. Biocha-
nin A and the control ligand Galangin showed antiviral
effects (Table 2).
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JG24_16675

JG24 01530

Quantum tunneling of CbpA

Quantum tunnel profiling reveals a total of two tunnels each
containing seven sub-tunnels, having a distinct length, cur-
vature, and bottleneck radius. Sub-tunnels of cluster 2 have
bottleneck radius (BR) ranging from 1.02 A, 1.93 A, and
a length of 9.56 A (Fig. 5A). Tunnel cluster 2 had length
manifolds greater than cluster 1 sub-tunnels. However, clus-
ter 2 fell short of a much narrower BR than cluster 1. The
bottleneck point of tunnel cluster 2 contained seven amino
acid residues-53Val, 531le, *2Me, 56A**, 55Arg, 74Leu,
and 70Ile. As amino acid residues were more significant in
the cluster 2 bottleneck region, the formation of H-bond and
stable ligands have a much greater chance of docking inside
those sub-tunnels (Fig. 5B).

The sub-tunnels of tunnel cluster-1 possessed a bottleneck
radius (BR) between 2.3 10%, Curvature between 1.05 /ok, and
a length between 1.47 A (Fig. 5A). Tunnel cluster 1 has a
shorter length of manifolds than cluster 2. The bottleneck
radius (BR) of tunnel cluster 1 was broader as the value
ranges from 0 to 2.3 A, higher than Cluster 2. The bottleneck
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Fig.4 The evolutionary relationship of co-chaperone protein Dj1A of K. pneumoniae along with the basic genetic similarity found on these six
chaperone proteins (Red nodes) (A); the radial forms of the relationship with a score of 0.01 (B); and the phylogenic distances (C)

Table 1 Pharmacokinetics profiling of ADMET and QSAR for ligand validation

Ligands CID MoW  LogP H-Ac H-Do NRB BBB NLV DL 1A TC AT LD50 HT MTD
Galangin 5,281,616 27024 257 5 3 1 -0.748 0 Yes 93985 0256 No 2.45 No 0.33
Kaempherol 5,280,863 286.24 228 6 4 1 -0939 0 Yes 7429 0477 No 245 No 0.531
Biochanin A 5,280,373 28426 287 5 2 2 -0221 0O Yes 93.028 0247 No 1.85 No 04
Myricetin 5,281,672 31823 1.69 8 6 1 -1493 1 Yes 6593 0422 No 249 No 051
Quercetin 5,280,343 30223 198 7 5 1 —-1.098 0 Yes 77.207 0407 No 247 No 049

OSAR quantitative structure—activity relationship, ADMET absorption, distribution, metabolism, excretion, and toxicity, MoW molecular weight,
g/mol, LogP predicted octanol/water partition coefficient, H-Ac no. of hydrogen bond acceptor, H-Do no. of hydrogen bond donor, NRB no. of
rotatable bonds, BBB blood brain barrier, NLV no. of Lipinski’s rule violations, DL drug-likeness, /A intestinal absorption, % absorbed, TC total
clearance, log ml/min/kg, AT AMES toxicity, LD50 oral rat acute toxicity, HT hepatotoxicity, MTD maximum tolerated dose for human

point of tunnel cluster 1 contained amino acid residues,
including 52 ILE, 32-MET, 31-GLY, and 33*E. The tunnel
was found to be surrounded by amino acid residues as the
ligand moved through that. So, there was comparatively less
chance of super docking inside these sub-tunnels (Fig. 5C).

Molecular docking
The control ligand Galangin and the test ligand Biochanin A

produced the lowest binding affinity scores of — 5.9 kcal/mol
with the A chain of CbpA chaperone protein (Table 3). In
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Table 2 QSAR-based bioactivity prediction for ligand validation

Compounds Prediction of activity spectra for substances

(Pa=0.3100.7)

Anti-infective Antiviral Anti-bacterial
Galangin (control) v v v
Kaempherol v X v
Biochanin A v v v
Myricetin v X v
Quercetin v X v

contrast, the upper and lower RMSD values and the MMG-
BSA a-DG score were higher for Biochanin A. Myricetin
harbored the highest binding affinity value (— 6.3 kcal/
mol). However, it showed the lowest MMGBSA o-DG score
(— 26.11) (Table 3). Quercetin showed the second-highest
binding affinity of — 6.2 kcal/mol and the highest MMGBSA
a-DG score of — 43.15. On the other hand, Kaempferol has
a binding affinity of — 6.1 kcal/mol and a-DG score com-
paratively higher than Myricetin (Table 3).

Post-docking analysis

The control ligand Galangin has three stable hydrogen bonds
from the same amino acid residue Arg96 when interacting
with the CbpA (PDB: 3UCS) macromolecule. The atomic
distance of these bonds has been measured as 3.03 10%,
3.10 A, and 3.16 A, while the number of hydrophobic inter-
actions is four, namely from His100, Phe97, Leu94 and
Arg93 residues (Fig. 6A). The Kaempferol-3UCS complex
showed six hydrogen bonds, i.e., two stable bonds from each
amino acid residue, such as Arg55 (3.02 A, 2.82 A), Ala71

Fig.5 Visualization of the
quantum tunnels of the CbpA
considering the tunnel length
(A) and bottleneck radius (A),
and curvature (/0%) for assign-
ing the tentative super docking
position/s for ligands
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(2.85 A, 3.13 A), Thi75 (2.70 A, 2.92 A). On the other hand,
the kaempferol-3UCS complex shows five hydrophobic
interactions with Gly31, Ile52, Glu34, Leu74, and Met32
(Fig. 6B). Biochanin A presented two hydrogen bonds from
Arg55 (3.06 A) and Gly31 (2.92 A) and five hydrophobic
interactions from Thr51, Arg58, Met32, Leu74, and Ile52
residues (Fig. 6C). In the case of Myricetin-3UCS complex,
Arg55 (3.17 A), Ala 71 (2.84 A), Thr75 (3.15 A, 2.90 A),
and Asp 78 (2.98 A) are the five hydrogen bonds (Fig. 6D),
whereas the hydrophobic residues present inside stem from
Leu74, lle52, Met32, and Thr51 residues (Table 4). Lastly,
Quercetin forms four hydrogen bonds with the macromol-
ecule that involve Arg55 (3.16 A, 2.96 A), Asp78 (2.69 A),
and Thr75 (3.04 A). Quercetin also showed six hydrophobic
interactions, namely Leu74, Ile52, Met32, Gly31, Ala71, and
Val72 (Table 4). Considering the number of hydrophobic
interactions, Quercetin has the nearest contiguity with six

Table 3 Molecular docking analysis of the targeted macromolecule
CbpA with the tested flavonoids

Receptor Ligands Binding RMSD (A) MMGBSA-
affinity ————— DG
(Kealimol) UB(A) LB (4)
CbpA  Galangin  —59 6.729 2455 —3131
CbpA  Kaemph-  —6.1 6.828 2559 —3335
erol
CbpA  Biochanin —5.9 7323 2486  —37.46
A
CbpA  Myricetin ~ — 6.3 7275 2671  —26.11
CbpA  Quercetin  —6.2 6.981 2585 —43.15

UB upper bounds, LB lower bounds

1T T T T

Tunnel cluster-1
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Fig. 6 Identification of the drug-protein interactions (DPI) consider-
ing their hydrogen bonds (green lines) and hydrophobic/non-covalent

interactions (red lines). The atomic distances are calculated in A.

The CbpA protein is complexed with Galangin (control ligand) (A),
Kaempferol (B), Biochanin A (C), Myricetin (D), and Quercetin (E)

Table 4 Analysis of the hydrogen bonding and noncovalent (hydrophobic) interactions between the ligand atoms of each of the ligands and the
amino acid residues of 3UCS following the supramolecular docking

Macromolecule Ligands

Point-specific amino acid interactions with the ligand atoms

Hydrogen bond interactions

Hydrophobic interactions

3UCS
3UCS

3UCS
3UCS

3UCS

Galangin (control) Arg96 (3.03 A, 3.10 A, 3.16 A)

Kaempherol

Biochanin A
Myricetin

Quercetin

Arg55 (3.02 A, 2.82 A), Ala71 (2.85 A, 3.13 A), Thr75
(270 A, 2.92 A)

Arg55 (3.06 A), Gly31 (2.92 A)

Arg55 (3.17 A), Ala 71 (2.84 A), Thr75 (3.15 A, 2.90 A), Asp
78 (2.98 A)

Arg55 (3.16 A, 2.96 A), Asp78 (2.69 A), Thr75 (3.04 A)

His100, Phe97, Leu94, Arg93
Gly31, Ile52, Glu34, Leu74, Met32

Thr51, Arg58, Met32, Leu74, 1le52
Leu74, Ile52, Met32, Thr51

Leu74, Ile52, Met32, Gly31, Ala71, Val72
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