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Abstract: Microorganisms are ubiquitously present in the environment and exert significant influence
on numerous natural phenomena. The soil and groundwater systems, precipitation, and effluent
outfalls from factories, refineries, and waste treatment facilities are all sources of heavy metal
contamination. For example, Madinah, Saudi Arabia, has alarmingly high levels of lead and cadmium.
The non-essential minerals cadmium (Cd) and lead (Pb) have been linked to damage to vital organs.
Bioremediation is an essential component in the process of cleaning up polluted soil and water where
biological agents such as bacteria are used to remove the contaminants. It is demonstrated that
Pseudomonas aeruginosa (P. aeruginosa) isolated from activated sludge was able to remove Cd and Pb
from water. The protein sequence of metallothionein from P. aeruginosa was retrieved to explore it
for physicoparameters, orthologs, domain, family, motifs, and conserved residues. The homology
structure was generated, and models were validated. Docking of the best model with the heavy
metals was carried out to inspect the intramolecular interactions. The target protein was found to
belong to the “metallothionein_pro” family, containing six motifs, and showed a close orthologous
relationship with other heavy metal-resistant bacteria. The best model was generated by Phyre2. In
this study, three key residues of metallothionein were identified that participate in heavy metal (Pb
and Cd) binding, viz., Ala33, Ser34, and Glu59. In addition, the study provides an essential basis to
explore protein engineering for the optimum use of metallothionein protein to reduce/remove heavy
metals from the environment.

Keywords: in silico bioremediation; molecular docking; orthologs; cadmium; lead; Pseudomonas
aeruginosa

1. Introduction

In nature, the presence of microorganisms like bacteria, fungi, archaea, viruses, and mi-
croalgae guarantees the retrieval of ecological balance and plays a leading role in the removal
of contaminants that hinder biological life. Microorganisms exhibit notable adaptability and
fulfill essential functions in diverse ecological processes, encompassing nutrient cycling, pri-
mary production, and the breakdown of pollutants [1]. One domain that exhibits considerable
promise is the realm of bioremediation, particularly in relation to the elimination of heavy
metal pollutants from the natural surroundings. The issue of heavy metal toxicity is a matter
of great importance owing to its adverse impacts on human health and the environment as
a whole [2]. The presence of a potentially harmful or toxic contaminant in the air, water, or
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sediment that has an adverse effect on the surrounding ecosystem is known as environmental
pollution [3]. The pollutants that reach the water supply via groundwater systems, precipita-
tion, and wastewater outlets from industries, factories, and treatment centers for waste are all
direct and indirect sources of heavy metal contamination [4].

In Madinah, Saudi Arabia, Pb and Cd were found at alarming levels in several stud-
ies [5,6]. Previous investigations by Maghraby et al. and Ali have extensively evaluated the
groundwater quality in the Madinah region, shedding light on the concentrations of heavy
metals present in the area. Notably, Maghraby et al. identified the following concentration
ranges for heavy metals in the southern Madinah region: arsenic (As) 1-2 pg/L, cadmium
(Cd) 14 pg/L, copper (Cu) 2-8 ug/L, iron (Fe) 1-37 pug/L, chromium (Cr) 1-146 ng/L,
nickel (Ni) 1-18 pg/L, manganese (Mn) 1-39 pug/L, and zinc (Zn) 22475 pg/L. Similarly,
Ali and El-Maghraby reported the following concentration ranges in their study: iron (Fe)
0.046-0.67 mg/L, lead (Pb) 0.0015-0.027 mg/L, manganese (Mn) 0.011-0.48 mg/L, zinc (Zn)
0.011-0.29 mg /L, nickel (Ni) 0.001-0.18 mg/L, copper (Cu) 0.0023-0.0087 mg/L, chromium (Cr)
0.011-0.11 mg/L, cadmium (Cd) 0.0014-0.083 mg/L, selenium (Se) 0.0001-0.017 mg/L, arsenic
(As) 0.0001-0.045 mg/L, vanadium (V) 0.002-0.044 mg/L, mercury (Hg) 0.0001-0.0007 mg/L,
aluminum (Al) 0.0001-0.11 mg/L, and cobalt (Co) 0.0001-0.0014 mg/L [7,8]. Cd, a non-
essential mineral, is potentially risky for vital body organs. [9]. Pb is a toxic metal that
has not been assigned a biological role, rather it is widely recognized as an important
environmental concern [10]. Cd, a well-recognized industrial and environmental pollutant,
finds its way into Madinah through various vectors. It is prevalent in tobacco smoke,
commonly used in the region, as well as in fresh and canned fish, and processed vegetable
products. Simultaneously, Pb contamination is attributed to multiple sources, including
lead additives in motor fuels, the presence of lead water pipes, lead-containing paints, and
widespread smoking practices. Furthermore, canned food and drinks have been identified
as potential sources of Pb exposure. Notably, Madinah’s rapid industrialization, including
activities such as mining, pouring, casting, processing, and metal use, has led to the disper-
sion of these heavy metals throughout the environment [11-13]. Ingesting lead can affect
the cardiovascular system and induce other undesired and potentially dangerous changes
in the body. The bio-distribution of calcium in bones was also shown to be disrupted by
lead exposure [14]. In light of the significant heavy metal contamination in Madinah’s
groundwater, the development of effective and sustainable remediation strategies is of
utmost importance. Bioremediation, which harnesses the capabilities of microorganisms to
degrade or immobilize heavy metals, has emerged as a promising approach. Among the
various microorganisms, Pseudomonas aeruginosa has shown particular promise in heavy
metal bioremediation [1,15,16]. When harmful chemicals need to be eliminated or miti-
gated, bioremediation can be used by engineered or naturally occurring bacteria. It has
been widely acknowledged as an effective and eco-friendly strategy [17]. Metal ions can be
effectively removed by using either living or decomposing microbial biomass in a process
called biosorption or bioaccumulation [13,14]. Rod-shaped, gram-negative P. aeruginosa
can be found in various environments, including water, sewage, and hospitals, and also
in desert soil, agricultural land, and forests having metal contamination [4]. According
to reports, P. aeruginosa derived from active sludge was shown to be highly efficient at
removing 94.7% of Cd from a solution [5]. In addition, Cd and Pb can be strongly adsorbed
to P. aeruginosa dead cell debris in water [6]. The environmental isolates of Pseudomonas spp.
show lead tolerance, which is likely due to their ability to survive in contaminated settings by
forming exopolysaccharides and engaging in biosorption [9].

The presented research explored P. aeruginosa metallothionein’s family, domain, motifs,
and orthologs. The most effective point to begin is with homology models derived from
highly similar structural homologs for understanding binding interactions with Pb and
Cd in the absence of P. aeruginosa metallothionein structure. The model structures were
generated using bio-computational methods to explore their structure and functional
features. Different structure validation techniques were used to check the models for
accurate representations of protein structure. Homology modeling and docking studies
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offer structural details particularly because structure determines function. Protein active
site residues and binding cavity locations were determined through structural and sequence
alignment. Docking experiments were conducted on the most optimal model in order
to investigate the essential residues and their interaction patterns that play a role in the
binding of Pb and Cd with metallothionein. The work illuminates the structural properties
and heavy metal binding mechanism of P. aeruginosa metallothionein. These findings offer
significant guidance for choosing P. aeruginosa for bio-remediation procedures.

2. Materials and Methods
2.1. Sequence Retrieval and Analysis

The P. aeruginosa metallothionein protein sequences in FASTA format were obtained
through the National Center for Biotechnology Information’s (NCBI) digital information
retrieval system (https://www.ncbi.nlm.nih.gov/, accessed on 15 December 2022) [10,14].
Using Expasy’s ProtParam service (https://web.expasy.org/protparam/, accessed on
15 December 2022), the physiochemical properties of metallothionein protein sequences
were measured in extensive detail. Antimicrobial drug development must begin with the
identification of the virulent protein, and a key step in this process is the determination
of the protein’s virulence factor. Therefore, a non-pathogenic protein with the ability to
bind heavy metals, especially Pb and Cd, is required. Using the potent VICMPred (https://
webs.iiitd.edu.in/raghava/vicmpred/, accessed on 15 December 2022) [17] algorithm, the
virulence of protein sequences was determined. The three-dimensional structure of heavy
metal Pb and Cd was retrieved through PubChem (https://pubchem.ncbi.nlm.nih.gov/,
accessed on 15 December 2022) [18] with PubChem CID: 5352425, and 23973, respectively.

Various bioinformatics techniques were utilized to precisely assign protein functions.
Pfam 35.0 (http:/ /pfam-legacy.xfam.org/, accessed on 16 December 2022) [19] and InterPro
(https:/ /www.ebi.ac.uk/interpro/, accessed on 16 December 2022) [20] were used to locate
the protein sequence families. The MEME v. 5.5.4 tool, available at https://meme-suite.
org/meme/, accessed on 16 December 2022 [21], was employed to identify recurring pat-
terns within the query sequence. This is achieved through the utilization of an expectation-
optimizing algorithm within a two-component finite hybrid algorithm. Secondary structure
prediction aids in homology modeling. The secondary structures were identified in the
target sequence by using PsiPred v4.0 (http:/ /bioinf.cs.ucl.ac.uk/psipred/, accessed on
17 December 2022) [22] and Proteus2 (http://wishart.biology.ualberta.ca/proteus2, ac-
cessed on 18 December 2022) [23].

2.2. Comparative Genomic Analysis and Orthologs Identification

It is possible to make predictions about genes that are conserved across species by
using comparative genomics, which can also be used to discover genes that are specific to
a single species. OrthoVenn 3 v3.0 Webserver (https://orthovenn3.bioinfotoolkits.net/,
accessed on 20 December 2022) [24], was applied for orthologous analysis to evaluate the
orthologous cluster by comparing among the genomes of some bacteria that are particu-
larly useful in heavy metal bioremediation: Enterobacter cloacae, Pseudomonas fluorescens,
Pseudomonas aeruginosa, Klebsiella oxytoca, Acinetobacter baumannii, Bacillus megaterium, and
Corynebacterium glutamicum. The most prevalent heuristic best-match strategy is used by
the orthologue clustering tool to find orthologous genes that are conserved between species.
OrthoMCL Release 6.17 (https:/ /orthomcl.org/orthomcl/app, accessed on 22 December
2022) is a program that sorts proteins into orthologous groups according to their sequence
similarity [25]. The combination of these two tools was employed to identify orthologs of
metallothionein from P. aeruginosa.

2.3. Three-Dimensional Structure Prediction and Validation

To generate the model, several tools, including Phyre2 v.2.0 (http://www.sbg.bio.
ic.ac.uk/phyre2 /html/page.cgi?id=index, accessed on 15 January 2023) [26], LOMETS
v.3 (Local Meta-Threading Server, version 3) (https://zhanggroup.org/LOMETS/, ac-
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cessed on 15 January 2023) [27], SwissModel (https://swissmodel.expasy.org/, accessed on
15 January 2023) [28], and GALAXY (https://GALAXY.seoklab.org/, accessed on
15 January 2023) [29], were implemented. Phyre2 enhances accuracy, alignment, and
detection rate through the utilization of Hidden Markov Model alignment. Consequently,
it generates three-dimensional models predicated on the primary amino acid sequence of
a target protein [26]. Protein structure prediction has been greatly aided by deep learn-
ing methods. Template-based predictions of protein structures and function annotation
using LOMETS’ meta-server approach make use of new deep learning threading algo-
rithms [27]. SwissModel is an automated homology modeling webserver [28]. GALAXY
protein modeling tools combine bioinformatics and physical chemistry to improve tech-
niques for protein modeling challenges with limited information. GALAXY can solve loop
modeling and ligand docking problems that use protein structure and an approximation
of the binding pocket’s position [29]. Energy minimization was used on the generated 3D
models to reduce the number of steric collisions and strains while keeping the overall struc-
ture unchanged. Swiss-PDB Viewer was used to apply the GROMOS96 force field for energy
minimization calculations [30]. After 3D model optimization, PSICA (Protein Structural In-
formation Conformity Analysis) (http://qas.wangwb.com/~ww134/mufoldqga/index.html,
accessed on 20 January 2023) [31], ERRAT (https://www.doe-mbi.ucla.edu/errat, accessed on
20 January 2023) [32], ProQ3 v.3.0 (https:/ /prog3.bioinfo.se/, accessed on 24 January 2022) [33],
and ProCheck (https:/ /www.ebi.ac.uk/thornton-srv/software/PROCHECK/, accessed on
26 January 2023) [34] were used for model verification.

2.4. Visualization of the Structure

The models were visualized using PyMOL v 2.5 (www.pymol.org, accessed on
20 February 2023), a molecular visualization system (The PyMOL Molecular Graphics
System, Version 1.8 Schrodinger, LLC, New York, NY, USA). To visualize the atomic inter-
actions Discovery Studio Visualizer V21.1 was used.

3. Results
3.1. Metallothionein Sequence Analysis

The P. aeruginosa metallothionein amino acid sequence (accession number: AOAOASRR37)
was obtained from the UniprotKB database (https://www.uniprot.org/, accessed on 20
January 2023). The sequence is composed of 79 amino acid residues. The InterPro classified
this protein in the family-Metallothionein, family 14, prokaryote (Metalthion_fam14_prok),
homologous family-Metallothionein domain superfamily (Metalthion_dom_sf).

NCBI-CDD and Pfam identified two domains in metallothionein from P. aeruginosa:
“Metallothio_Pro domain” that starts from residue 6 to 49, and “HinclI-like domain” that
starts from 34 to 74 residues. Pfam identified one domain “Metallothio_Pro”, which
is a Prokaryotic metallothionein that starts from 5 to 49 residues. The InterPro results
revealed that it belongs to the “metallothionein” domain superfamily (IPR017854) and the
metallothionein domain superfamily. Disordered region the sequences were found to fall
in the C-terminal end from 58 to 79 residues. “Metal-ion binding” was found to be the
molecular function linked to the target sequence, and other specific molecular functions
include ion binding (for lead, calcium, magnesium, metal chelating activity, alkali metals,
and transition metals). The MEME tool was used to discover motifs in metallothionein
structure. It is found to be composed of six motifs: NSETCV (2-7), VERDGQHY (20-27),
ASGHPQ (33-38), GTTRPQ (51-56), VAEDRQLD (57-64), and LKETFP (67-72).

3.2. Secondary Structure Content in the Sequences

The physicochemical parameters of the query sequence provide details about the
molecular weight (8215.02), theoretical pl (4.29), instability index (50.65), aliphatic index
(37.22), and grand average of hydropathicity (GRAVY) (—0.618). The query sequence’s
predicted instability index is larger than 40, which suggests that it might be unstable. By
analyzing the sequence using the VICMpred prediction technique, the pathogenic potential
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of P. aeruginosa’s metallothionein was determined to be non-pathogenic. The prediction of
the secondary structure is usually reliable and much simpler to solve than the prediction of
three-dimensional structure. Predicting the shape of a three-dimensional structure with
any degree of precision requires it. In addition, secondary structure prediction has the
potential to assess the accuracy of a model built using a (tertiary) structure prediction
technique [35]. Proteous2, and PsiPred tool results revealed the absence of signal peptide
and transmembrane regions in it. The secondary structure prediction is based on consensus
from Psipred2, and PsiPred in Figure 1. The metallothionein sequence contains 66% coils,
23% o-helix, and 11% {3-strand. Flexible and conformationally changing proteins, like
enzymes, rely heavily on random coils [36].

o B (R T T — N {

Cart

red CCCCCCCCCCCCEEECCCCEEECCEEECCHHHHCCCCCCCCCcCcccccccc
s MNSETCVCPKCTCQPGADAVERDGQHYCCAACASGHPQGEPCGDADCPCG

10 20 20 40 50

OO e e R

Cart
pe¢d CCCCCCHHHHHHHHHHHHHHCCCCCCCCC
s GTTRPQVAEDRQLDDALKETFPASDPI SP

60 70 20 90 100

Legend:
Strand Conf: - Fﬂ+ Confidence of prediction
Helix Cart: 3-state assignment cartoon

- Coil Pred: 3-state prediction

AA: Target Sequence
Figure 1. Secondary structure prediction.

3.3. Comparative Genomic Analysis and Orthologs Identification

Orthologs of metallothionein from P. aeruginosa were identified using OrthoMCL
Release 6.17 tool, BLASTp, and OrthoVenn3 v3.0. Close orthologs were found in Gloeobac-
ter violaceus (WP_011143419.1), Enterobacter cloacae (SAJ30964.1), Acinetobacter baumannii
(5CY79822.1), and Klebsiella pneumoniae (SV]77765.1).

These orthologs were subjected to multiple sequence alignment using ClustalOmega
tool. The identified orthologs sequences of metallothionein are closely related; however,
metallothionein from G. violaceus is comparatively shorter and does not share high similarity
with other sequences of interest, as shown in Figure 2.

- - -MESETCUC PK CTCQP - GADAVERDGQHYIC CAACEE
- --MNSETCACPKCTCQP -GADAVERDGQHYCCAACA|
- --MNSETCACPKCTCQP-GADAVERDGQHYCCAACAR
---MNSETCACPKCTCQP-GADAVERDGQHYCCAACAR
MTTVTQMKCACEACLCVVTLSEALEKDGKYFCSGPQA

* % * ok sie e B win ok *

EHPQGEPCGDADCPCAGTTRPQ 56
GHPQGEPCRDADCPCGGTTRPQ 56
GHPQGEPCRDADCPCGGTTRPQ 56
GHPQGEPCRDADCPCGGTTRPQ 56
GHPDGSGCGHTGCECN--- - - - 54

K ok K . K * T I

VAEDRQLDDALKETERASDPISP 79
VAEDRQLDDALKETFPASDPISP 79
VAEDRQLDDALKETFPASDPISP 79
VAEDRQLDDALKETFPASDPISP 79
S S O 54

Figure 2. Multiple sequence alignment of metallothionein from orthologous species. The highlighted
columns are showing the conserved residues participating in heavy metal interaction. The horizontal
green highlights are displaying the motifs. Symbols at the bottom indicate conservation and similarity
levels: "’ (Asterisk) for complete conservation, 2" (Colon) for moderate similarity, and *.” (Period) for
weak similarity between aligned sequences.

Through OrthoVenn 3 v3.0 [37], a comparative genome-wide analysis of ortholo-
gous genes was carried out. An orthologous cluster analysis of seven bacteria (E. cloacae,
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P. fluorescens, P. aeruginosa, K. oxytoca, A. baumannii, B. megaterium, and C. glutamicum)
revealed a role in heavy metal bioremediation [10,38]. There were 6863 orthologous gene
clusters shared by all seven species, indicating their conservation within bacteria, while
P. aeruginosa possessed 243 clusters containing 3070 genes. K. oxytoca and E. cloacae par-
ticipated in the maximum number of shared gene clusters among all compared species,
with 1003 clusters. A total of 851 gene clusters were shared by P. aeruginosa and P. fluo-
rescens, representing the second gene cluster similarity observed. Proteins from P. aeruginosa
CAZ10_00455, CAZ10_07020, CAZ10_27830, and CAZ10_35225 interact with proteins from
other species, where the highest number of interacting proteins are from K. oxytoca. There
is only one protein from E. cloacae, as shown in Figure 3. Orthologous gene clusters that
are shared by all seven bacterial species have been annotated to determine their function
in various biological processes—that describe the function of the gene or gene product
in living organisms; molecular functions—that describe the biochemical activity (such as
binding to specific ligands or structures); and cellular components—that describe the site
of activity within the cell [39], as shown in Tables 1 and 2.

Table 1. Molecular functions associated with the cluster of all seven species.

Slimmed GO Count of Unique Input Access Molecular Function
GO:0003674 150 Molecular Function
GO:0016787 138 Hydrolase Activity
GO:0005215 129 Transporter Activity
GO:0003676 113 Nucleic Acid Binding
GO:0016740 109 Transferase Activity
GO:0016491 96 Oxidoreductase Activity
GO:0043167 70 Ion Binding
GO:0008233 55 Peptidase Activity
GO:0000166 41 Nucleotide Binding
GO:0005488 36 Binding

29
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700 =

600 -
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Figure 3. Cont.
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Figure 3. (A) The UpSet table lists the number of homologous gene clusters that are both exclusive to
each species and shared by all species. The figure legend explains the number of proteins in each
species. (B) Venn diagram displaying the distribution of common orthologue clusters among species.

"

The symbol represents unclassified proteins not fitting in the orthologous groups. (C) Protein

interaction network of the orthologous species.

Table 2. Biological functions associated with the cluster of all seven species.

Slimmed GO Count of Unique Input Access Biological Function
GO:0008152 1967 Metabolic Process
GO:0008150 1751 Biological Process
GO0:0044237 1724 Cellular Metabolic Process
GO:0006807 1442 Nitrogen Compound Metabolic Process
GO:0044238 1180 Primary Metabolic Process
GO0:0009987 946 Cellular Process
GO:0046483 866 Heterocycle Metabolic Process
GO:0006082 783 Organic Acid Metabolic Process
GO:0006725 781 Cellular Arom.atic Compound

Metabolic Process
GO0:0043170 692 Macromolecule Metabolic Process

Maximum likelihood [40] was used to establish ancestral states, and CAFE5 [41] was
used to analyze variation in the gene family. One possible factor in phenotypic adaptation
is the evolution of gene families [42]. According to the dated phylogenetic tree, divergence
took place one million years ago. It was determined that P. fluorescens and P. aeruginosa are
sister species that separated from A. baumannii 1000 years ago, as shown in Figure 4.

3.4. Structure of Metallothionein from P. aeruginosa

Multiple bioinformatics resources, including Uniprot, ExPasy ProtParam, Proteous,
VICMPred, OrthoVenn3 v3.0, etc., were utilized to analyze the metallothionein protein.
According to the existing literature, P. aeruginosa metallothionein homology modeling has
not been explored, despite the urgent need to do so in order to gain a more thorough
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comprehension of metallothionein structure and its impact on metal ion binding. To fully
understand the roles of protein, we need to know how it is folded up in three dimensions
(3D). Since experimental methods for determining the 3D structure of proteins, such as
electron microscopy, X-ray crystallography, and nuclear magnetic resonance, are labor
and cost intensive, computational methods for making such predictions are of paramount
importance [43]. To improve our understanding of the world of proteins and their proper-
ties, computational structural modeling techniques have shown to be a useful addition to
experimental structural biology [28].

Corynebacterium glutamicum “ +138 /-886

"*48‘3 /-374

+1353 /-86

Bacillus megaterium

Enterobacter cloacae

— Klebsiella oxytoca +1477 1-27

+0 /-1876 Pseudomonas_fluorescens +1661 /-0

+0 /-93

‘ “ Pseudomonss seruginoss

+0 /-271

+1732 /-0

.?1248 /-0

Figure 4. Reconstructed maximum likelihood phylogeny using 37,686 all-protein samples from the
seven species, with dated nodes from Time-Tree, and bootstrap index on the left side of nodes. The
divergence clock is presented in million years ago at the top. The pie chart represents gene family

Acinetobacter baumannii

expansion (blue) and contraction (green).

The quality of the generated model was analyzed using ProQ3, ERRAT, PSICA, and
Procheck. Parameters for each model were analyzed, with summaries for all of them
shown in Table 3, including the distributions of and on the Ramachandran map produced
by residues other than glycine and proline. Figure 5 shows the results of a comparison
between the four software tools Phyre2, Swissmodel, LOMETS v.3, and GALAXY. Phyre2
produced the most acceptable models.

Table 3. Metallothionein-generated structure validation.

Modeling Tool Phyre2 SwissModel GALAXY LOMETS
Residues Built 1-79 1-79 1-79 1-79
ProQ3 0.345 0.37 0.401 0.447
ERRAT 47.76 81.63 78.57 44.92
PSICA Server 0.49 0.47 0.53 0.43
Most Favored 85.5 71 83.9 66.1
Additionally Allowed 11.3 25.8 11.3 25.8
Generously allowed 3.2 3.2 1.3 6.5

G-factor -0.07 —0.36 -0.13 —7.89
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(©

Figure 5. Three-dimensional modeled structures shown in cartoon presentation. (A) Model generated
by GALAXY webserver, (B) model generated by LOMETS, and (C) model generated by SwissModel.

The 79-residue homology-modeled structure of metallothionein begins at Metl and
ends at Pro79. The model was observed to contain two 3-strands and two «-helices and
connected by loops. It is found to contain two domains and six motifs as shown in Figure 6.

N-Terminal

Metallothio Pro Domain

4
lix | |
C-Ternunal ~ ]
- - A ‘\ /
,//'/mu like Domain helix 2|/
//
>

VALDROLD o
e

(A) (B)

Figure 6. Metallothionein homology model. (A) Cartoon representation embedded on the sur-
face view of Metallothionein (P. aeruginosa), showing two major domains. (B) Identified motifs in
metallothionein represented in green color, drawn in PyMol.

Metallothionein has a -CDocker score of 0.0660508 for Pb and a -CDocker Interaction
Energy of 0.0660508 for Pb, while Cd has a score of 59.9838 and a -CDocker Interaction
Energy of 43.948 for Cd. The distance between Pb and the Ala33 O atom was measured
to be 2.15 A. Figure 7 depicts the electrostatic interactions formed by Cd with the OE2 of
Glu59 and the O atom of Ser34, at a distance of 1.64 A and 2.1 A, respectively.

Potential bioremediation technologies include biostimulation and other bioremedi-
ation strategies [44]. This technique involves supplementing the soil and water supply
with nutrients to stimulate the development of microorganisms. Although alteration en-
hances bioremediation, an overabundance of biomass can block subsurface pores, reducing
cleanup efficiency. Remediating bacteria and enzymes hampered by mixed garbage. As
a result, the biostimulation of those regions is useless. Genetic and protein-engineering
methods are one possible solution to these issues [45]. By using specific promoters, slow-
growing bacteria can fully express their preferred genes, preventing biomass accumulation
and clogging [46,47].
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Figure 7. (A) Interaction with Lead. (B)Interaction with Cd.

4. Discussion

Sequence analysis has uncovered numerous subgroups, families, and isoforms within
the metallothionein superfamily. Polypeptides that exhibit spectroscopic manifestations
suggestive of metal thiolate clusters have a unique sequence with a specific organization of
cysteines and have a low molecular weight similar to equine renal metallothionein, which
are classified as members of the metallothionein superfamily [48]. Metallothioneins that are
assumed to be evolutionarily linked and possess specific sequence-specific characteristics
that are grouped together as metallothionein families. Prokaryota metallothioneins make up
Family 14. The sequence pattern K-C-A-C-x(2)-C-L-C can be used to identify its members.
Cyanobacteria are included in the members’ taxonomic spectrum. A number of defining
features have been identified, including 53-56 AAs, 9 conserved Cys, 1 conserved tyrosine
residue, 1 conserved histidine residue, and the presence of other distinctive residues. The
structural domain of metallothioneins from both eukaryotes and prokayotes is represented
by this superfamily [49]. These proteins have a duplicated metal-bound fold comprised of
distinct structural /sequence repeats. Protein sequence motifs are thought to be the defining
characteristic of protein families, making it easier to hypothesize about proteins’ potential
roles in the body. Because of their connection to catalytic processes, motifs are essential to
the performance of enzymes. The identified motifs revealed conserved residues that are
participating in the interaction with the heavy metal.

The ProtParam program was used to determine a number of chemical and physical
properties, such as the protein’s molecular weight (mg/mol), theoretical pl, amino acid
composition, atomic composition, extinction coefficient, estimated half-life, instability
index, aliphatic index, and GRAVY (grand average of hydropathicity). The theoretical pI
value of the metallothionein protein is determined by adding together the average isotopic
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masses and linear amino acid pK values, respectively. The pI value of 4.29 indicates the
model’s consistency and precision [50]. The aliphatic index is a measure of how much space
is occupied by the side chains of aliphatic amino acids (Ala, Val, Ile, and Leu) in a protein. It
could be seen as a contributing element to globular proteins’ increased thermostability [51].
A high aliphatic index indicated that the residues along the molecule’s side chains were
quite stable and occupied a large volume. Adding up the hydropathy values of each amino
acid and then dividing by the total number of amino acid residues yields the GRAVY value
for a peptide or protein. Hydrophilic protein structures have negative GRAVY values,
and hydrophobic ones have positive ones [52]. The metallothionein protein is hydrophilic,
as indicated by its negative GRAVY score (—0.618). In most cases, secondary structure
predictions are precise, and their associated problems are much simpler to solve than those
associated with three-dimensional structures. It is essential for making accurate projections
about components in three dimensions. The accuracy of a model constructed using a
(tertiary) structure prediction method can also be evaluated using secondary structure
prediction [15,35].

Comparative genomics is one method for predicting the genes shared by multiple
species and identifying the genes unique to a particular species. Inferring orthology is the
most precise way to characterize similarities and differences within a genome, and the
homologous genes (orthologue and paralogue) associated with speciation or duplication
are crucial for tracing an organism'’s evolutionary pattern [53]. The synteny of orthologous
genes between closely related species allows for the identification of a common ancestor
during periods of speciation. If orthologous sequences are similar in multiple species, they
may have similar biological functions. If they are divergent, they may have different func-
tions in particular species [16,54]. Therefore, determining gene sets that are orthologous
and their degree of similarity is crucial in the comparative genomics of two different species
for deciphering the evolution of genes and genomes [55]. Orthologs share a similar level of
functional specialization. Our understanding of the amino acids that control the specificity
of the interactions between protein and ligand relied on this idea. Identification of these
residues is a necessary first step in the study of molecular recognition mechanisms and the
development of useful proteins and therapies [56]. For this, we combined the maximum
likelihood approach [40] with CAFES5 [41] to reconstruct ancestral distributions. For each
ancestor node, several amino acids (states) with varying approximations of likelihood
at site 1 are displayed. P. aeruginosa and P. fluorescens are the closest species are close to
A. baumannii; however, E. cloacae and K. oxytoca are found to be sister species in the ortholo-
gous analysis, which is second the nearest cluster to the P. aeruginosa. The protein sequence
of metallothionein from close orthologs species identified through OrthoVenn3 is not avail-
able; therefore, the orthologous protein sequences were retrieved by applying OrthoMCL
and BLASTp that suggests the conservation of the motifs and interacting residues.

Computational three-dimensional structure prediction is faster and more affordable.
Model accuracy is affected by goals and prediction methods. PSICA (Protein Structural
Information Conformity Analysis) is a fast and accurate web tool for protein model evalua-
tion and accurately evaluates model precision. The accuracy with which a tertiary model
represents a primary sequence in a predicted protein is evaluated by comparing it to the
structures of known proteins with similar sequences. PSICA makes use of CASP12’s MU-
foldQA_S [31]. All the modeled structures have comparably good PSICA scores. The ProQ3
score of the LOMETS model is the highest; however, the Phyre2 has the maximum number
of residues in the most favorable region. The G-factor below —0.5 represents an unusual
structure [57], revealing the good structure quality of the model generated by Phyre2. The
overall protein structure validation analysis revealed the model generated by Phyre?2 as the
best model for further consideration.

Cadmium and lead are more toxic due to their propensity to bioaccumulate [58].
P. aeruginosa, which produces metallothionein, is one of many types of lead- and cadmium-
resistant bacteria found in a wide range of environments [59]. It is a biosorbent and has
the potential to purify polluted water and soil by binding to and absorbing cadmium
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and other heavy metals [38]. The metabolic process known as bioaccumulation is active,
energy-intensive, and intracellularly bound to metals, which involves metallothionein and
metal binding. Low molecular weight, cysteine-rich proteins called “metallothioneins”
help toxic metals to be bioaccumulated or sequestered inside of cells. This resistance
mechanism is frequently carried by plasmids, which makes it easier for it to spread from
one cell to another. Additionally, in reaction to elevated metal exposure, bacteria produce
metallothioneins [10,60]. The metallothionein from metallothionein-producing microbes
can be used for bioremediation of lead in polluted environments [10]. The in silico analysis
revealed the binding of Pb with the conserved residue Ala33. The interactions formed
are less than 2.5 A, indicating close intra-molecular interactions between the Pb and O
atoms of Ala33. Other conserved residues Ser34 and Glu59 are participating in close intra-
molecular interactions with Cd along with a high —CDOCKER score, indicating good
binding of the metals with the metallothionein. Amino acids like Alanine (Ala), Serine
(Ser), and Glutamic Acid (Glu) have associations with heavy metal binding due to their
distinct chemical properties. Alanine can participate through its backbone amine and
carbonyl groups, while Serine’s hydroxyl group can form coordination bonds with metal
ions. Glutamic Acid’s carboxylate groups, with their negative charge, strongly interact
with positively charged metal ions. These amino acids are integral in the coordination
chemistry of heavy metals in biological systems, influencing processes such as metal
transport, detoxification, and enzymatic catalysis. The in silico docking highlights the
crucial role of Ala33, Ser34, and Glu59 in Pb and Cd binding. Recent investigations have
shed light on the intricate nature of P. aeruginosa’s interactions with heavy metals and related
compounds, emphasizing the significance of acknowledging this complexity. Although our
main empbhasis lies in exploring the bioremediation capabilities of this bacterium in relation
to cadmium and lead, it is important to acknowledge the wider range of metal-related
responses exhibited by this organism. Research on the protein PA4063 has revealed its
distinctive zinc-binding characteristics, indicating potential functions as a periplasmic zinc
chaperone or concentration sensor [61]. Additionally, the examination of solute-binding
proteins (SBPs) in P. aeruginosa reveals their extensive range of abilities to bind different
ligands, such as amino acids, polyamines, and quaternary amines [62]. Furthermore, the
examination of the bacterium’s resistance to calprotectin (CP) provides insights into its
capacity to flourish in the existence of metal-sequestering proteins, potentially via the
mechanism of metallophores [63]. The results of this study highlight the complex and
flexible responses of P. aeruginosa to various metal challenges. These findings enhance our
understanding of the interactions between this bacterium and metals, and their potential
significance in bioremediation and environmental adaptation. In light of this, it is clear
that P. aeruginosa has the capacity to bioaccumulate Pb and Cd to a large extent in order to
mitigate their toxicity. For its removal, the bioaccumulation process can be used efficiently.
The successful removal of Pb and Cd from contaminated environments utilizing these
bacteria can benefit from future studies on heavy metal bioaccumulating microorganisms.

5. Conclusions

Numerous lead pollution studies worldwide show the necessity for ecologically
friendly heavy metal remediation technology. Lead- and cadmium-resistant bacteria have
developed several strategies to withstand Pb and Cd toxicity. Naturally occurring, multi-
pollutant-resistant bacteria may be the best option for on-site heavy metal remediation since
they can survive additional stresses at polluted places. P. aeruginosa is a highly adaptable
microorganism with the ability to extract heavy metals from contaminated environments.
The comparative genomic analysis reveals 190 protein sequences common among P. aerug-
inosa orthologs. Additionally, P. fluorescens and A. baumannii are the closest orthologs to
P. aeruginosa. The P. aeruginosa metallothionein was found to contain metal binding do-
mains that assist in binding with heavy metals. The present in silico research establishes the
verified three-dimensional structure of P. aeruginosa metallothionein. Molecular docking
analysis revealed the crucial conserved residues required for binding with Pb and Cd.
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Ala33 is observed to bind with Pb at a close distance of 2.16 A, whereas Cd binds to Ser34
and Glu59 at 2.11 and 1.65 A. In order to create stable metallothionein that can endure and
reduce Pb and Cd in the hard climatic circumstances in Madinah, Saudi Arabia, protein
engineering can further confirm these interacting key residues.

Author Contributions: Conceptualization, A.A. and M.T.; methodology, M.T. and A.A.; software,
M.T. and A.A,; validation, M.T. and A.A.; formal analysis, M.T. and A.A.; investigation, M.T. and
A.A; resources, M.T., A-A.A.AE.-S. and A A.; writing—original draft preparation, M.T., WM.H. and
A.A; writing—review and editing, A.A.,, M.T., WM.H. and A.-A.A.A E.-S,; visualization, A.A. and
M.T,; supervision, A.A.; project administration, A.A.; funding acquisition, A.A.,, M.T., A.-A.A. AE.-S.
and W.M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Scientific Research Deanship at the Islamic University of
Madinah, Saudi Arabia, via project number (RG-1013).

Data Availability Statement: The research reported in the article used no data.

Conflicts of Interest: There are no conflict of interest to declare. We also have no financial interest

to declare.

References

1.  Saeed, M.U.; Hussain, N.; Sumrin, A.; Shahbaz, A.; Noor, S; Bilal, M.; Aleya, L.; Igbal, H.M. Microbial bioremediation strategies
with wastewater treatment potentialities—A review. Sci. Total. Environ. 2021, 818, 151754. [CrossRef]

2. Kapahi, M,; Sachdeva, S. Bioremediation Options for Heavy Metal Pollution. J. Health Pollut. 2019, 9, 191203. [CrossRef] [PubMed]

3. Sharma, S.V.; Lee, D.Y.; Li, B.; Quinlan, M.P,; Takahashi, F.; Maheswaran, S.; McDermott, U.; Azizian, N.; Zou, L.; Fischbach,
M.A,; et al. A Chromatin-mediated reversible drug-tolerant state in cancer cell subpopulations. Cell 2010, 141, 69-80. [CrossRef]
[PubMed]

4. Qin, S.; Xiao, W.; Zhou, C.; Pu, Q.; Deng, X.; Lan, L.; Liang, H.; Song, X.; Wu, M. Pseudomonas aeruginosa: Pathogenesis,
virulence factors, antibiotic resistance, interaction with host, technology advances and emerging therapeutics. Signal Transduct.
Target. Ther. 2022, 7, 199. [CrossRef] [PubMed]

5. Jager, A.V,; Arias, P; Tribulatti, M.V.; Brocco, M.A.; Pepe, M.V.; Kierbel, A. The inflammatory response induced by Pseudomonas
aeruginosa in macrophages enhances apoptotic cell removal. Sci. Rep. 2021, 11, 2393. [CrossRef]

6. Zhang, B.-L.; Qiu, W,; Wang, P.-P; Liu, Y.-L.; Zou, ].; Wang, L.; Ma, J. Mechanism study about the adsorption of Pb(II) and Cd(II)
with iron-trimesic metal-organic frameworks. Chem. Eng. J. 2020, 385, 123507. [CrossRef]

7. Maghraby, M.; Nasr, O.; Hamouda, M. Quality assessment of groundwater at south Al Madinah Al Munawarah area, Saudi
Arabia. Environ. Earth Sci. 2013, 70, 1525-1538. [CrossRef]

8.  Ali, I; Hasan, M.A.; Alharbi, O.M.L. Toxic metal ions contamination in the groundwater, Kingdom of Saudi Arabia. J. Taibah Univ.
Sci. 2020, 14, 1571-1579. [CrossRef]

9.  Vélez, ] M.B,; Martinez, ].G.; Ospina, ].T.; Agudelo, S.O. Bioremediation potential of Pseudomonas genus isolates from residual water,
capable of tolerating lead through mechanisms of exopolysaccharide production and biosorption. Biotechnol. Rep. 2021, 32, e00685.
[CrossRef] [PubMed]

10. Tiquia-Arashiro, S.M. Lead absorption mechanisms in bacteria as strategies for lead bioremediation. Appl. Microbiol. Biotechnol.
2018, 102, 5437-5444. [CrossRef]

11. Taha, LM,; El-Shafie, A M. Leading causes and possible environmental contributors for end stage renal disease in al-madinah region
in Saudi Arabia. In Proceedings of the 2nd Eurasian Multidisciplinary Forum, EMF 2014, Tbilisi, GA, USA, 23-26 October 2014.

12.  Al-Ghamdi, A.F. Electrochemical determination of Cd?* in some Al-Madinah water samples and human plasma by cathodic
stripping voltammetry in the presence of oxine as a chelating agent. J. Tuibah Univ. Sci. 2014, 8, 19-25. [CrossRef]

13.  Alsehli, B.R. Evaluation and Comparison between a Conventional Acid Digestion Method and a Microwave Digestion System for
Heavy Metals Determination in Mentha Samples by ICP-MS. Egypt. ]. Chem. 2021, 64, 869-881. [CrossRef]

14. Sayers, EW.; Beck, J.; Bolton, E.E.; Bourexis, D.; Brister, ].R.; Canese, K.; Comeau, D.C.; Funk, K.; Kim, S.; Klimke, W.; et al.
Database resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2010, 38, D5-D16. [CrossRef]

15. Tasleem, M.; Hussein, W.M.; El-Sayed, A.-A.A.A.; Alrehaily, A. Providencia alcalifaciens—Assisted Bioremediation of Chro-
mium-Contaminated Groundwater: A Computational Study. Water 2023, 15, 1142. [CrossRef]

16. Tasleem, M.; El-Sayed, A.-A.A.A.; Hussein, WM.; Alrehaily, A. Bioremediation of Chromium-Contaminated Groundwater Using
Chromate Reductase from Pseudomonas putida: An In silico Approach. Water 2023, 15, 150. [CrossRef]

17. Saha, S.; Raghava, G. VICMpred: An SVM-based method for the prediction of functional proteins of Gram-negative bacteria
using amino acid patterns and composition. Genom. Proteom. Bioinform. 2006, 4, 42—47. [CrossRef]

18.  Wang, Y,; Xiao, ].; Suzek, T.O.; Zhang, ].; Wang, J.; Bryant, S.H. PubChem: A public information system for analyzing bioac-tivities

of small molecules. Nucleic Acids Res. 2009, 37 (Suppl. 2), W623-W633. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2021.151754
https://doi.org/10.5696/2156-9614-9.24.191203
https://www.ncbi.nlm.nih.gov/pubmed/31893164
https://doi.org/10.1016/j.cell.2010.02.027
https://www.ncbi.nlm.nih.gov/pubmed/20371346
https://doi.org/10.1038/s41392-022-01056-1
https://www.ncbi.nlm.nih.gov/pubmed/35752612
https://doi.org/10.1038/s41598-021-81557-1
https://doi.org/10.1016/j.cej.2019.123507
https://doi.org/10.1007/s12665-013-2239-9
https://doi.org/10.1080/16583655.2020.1847807
https://doi.org/10.1016/j.btre.2021.e00685
https://www.ncbi.nlm.nih.gov/pubmed/34765463
https://doi.org/10.1007/s00253-018-8969-6
https://doi.org/10.1016/j.jtusci.2013.07.003
https://doi.org/10.21608/ejchem.2020.43322.2874
https://doi.org/10.1093/nar/gkp967
https://doi.org/10.3390/w15061142
https://doi.org/10.3390/w15010150
https://doi.org/10.1016/S1672-0229(06)60015-6
https://doi.org/10.1093/nar/gkp456

Microorganisms 2023, 11, 2262 14 of 15

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A.; Sonnhammer, E.L.L.; Tosatto, S.C.; Paladin, L.; Raj, S.;
Richardson, L.J.; et al. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, D412-D419. [CrossRef]

Blum, M.; Chang, H.-Y.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell, A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.;
Raj, S.; et al. The InterPro protein families and domains database: 20 years on. Nucleic Acids Res. 2021, 49, D344-D354. [CrossRef]
Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME suite. Nucleic Acids Res. 2015, 43, W39-W49. [CrossRef]

McGuffin, L.J.; Bryson, K.; Jones, D.T.].B. The PSIPRED protein structure prediction server. Bioinformatics 2000, 16, 404—-405.
[CrossRef]

Montgomerie, S.; Cruz, J.A.; Shrivastava, S.; Arndt, D.; Berjanskii, M.; Wishart, D.S. PROTEUS2: A web server for compre-hensive
protein structure prediction and structure-based annotation. Nucleic Acids Res. 2008, 36 (Suppl. 2), W202-W209. [CrossRef]
Introduction to Program Evaluation for Public Health Programs: A Self-Study Guide. 2011; pp. 6-14. Available online:
https:/ /www.cdc.gov/evaluation/guide/introduction/index.htm (accessed on 15 March 2023).

Fischer, S.; Brunk, B.P; Chen, F.; Gao, X.; Harb, O.S.; Iodice, ].B.; Shanmugam, D.; Roos, D.S.; Stoeckert, C.J., Jr. Using OrthoMCL
to Assign Proteins to OrthoMCL-DB Groups or to Cluster Proteomes into New Ortholog Groups. Curr. Protoc. Bioinform. 2011, 35,
6.12.1-6.12.19. [CrossRef]

Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J.E. The Phyre2 web portal for protein modeling, prediction and
analysis. Nat. Protoc. 2015, 10, 845-858. [CrossRef]

Zheng, W.; Wuyun, Q.; Zhou, X,; Li, Y; Freddolino, P.L.; Zhang, Y. LOMETS3: Integrating deep learning and profile alignment for
advanced protein template recognition and function annotation. Nucleic Acids Res. 2022, 50, W454-W464. [CrossRef]
Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, ET.; De Beer, T.A.P.; Rempfer, C.; Bordoli,
L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296-W303.
[CrossRef]

Shin, W.-H.; Lee, G.R.; Heo, L.; Lee, H.; Seo, C. Prediction of protein structure and interaction by GALAXY protein modeling
programs. Bio Des. 2014, 2, 1-11.

Scott, W.R.P,; Hiinenberger, PH.; Tironi, I.G.; Mark, A.E.; Billeter, S.R.; Fennen, J.; Torda, A.E.; Huber, T.; Kriiger, P.; van Gunsteren,
W.E. The GROMOS biomolecular simulation program package. J. Phys. Chem. A 1999, 103, 3596-3607. [CrossRef]

Wang, W.; Li, Z.; Wang, J.; Xu, D.; Shang, Y. PSICA: A fast and accurate web service for protein model quality analysis. Nucleic
Acids Res. 2019, 47, W443-W450. [CrossRef] [PubMed]

Dym, O.; Eisenberg, D.; Yeates, T.O. ERRAT. Int. ]. Biol. 2012, 21, 678-679.

Uziela, K.; Shu, N.; Wallner, B.; Elofsson, A. ProQ3: Improved model quality assessments using Rosetta energy terms. Sci. Rep.
2016, 6, 33509. [CrossRef]

Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, ]. M. PROCHECK: A program to check the stereochemical quality of
protein structures. J. Appl. Crystallogr. 1993, 26, 283-291. [CrossRef]

Abeln, S.; Feenstra, K.A.; Heringa, J. Protein Three-Dimensional Structure Prediction. In Encyclopedia of Bioinformatics and Computational
Biology; Ranganathan, S., Gribskov, M., Nakai, K., Schénbach, C., Eds.; Academic Press: Oxford, UK, 2019; pp. 497-511.
Satyanarayana, S.D.; Krishna, M.; Kumar, P.P.; Jeereddy, S. In silico structural homology modeling of nif A protein of rhizobial
strains in selective legume plants. J. Genet. Eng. Biotechnol. 2018, 16, 731-737. [CrossRef]

Sun, J.; Lu, F; Luo, Y,; Bie, L.; Xu, L.; Wang, Y. OrthoVenn3: An integrated platform for exploring and visualizing orthologous
data across genomes. Nucleic Acids Res. 2023, 51, W397-W403. [CrossRef]

Chellaiah, E.R. Cadmium (heavy metals) bioremediation by Pseudomonas aeruginosa: A minireview. Appl. Water Sci. 2018, 8, 154.
[CrossRef]

Ashburner, M.; Ball, C.A; Blake, ].A.; Botstein, D.; Butler, H.; Cherry, ].M.; Davis, A.P; Dolinski, K.; Dwight, S.S.; Eppig, ].T,; et al.
Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25-29. [CrossRef]
Jones, D.T.; Taylor, W.R.; Thornton, ]. M. The rapid generation of mutation data matrices from protein sequences. Comput. Appl.
Biosci. 1992, 8, 275-282. [CrossRef]

Mendes, EK.; Vanderpool, D.; Fulton, B.; Hahn, M.W. CAFE 5 models variation in evolutionary rates among gene families.
Bioinformatics 2020, 36, 5516-5518. [CrossRef]

Lespinet, O.; Wolf, Y.I.; Koonin, E.V.; Aravind, L. The role of lineage-specific gene family expansion in the evolution of eu-karyotes.
Genome Res. 2002, 12, 1048-1059. [CrossRef]

Johnson, M.S.; Srinivasan, N.; Sowdhamini, R.; Blundell, T.L. Knowledge-based protein modeling. Crit. Rev. Biochem. Mol. Biol.
1994, 29, 1-68. [CrossRef]

McCarty, P.L.; Semprini, L. Ground-Water Treatment for Chlorinated Solvents. In Handbook of Bioremediation; CRC Press: Boca
Raton, FL, USA, 1994.

Matin, A. Starvation Promoters of Escherichia coli: Their Function, Regulation, and Use in Bioprocessing and Bioremediation.
Ann. N. Y. Acad. Sci. 1994, 721, 277-291. [CrossRef]

Michel, C.; Brugna, M.; Aubert, C.; Bernadac, A.; Bruschi, M. Enzymatic reduction of chromate: Comparative studies using
sulfate-reducing bacteria. Key role of polyheme cytochromes ¢ and hydrogenases. Appl. Microbiol. Biotechnol. 2001, 55, 95-100.
[CrossRef]

Ackerley, D.E; Gonzalez, C.E; Park, C.H.; Blake, R.; Keyhan, M.; Matin, A. Chromate-reducing properties of soluble flavoproteins
from Pseudomonas putida and Escherichia coli. Appl. Environ. Microbiol. 2004, 70, 873-882. [CrossRef] [PubMed]


https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1093/bioinformatics/16.4.404
https://doi.org/10.1093/nar/gkn255
https://www.cdc.gov/evaluation/guide/introduction/index.htm
https://doi.org/10.1002/0471250953.bi0612s35
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1093/nar/gkac248
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1021/jp984217f
https://doi.org/10.1093/nar/gkz402
https://www.ncbi.nlm.nih.gov/pubmed/31127307
https://doi.org/10.1038/srep33509
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1016/j.jgeb.2018.06.006
https://doi.org/10.1093/nar/gkad313
https://doi.org/10.1007/s13201-018-0796-5
https://doi.org/10.1038/75556
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1093/bioinformatics/btaa1022
https://doi.org/10.1101/gr.174302
https://doi.org/10.3109/10409239409086797
https://doi.org/10.1111/j.1749-6632.1994.tb47401.x
https://doi.org/10.1007/s002530000467
https://doi.org/10.1128/AEM.70.2.873-882.2004
https://www.ncbi.nlm.nih.gov/pubmed/14766567

Microorganisms 2023, 11, 2262 15 of 15

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Fowler, B.A.; Hildebrand, C.E.; Kojima, Y.; Webb, M. Nomenclature of metallothionein. Exp. Suppl. 1987, 52, 19-22.

Blindauer, C.A.; Harrison, M.D.; Parkinson, J.A.; Robinson, A.K.; Cavet, ].S.; Robinson, N.J.; Sadler, P.J. A metallothionein
containing a zinc finger within a four-metal cluster protects a bacterium from zinc toxicity. Proc. Natl. Acad. Sci. USA 2001, 98,
9593-9598. [CrossRef] [PubMed]

Bjellqvist, B.; Sanchez, J.-C.; Pasquali, C.; Ravier, E; Paquet, N.; Frutiger, S.; Hughes, G.J.; Hochstrasser, D. Micropreparative
two-dimensional electrophoresis allowing the separation of samples containing milligram amounts of proteins. Electrophoresis
1993, 14, 1375-1378. [CrossRef]

Ikai, A. Thermostability and aliphatic index of globular proteins. J. Biochem. 1980, 88, 1895-1898. [CrossRef]

Kyte, J.; Doolittle, R.F. A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 1982, 157, 105-132.
[CrossRef]

Gabaldon, T.; Koonin, E.V. Functional and evolutionary implications of gene orthology. Nat. Rev. Genet. 2013, 14, 360-366.
[CrossRef]

Fitch, WM. Homology: A personal view on some of the problems. Trends Genet. 2000, 16, 227-231. [CrossRef]

Mirny, L.A.; Gelfand, M.S. Non-orthologous gene displacement. Trends Genet. 1996, 12, 334-336.

Mirny, L.A.; Gelfand, M. Using orthologous and paralogous proteins to identify specificity determining residues. Genome Biol.
2002, 3, preprint0002.1. [CrossRef]

Engh, R.A.; Huber, R. Accurate bond and angle parameters for X-ray protein structure refinement. Acta Crystallogr. Sect. A Found.
Crystallogr. 1991, 47, 392—400. [CrossRef]

Senarathne, P.; Pathiratne, K. Accumulation of heavy metals in a food fish, Mystus gulio inhabiting Bolgoda Lake, Sri Lanka. Sri
Lanka J. Aquat. Sci. 2007, 12, 61-75. [CrossRef]

Naik, M.M.; Dubey, S.K. Lead-enhanced siderophore production and alteration in cell morphology in a Pb-resistant Pseudo-monas
aeruginosa strain 4EA. Curr. Microbiol. 2011, 62, 409-414. [CrossRef]

Liu, T.; Nakashima, S.; Hirose, K.; Uemura, Y.; Shibasaka, M.; Katsuhara, M.; Kasamo, K. A metallothionein and CPx-ATPase
handle heavy-metal tolerance in the filamentous cyanobacterium Oscillatoria brevis. FEBS Lett. 2003, 542, 159-163. [CrossRef]
Fiorillo, A.; Battistoni, A.; Ammendola, S.; Secli, V.; Rinaldo, S.; Cutruzzola, F.; Demitri, N.; Ilari, A. Structure and metal-binding
properties of PA4063, a novel player in periplasmic zinc trafficking by Pseudomonas aeruginosa. Acta Crystallogr. Sect. D Struct.
Biol. 2021, 77, 1401-1410.

Fernandez, M.; Rico-Jiménez, M.; Ortega, A.; Daddaoua, A.; Garcia, A.L; Martin-Mora, D.; Mesa Torres, N.; Tajuelo, A.; Matilla,
M.A; Krell, T. Determination of ligand profiles for Pseudomonas aeruginosa solute binding proteins. Int. ]. Mol. Sci. 2019, 20, 5156.
[CrossRef]

Ammendola, S.; Secli, V.; Pacello, F.; Mastropasqua, M.C.; Romao, M.A.; Gomes, C.M.; Battistoni, A. Zinc-binding metallophores
protect Pseudomonas aeruginosa from calprotectin-mediated metal starvation. FEMS Microbiol. Lett. 2022, 369, fnac071. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.171120098
https://www.ncbi.nlm.nih.gov/pubmed/11493688
https://doi.org/10.1002/elps.11501401212
https://doi.org/10.1093/oxfordjournals.jbchem.a133168
https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.1038/nrg3456
https://doi.org/10.1016/S0168-9525(00)02005-9
https://doi.org/10.1186/gb-2002-3-3-preprint0002
https://doi.org/10.1107/S0108767391001071
https://doi.org/10.4038/sljas.v12i0.2214
https://doi.org/10.1007/s00284-010-9722-2
https://doi.org/10.1016/S0014-5793(03)00370-3
https://doi.org/10.3390/ijms20205156
https://doi.org/10.1093/femsle/fnac071

	Introduction 
	Materials and Methods 
	Sequence Retrieval and Analysis 
	Comparative Genomic Analysis and Orthologs Identification 
	Three-Dimensional Structure Prediction and Validation 
	Visualization of the Structure 

	Results 
	Metallothionein Sequence Analysis 
	Secondary Structure Content in the Sequences 
	Comparative Genomic Analysis and Orthologs Identification 
	Structure of Metallothionein from P. aeruginosa 

	Discussion 
	Conclusions 
	References

