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The release of metals into the environment raises serious concerns about their harmful effects on both the wildlife and human health. The |
biosphere is experiencing with the pervasive presence of heavy metal pollutants such as arsenic (As), cadmium (Cd), mercury (Hg), lead |
(Pb), chromium (Cr), copper (Cu) and nickel (Ni), which pose significant environmental challenges. While certain metals are essential for
regulating fundamental metabolic processes and upholding the overall physiology of microorganisms, excessive exposure to heavy metals |
can be detrimental to their survival and function. As a result of their remarkable adaptability, microorganisms, particularly bacteria such |
as Pseudomonas fluorescens, Escherichia coli, Serratia marcescens, Bacillus cereus and Alcaligenes sp., have evolved sophisticated |
defence mechanisms to combat the stress caused by heavy metals. One such process is the creation of metal-binding proteins (MBPs), |
which may bind and sequester metals, thus significantly lowering their toxicity in bacteria. Metalloproteomics, a subfield of metallomics,
focuses on the discovery and characterization of such metal-binding proteins (MBPs) in metal-resistant bacteria, resulting in the opening |
of the doors for innovative bioremediation techniques and therapeutic treatments against bacterial diseases. This review explores the |
intriguing world of MBPs in metal-resistant bacteria and emphasizes their significant role in metal resistance, detoxification and homeostasis. |
Furthermore, metallochaperones in bacteria have been extensively studied using the metalloproteomic methodologies and techniques |
utilized in metal-binding proteins. This study also provides useful information on the interactions between these metallochaperones and
different MBPs, which advances our understanding of how bacteria respond to exposure to such heavy metals. :
|
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INTRODUCTION

The heavy metals are toxic and persistent in the natural
environment, leading to increased contamination throughout
the environment. In view of this, a widespread research atten-
tion has focused on heavy metal pollution. An inorganic element
with an atomic density of more than 5 g cm™ is referred to as a
heavy metal [1]. Although heavy metals are found naturally
in the environment, anthropogenic activities like extraction,
melting and industry process have raised the amount of pollution
caused by such metals, making them dangerous to living things
[2]. Heavy metals can be divided into two types: essential and
non-essential (Fig. 1) [3]. Many biological activities depend
on certain heavy metals, including iron (Fe), manganese (Mn),
copper (Cu), chromium (Cr), cobalt (Co), magnesium (Mg),
zinc (Zn) and nickel (Ni). Because these metals are necessary
for ‘life’ they are characterized as essential elements. However,

other heavy metals, such as arsenic (As), beryllium (Be), tin
(Sn), cadmium (Cd), lead (Pb), mercury (Hg), selenium (Se),
silver (Ag), thallium (T1), vanadium (V) and zinc (Zn) can be
harmful if their exposure exceeds certain levels, leading to a
number of health issues, including renal disease, cancer and
central nervous system disorders [4].

The recycling of heavy metals in the environment is signi-
ficantly influenced by bacteria. Certain bacteria can withstand
the effects of heavy metals and store them in their cells [5].
The resistance and accumulation of heavy metals by bacteria
are also used for a variety of applications, such as bioremedia-
tion of contaminated sites and also as biosensors for detecting
the presence of such heavy metals in plants [6]. Metal-resistant
bacteria (MRB) have been studied extensively for their poten-
tial in bioremediation and their capacity to lower the amount
of heavy metals present in polluted places [7]. An overview of
the intercellular process shown in MRB have shown in Fig. 2
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Fig. 2. Metal sequestration in bacteria

about intercellular process. Several bacterial species, including
Pseudomonas fluorescens, Bacillus cereus, Escherichia coli,
Serratia marcescens and Alcaligenes sp. have demonstrated
remarkable resistance to a diverse array of heavy metals such
has Hg, Cu, Cd, Pb, Cr and Ni. Plasmid-cured Bacillus species
have also been shown to possess heavy metal resistance, indi-
cating that resistance can be mediated by both plasmid and
chromosomal DNA [8]. Other metal-resistant bacteria, such
as P. aeruginosa, Paenalcaligenes faecalis, Bordetella petrii
and Paenalcaligenes hominis, have showed to have high resis-
tance to heavy metals such as Pb, Ni, Cr and Cd. These metal-
resistant bacteria have the potential to be used in the biological
treatment of wastewater containing heavy metals, offering a
promising approach for remediation techniques [9]. In addition,
metal-tolerant rhizospheric bacteria, such as Novosphingobium
humi, Cupriavidus basilensis, Bacillus zanthoxyli, Paenibacillus
alvei and Ralstonia syzygii have been isolated and shown to
enhance plant growth and tolerance to heavy metals like Cu
and Fe [10].

Metal binding proteins (MBPs) have the ability to bind
and accumulate heavy metals, such as Cu, Zn and Cd [11]. MBPs
consist of histidines (ghhphg), (HP), cysteines (gcgcpegeg)
(CP), metallothioneins (MTs), phytochelatins (PCs) and Cd-
binding peptides (CdBPs) [12]. The ability of bacteria to bind
metals, as well as their accumulation and tolerance to heavy
metals, can be increased by the expression of certain genes
encoding for such MBPs [13]. In addition to MBPs, bacteria
emphasize binding protein production, exclusion, compart-
mentalization and complex rendering process have been empha-
sized by bacteria for withstanding the stress of heavy metals.
Transcription factors called metalloregulatory proteins control
the expression of certain gene groups called regulons and metal
sensing regulatory transcription factors control these regulons.

Metal-responsive transcription factors, such as Zur and MTF1,
in bacteria and eukaryotes, respectively, are essential for main-
taining metal homeostasis in them [14,15]. These proteins bind
to metal ions and regulate the transcriptional activity of target
genes involved in metal uptake, efflux and intracellular
trafficking [15]. In bacteria, Zur regulons not only control the
expression of metal uptake systems but also biosynthetic clusters,
ribosomal proteins, enzymes and virulence factors. The metal
sensing transcription factors in E. coli form a complex regul-
atory network that allows the bacteria to adapt and survive in
different environments, including inside the host animals. The
metal-dependent gene expression is crucial for maintaining
cellular metal ion homeostasis and preventing the harmful
effects of reactive oxygen species (ROS) [16].

A diverse array of bacterial metalloregulatory proteins,
including ArsR-SmtB, MerR, CsoR-RcnR, CopY, DtxR, Fur
and NikR, play vital roles in mediating heavy metal resistance
and these are involved in detecting and responding to different
metal ions [17]. These proteins can regulate gene expression
directly associated with metal homeostasis and alter meta-
bolism to reduce the cellular demand for metals. In addition
to metalloregulatory proteins, bacteria also utilize metallo-
chaperones, a specialized protein group that shields metal ions
from reacting and distributes them to target metalloproteins.
Riboswitch RNAs have also been discovered as metallo-
regulatory elements that selectively bind low-abundance transi-
tion metal ions, such as Ni** and Co** [18]. These riboswitches
bind metals cooperatively and have a high affinity for metal
ions. Metal-binding proteins have the ability to interact with
heavy metals accumulated in bacteria, which could help in
the reduction of heavy metal contaminants in wastewater [19].

Metalloproteomics is a field that focuses on identifying
and characterizing MBPs and motifs in bacteria [20]. Several
studies have been conducted to investigate metal binding in
bacteria that are resistant to metals. In one of the study, metallo-
proteomic analysis of Streptococcus pneumoniae identified
putative MBPs and peptides, with a focus on copper and zinc
binding [21]. In 2021, studies revealed that these metal-binding
proteins are involved in a number of biological processes and
might have an impact on bacterial diseases. Another study
analyzed metal ions in Mycobacterium species and identified
metal transporters using in silico analysis [22]. Metallothioneins
(MTs) are a collection of proteins that have a part in metal
binding which possess detoxification mechanisms in micro-
organisms. These proteins have been extensively studied using
various methods such as western blot and high-performance
liquid chromatography (HPLC). The study of MBPs in MRB
provides a profound understanding of the mechanisms of metal
resistance and the interconnections between metals and proteins.
The computational and experimental approaches play crucial
roles in understanding the structure, function and interactions
of MBPs through metalloproteomics. Future research in this
field holds the promise of new bioremediation strategies, the
creation of innovative MBP-based applications and an improved
understanding of metal resistance processes in bacteria.

Origin of heavy metals in the environment: Naturally
occurring elements with high atomic mass and concentrations
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are known as heavy metals [23]. They can be found in various
environmental matrices including air, water, soil and sediments.
The origin of heavy metals in the environment can be attributed
to both natural and anthropogenic sources [24]. Natural sources
include weathering of rocks, volcanic activity, erosion and bio-
logical processes. Anthropogenic sources include industrial
activities, agricultural practices and urbanization [25]. The heavy
metals are transported and distributed and their persistence is
determined by these two factors (Fig. 3).

’7 Natural
Anthropogenic

Transport and fate

Sources
Heavy metal |

Fig. 3. Sources of heavy metals

Metal resistant bacteria: Metal-resistant bacteria (MRB)
are a group of microorganisms that possess the capacity to
endure and develop in environments where contamination with
heavy metals occurs frequently. These bacteria possess unique
genetic and physiological adaptations that allow them to tolerate
and detoxify heavy metal ions, which are toxic to most other
organisms. Bacteria develop resistance through various mech-
anisms such as efflux, sequestration and transformation within
the cell. Bacteria with metal resistance are advocated for metal
removal applications due to their rapid growth rates. Indigenous
bacterium from cultivable land such as Bacillus tropicus MCCC
1A01406, has shown resistance against multiple heavy metals
and have the potential for eco-friendly recovery of heavy metal
pollutants [26]. The impact of heavy metal pollution on micro-
bial communities and the evolution of metal resistance deter-
minants are still being studied and there is a need to better
understand the microbial metal resistome at the community
level [27]. One of the main mechanisms by which the metal
resistant bacteria can withstand heavy metal toxicity is through
the production of metal binding proteins [28]. These proteins,
known as metallothioneins are small, cysteine-rich proteins
that can bind to heavy metal ions such as Cd, Hg, Pb and Zn
have a high affinity for heavy metals and can sequester them,
preventing their harmful effects on cellular processes [29].
They are synthesized in response to heavy metal exposure and
play a crucial role in protecting the bacterial cells from metal-
induced damage. One such strategy is the efflux of heavy metals
from the cell. Bacteria possess efflux pumps that actively trans-
port heavy metal ions out of the cytoplasm, thereby reducing
their intracellular concentration [30]. This efflux mechanism
helps in maintaining cellular homeostasis and prevents the accu-
mulation of toxic levels of heavy metals. Members of MRB
can also undergo genetic adaptations to develop resistance
against heavy metals [31]. This includes mutations or acquisi-
tion of genes that encode for specific transporters or enzymes
involved in heavy metal detoxification. For example, some
bacteria have acquired plasmids (small circular DNA molecules)
that carry genes encoding proteins that are resistant for specific
heavy metals. These plasmids can be transferred between bact-
erial cells through horizontal gene transfer, allowing the spread

of metal resistance genes within the microbial communities
[32].

The presence of metal-resistant bacteria has been observed
in various environments contaminated with heavy metals,
including industrial sites, mining areas and polluted water
bodies [33]. These bacteria are often found in close association
with metal rich minerals or sediments, where they can form
biofilms or aggregates that provide protection against metal
toxicity. Biofilms are complex communities of microorganisms
embedded in a matrix of extracellular polymeric substances
(EPS), which offer physical and chemical protection against
heavy metals [34]. Metal-resistant bacteria have attracted signi-
ficant attention due to their potential applications in bioremedi-
ation. Bioremediation is a process in which living organisms
are utilized to degrade or remove pollutants from contaminated
environments. Metal-resistant bacteria can be used to remediate
metal-contaminated sites by either immobilizing heavy metals
through biosorption or by actively transforming them into less
toxic forms [35].

Biosorption involves the binding of heavy metals to the
cell surface or to extracellular polymeric substances of bacteria,
effectively removing them from the environment. On the other
hand, some metal-resistant bacteria have enzymatic activities
that can convert toxic heavy metal ions into less harmful forms
through processes such as reduction, oxidation, or methylation.
Metal homeostasis and resistance in bacteria are complex and
delicate balance. Bacteria have evolved various mechanisms
to maintain metal homeostasis, including import and mobili-
zation pathways for metal limitation and efflux and storage
pathways for excess metals [36]. Metal homeostasis systems
in pathogenic bacteria are crucial for resisting host efforts to
manipulate metal availability and toxicity. Metalloregulatory
proteins, metallochaperones and related proteins play key roles
in regulating metal speciation, buffering intracellular metal
concentrations and delivering metals to correct intracellular
targets [37]. Bacteria have also developed resistance determi-
nants to enhance tolerance to toxic metals, such as Cd and As
[38]. These resistance determinants often co-selected with other
types of resistance and vary across different Gram-positive
bacteria. The evolution of copper resistance mechanisms in
bacteria, such as the cus and pco systems, has been influenced
by human activities and environmental copper deposition [39].
Copper may exist in two different redox states (oxidized as
Cu(Il) or reduced as Cu(I), which makes it a very useful as a
catalytic factor in proteins that do electron transport or redox
reactions. It is generally recognized that Cu(I) may have harm-
ful consequences in addition to being beneficial as a cofactor,
while the exact chemical pathways behind these effects are
unclear [40]. The study of metal-resistant bacteria has provided
deep knowledge about the mechanisms of microbial metal resis-
tance and the potential for bioremediation of metal contaminated
environments. Studying the adaptation and survival mechanisms
of these bacteria in the presence of heavy metals may help in
developing strategies for environmental cleanup and enhancing
human health in areas impacted by metal contamination.

Mechanisms for heavy metal resistance in bacteria cells:
Bacteria have evolved a variety of mechanisms to resist heavy
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metals, which are toxic elements that can damage cellular com-
ponents and disrupt essential biological processes. Numerous
processes enable bacterial cells to be resistant to heavy metals.
One method involves active or passive bioaccumulation of
metal ions within the cell, extracellular precipitation and the
outflow of heavy metals from the cell exterior to the surface
of the microbial cell [13]. Furthermore, to withstand adverse
conditions, metal-tolerant organisms use efflux mechanisms,
cellular impermeability, external and internal cellular seques-
tration and metal-ion reduction [41]. These bacterial strains were
capable of condensing metal ions. Strains reducing chromate
(CrO4»), vanadate (VO,*) and molybdate (MoO,*) ions were
detected in the environment. In order to produce energy, the
bacterial isolates used metal ions as electron donors. An example,
strain of S. aureus that exhibits resistance to arsenic As™*/As™.
Additionally, bacteria have metal resistance genes that control
the accumulation of heavy metals either on the genome or in
plasmids [42]. These genes are essential for the intake, accum-
ulation, mineralization, oxidation or reduction of heavy metals
to less harmful forms by enzymes and their removal from cells.
These mechanisms of heavy metal resistance in bacteria are
of fundamental importance in microbial ecology and have appli-
cations in biogeochemical cycling of heavy metals. In biological
systems, metal ions play crucial functions as metallobiomole-
cules or occasionally as free ions. As parts of metalloproteins
and as cofactors or structural components for enzymes, metal
ions are essential to several biological processes [43]. An
overview of the evolution of heavy metal resistance action in
bacterial cells as shown in Fig. 4.
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Fig. 4. Entry of heavy metals into the bacterial cell: 1) efflux, 2) seques-
tration, 3) enzymatic reduction, 4) methylation, 5) precipitation

Nearly half of all metabolic activities in bacteria are catalyzed
by metal ion containing enzymes, which are responsible for
cell maintenance and are important for metal homeostasis at
levels that are both high enough to fulfill cellular demands
and low enough to prevent toxicity [44]. Bacterial metal ion
resistances are widespread and include genes for toxic metal
ion resistances such as Ag*, AsO*, Cd*, Co™, CrO,*, Cu*, Hg*,
Ni**, Pb*, TeOs*, TI* and Zn** [45]. These resistance systems
function through energy-dependent efflux, enzymatic transfor-
mations or MBPs. Metal ions, such as Zn(II), are essential for
bacterial growth and virulence factors, but their sequestration
by the host can limit bacterial infection processes. Additionally,
metal ions like Zn(II) are involved in antibiotic resistance

mechanisms, such as the expression of metallo-B-lactamases
(MBLs) that require Zn(I) ions for their activity [46]. The
secretion of siderophores, which are tiny molecular weight
molecules that are generated mainly made for ferric iron acqui-
sition, is another way that metal resistance is mediated [47].
As multipurpose metabolites, siderophores can bind other metals
outside of the cell and provide protection against metal toxicity.
The synthesis of pyridine-2,6-bis(thiocarboxylic acid) (PDTC)
siderophore by P. stutzeri were performed in the environment
[48].

Metal-binding proteins for bacterial resistance: Proteins
that can bind to metals help bacteria defend against the harmful
effects of such metals. By capturing and preventing the inter-
action of metals, with cellular components these proteins safe-
guard the integrity of the cells. MBPs are compounds that have
the ability to attach to a variety of metals such as Fe, Cr, Zn,
As, Cd, Ni and Pb. Naturally occurring proteins, like phyto-
chelatins and metallothioneins contain a number of cysteine
residues, which contribute to their ability to bind capability of
binding metals [12]. Bacteria are able to live in surroundings
with high levels of heavy metals because of this detoxifying
process. Depending on the kind of protein and the metal ion
involved, different MBPs are involved in executing specific
mechanism. Betaproteobacteria is resistant to a wide range of
metals, including As, Cd, Cr, Pb, Hg and Zn. This resistance
is due to the presence of a number of genes that encode proteins
that can detoxify these metals [49]. An example of a MBPS
with Betaproteobacteria is shown in Fig. 5.

Fig. 5. Aspartate-semialdehyde dehydrogenase protein, encoded by the asd
gene, in the betaproteobacteria bacterium HGW-Betaproteobacteria-
16 that contains 376 amino acids and is involved in metal binding
(https://www.uniprot.org/uniprotkb/AOA2N2TB33/entry)

Arsenic-binding protein: In the thermophile Thermus
thermophilus HB27, the adjacent genes TtsmtB and TTC0354
are involved in arsenic resistance and are transcribed from the
specific promoters with differential regulation at the transcri-
ptional level [50]. Several types of membrane-bound transporter
proteins such as ArsB, ArsY (ACR3) and ArsP. Bacterial arsenic
transporters includes the major facilitator protein superfamily
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(MFS) and major intrinsic protein (MIP) [51]. These trans-
porters are encoded in arsenic resistance (Ars) operons found
in bacterial strains. Additionally, other proteins involved in
arsenic resistance, such as ArsK, have been also discovered.
ArsK is a suspected major facilitator protein superfamily (MFS)
gene that functions as an efflux transporter for trivalent arsenicals
and antimonials.

Cadmium-binding proteins: Cadmium-resistant bacteria
have been found to possess various mechanisms for binding
cadmium. One mechanism involves the efflux of cadmium from
bacterial cells through the action of efflux pump proteins
encoded by the gene systems cadA and cadB gene synthesis
[52]. Another mechanism involves the binding of cadmium to
functional groups such as NH,, COOH, PO.*~ and OH present
on the bacterial surface. Enzymes are also involved in detoxi-
fying cadmium and making the bacterial membrane imperme-
able to the metal. The protein Al13255 of Anabaena sp. PCC7120
has been identified to have a CadD efflux pump that is involved
in cadmium resistance and other heavy metals [53]. Cadmium
stress has been shown to result in different protein expression
in Acinetobacter calcoaceticus strain STP14, exhibiting resis-
tance to cadmium and other metals [54]. In response to cadmium
stress, Lactococcus lactis has been shown to activate anti-
oxidant capacity and up-regulate cadA, suggesting a role in
cadmium resistance [55]. A subset of the EF-hand calcium-
binding S100 proteins is released extracellularly and, via metal
sequestration, contributes significantly to host defense by acting
as an antibacterial agent [56]. SI00A8 and S100A9 form a
heterodimer to form the S100 protein complex calprotectin,
which binds and sequesters zinc, manganese, iron and nickel
[57].

Copper-binding proteins: Acidophilic organisms like
Acidithiobacillus ferrooxidans possess high-level resistance
to Cu and other metals. Transcriptional expression of copper-
binding proteins, such as CopZ like chaperone, rusticyanin
and AcoP, increase in the presence of Cu and these proteins
confer resistance against copper when expressed in a Cu-
sensitive strain [58]. In Enterococcus faecium and Escherichia
coli, copper affects the stability of the bacterial cell envelope
and counteracts B-lactam resistance mediated by B-lactam-
insensitive LD-transpeptidases (LDTs) [59]. Bacterial Cu
storage proteins, such as Csp3, prevent Cu toxicity and allow
bacteria to safely accumulate large quantities of copper in their
cytosol [60]. Copper resistance in Streptococcus pneumoniae
develops through the use of differently expressed proteins
involved in cell wall [61]. Another set of Cu-resistant proteins
like PcoC and CopC exhibit distinct copper chemistry but both
have His1 as a bidentate ligand and are involved in intermole-
cular Cu transfer reactions.

Mercury-binding proteins: MerA is a Hg-binding protein
that is produced by the metal-resistant bacteria Alcaligenes
eutrophus, which is able to detoxify mercury. Mercury-resistant
bacteria possess the Mer operon system, which plays a crucial
role in Hg biodegradation and bioremediation by converting
reactive forms of Hg to inert, volatile forms [62]. The MerA
protein in Hg-resistant bacteria involved in the transformation
of Hg** to Hg’ and its sequences and conserved motifs vary

widely in both Gram-positive and Gram-negative bacteria [63].
Another protein called MerT in the Mer operon, is involved in
mercuric ion (Hg,™) transport. Bacteria resistant to Hg was
isolated from a gold mining area were resistant to Hg and exhi-
bited changes in protein synthesis after Hg induction [64].

Lead-binding proteins: PbrD is a Pb(II) binding protein
derived from the Pbr lead resistance operon found only in
Cupriavidus metallidurans CH34. Its ability to sequester Pb(Il)
presents a great potential for development as a lead biosorbent
in wastewater bioremediation [65]. Techniques like attenuated
total reflection have been used to confirm the existence of these
functional groups such as carboxyl, phosphate and amide are
studied using FTIR [66]. In addition, P-O-Pb and C-O-Pb inter-
actions are formed during the binding of lead to bacterial cells.
The development of efficient microbial lead remediation solu-
tions can be facilitated by an understanding of the molecular
basis of lead binding in bacteria [67]. It has been discovered
that the lactic acid bacterium Lactobacillus plantarum YW 11
has a great capacity to both absorb and withstand lead, with an
absorption rate of up to 99.9% [68]. Abundant proteins involved
in a variety of biological activities, including as substance trans-
port and cell wall production, were identified by proteomics
analysis of YW11.

Zinc-binding proteins: Several studies have investigated
the binding properties of these proteins and their impact on
bacterial survival. In 2022, Rosen et al. [69] demonstrated that
the solute-binding proteins (SBPs) called PsaA and MntC in
Streptococcus pneumoniae and Staphylococcus aureus,
respectively, bind Zn reversibly and exhibit a preference for
Znions over other metals. Researchers have uncovered several
mechanisms by which bacteria resist zinc toxicity. In 2016,
Colaco et al. [70] reported that protein ZinT in E. coli plays a
role in resistance to cobalt, cadmium and mercury. Another
study found that knockout mutants of ribosomal proteins in
E. coli, including RpmJ, RplA, RpmE, RpmI and RpsT, exhi-
bited zinc resistance, suggesting a close connection between
ribosomal proteins and zinc resistance [71]. Moreover, Li et
al. [72] reported that zinc limitation induces ribosome hiber-
nation and aminoglycoside resistance in mycobacteria, high-
lighting the significance of zinc binding proteins in bacterial
survival under zinc-depleted conditions. Furthermore, Neupane
et al. [73] elucidated the structural and mechanistic details of
Zn binding by the Zn-specific SBP AztC, which is crucial for
Zn acquisition from the metallochaperone AztD.

Metallothioneins: Structural and functional insights:
Metallothioneins (MTs) are low molecular weight protein
family that is abundant in cysteine and has a remarkable affinity
for various metal ions. Their exceptional ability to chelate a
wide range of metals, including both essential and non-essential
elements, has allowed them to play a critical role in metal homeo-
stasis [74]. By sequestering excess metal ions, MTs safeguard
cells from the deleterious effects of metal toxicity. Their primary
function is to store, transport and bind metals, which enables
microorganisms to detoxify heavy metals. Pioneering the
identification of metallothioneins (MTs), Cyanobacterium
synechococcus harbors the SmtA protein, which exhibits a
robust affinity for Zn and Cd, thereby safeguarding cellular
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metal homeostasis [75]. Also, MTs are essential for maintaining
Cu homeostasis in yeast because they chelate excess Cu ions
to help store copper and prevent copper toxicity. Two MTs from
Saccharomyces cerevisiae, CUP1 and Crs5, predominantly
bind to Cu but can also bind to Zn and Cd ions. A diverse group
of proteins called cysteine rich protein (CRPs) are characterized
by a high abundance of cysteine residues, which form thiol
groups that can bind to metal ions. Recent studies using a func-
tional metatranscriptomic approach have identified new families
of eukaryotic CRPs involved in resistance to Cd or Zn [76].
Several of these genes, when introduced into Cd-sensitive yeast
mutants, were able to restore Cd resistance, suggesting their
potential role in cellular detoxification [77]. An example of a
metalloprotein like structure was retrieved from PDB chains
[SCOP 1.75] (Fig. 6).

3dbyA

3d19A

. Bacillus cereus metalloprotein-like

Fig. 6. Domain assignments for the Bacillus cereus metalloprotein-like
superfamily in PDB chains (SCOP 1.75)

Metallochaperons: A family of metalloproteins known
as metallochaperones are responsible for binding metal ions
and transporting them along the absorption, functional, storage,
or detoxifying routes. Through certain protein—protein inter-
actions, they introduce metal ions into other proteins [78]. One
significant class of metallochaperones that is broadly dispersed
throughout all domains of life are nucleoside triphosphate hydro-
lase (NTPases). These proteins perform extremely particular
and controlled roles in the metalloenzyme maturation process
by binding and hydrolyzing nucleoside triphosphates, which
can be either adenosine triphosphate (ATP) and guanosine
triphosphate [79]. Bacterial metallochaperones are involved
in the control of intracellular metal availability, metallocofactor
active site assembly in metalloenzymes and the systems-level
response to metal limitation and intoxication [80]. Zinc import
by E. coli and other bacteria at low ion concentrations is facili-
tated by metallochaperones of the TroA superfamily, including
ZnuA. The zinc transporter ZnuABC, which has been thoro-
ughly characterized, includes ZnuA as a critical component
[81]. ZnuA selects free zinc and transfers it to ZnuB, a trans-
membrane protein that transports Zn** into the cytoplasm; ZnuC
mediates this process by providing the energy needed to complete
the process.

Metalloproteomics: Metalloproteomics is the study of
the identification and characterization of proteins in organisms
that bind to metals, such as metal-resistant bacteria. The distri-
bution of genes linked to heavy metal tolerance in bacterial
genomes specifically in proteobacteria and terrabacteria have
been the subject of several investigations [82]. These genes
are often involved in metabolism, including ionic transport,

amino acid biosynthesis and energy production [83]. Addition-
ally, research has shown that metal-resistant bacteria have the
ability to accumulate and remove metals from contaminated
environments, such as dumpsite leachate and spent engine oil
[84,85]. These bacteria have demonstrated high resistance to
heavy metals, such as Pb, Cr, Cd and Ni and have been found
to be effective in reducing the concentration of these metals in
wastewater and contaminated soils [85]. Metalloproteomics
also plays a crucial role in the structural and functional character-
ization of metalloproteins on a genome-wide scale [86]. Additi-
onally metalloproteomics also brings together researchers from
various disciplines and utilizes strategies and instrumentation
such as mass spectrometry, Fourier transformed ion cyclotron
resonance mass spectrometry (FTICR) and X-ray absorption
spectroscopy (XAS) [86]. Therefore, metalloproteomics can be
a valuable tool for studying the mechanisms of metal resistance
in bacteria and for developing bioremediation strategies for
metal-contaminated environments.

Approaches for studying metalloproteomics: Metallo-
proteomics encompasses two distinct approaches: experimental
and computational-based methods. Standard genomic DNA,
recombinantly produced proteins and subcellular fractions are
analyzed using metalloproteomic methods [87]. Top-down and
bottom-up methods are further separated. Top-down metallo-
proteomics is the process of first identifying metal-binding or
metal containing proteins by experimentation and then identi-
fying the coding genes. Bottom-up metalloproteomics is a bioin-
formatic technique to predict metal-binding or metal containing
proteins from genomic databases and these methods are subse-
quently validated through experiments [20]. Inductively coupled
plasma mass spectrometry (ICP-MS) has also been widely used
in metalloproteomic techniques [88], The experimental methods
include nuclear magnetic resonance (NMR) spectroscopy, mass
spectrometry (MS), X-ray crystallography and immobilized
metal affinity chromatography (IMAC).

Experimental approaches

Inductively coupled plasma mass spectrometry (ICP-
MS): A flexible analytical method used in the field of metall-
omics is inductively coupled plasma mass spectrometry (ICP-
MS). It has been used in a number of fields, including metallo-
proteomics, spatial metallomics, single particle analysis and
single cell analysis. ICP-MS can quantify many elements with
low detection limits, which makes it appropriate for quantifying
metalloproteins. Quantification of protein-bound, intrinsic or
labelled metal/metalloid elements is possible through the use
of this approach, which measures the concentration of certain
elements in proteins. Furthermore, in the area of metallomics,
ICP-MS may help provide established sources of reference
for metalloproteins [89].

Immobilized metal affinity chromatography (IMAC):
Immobilized metal affinity chromatography (IMAC) is widely
used method in metalloproteomics [90]. This involves the use
of metal-chelating agents to selectively bind and separate
metalloproteins from complex mixtures [91]. Metal ions such
as Ti**, Zr** and Ni** are commonly used in IMAC to form
stable complexes with the target proteins [92]. The immobilized
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metal ions provide a specific affinity for metalloproteins,
allowing for their purification and enrichment. IMAC has been
successfully applied in various applications, including the
enrichment and identification of phosphopeptides, the purifica-
tion of biomolecules such as lysozyme and the separation of
metal chelating peptides from protein hydrolysates. The develop-
ment of new crosslinking reagents, such as PhoX, has further
expanded the capabilities of IMAC in proteome-wide character-
ization of protein structures and interactions [93].

Mass spectrometry (MS): In metalloproteomics, mass
spectrometry (MS) is also an effective method for identifying
and measuring low-concentration of metal containing comp-
ounds. It is particularly useful when combined with stable
isotope tracers, which can be easily distinguished from their
natural counterparts by mass spectrometry (MS). This technique
has been applied in various metallomic studies, such as the
preparation of isotopically enriched metalloproteins and the
exploration of biological pathways associated with selenium
species [94]. When coupled with inductively coupled plasma
mass spectrometry (ICP-MS), it is useful to find the overall
amounts of elements in biological samples. However recogni-
tion of compounds that bind to metals is not possible with ICP-
MS. To overcome this limitation, ICP-MS has been combined
with 2D-electrophoresis to determine which components are
complexed with which proteins [95].

X-ray crystallography: Another effective technique for
studying metalloproteins is X-ray crystallography, which
enables high-resolution structural determination. X-ray crystallo-
graphy has been used to investigate the binding of Pb** in
metalloregulatory proteins such as PbrR, which have a high
affinity for Pb** and selectivity over other heavy metals [96].
It can be used with spectroscopic methods to correlate the struc-
ture and function of metal-bound sites [97]. The X-ray absorp-
tion spectroscopy (XAS) has been applied in the field of metallo-
proteomics to characterize the structure and function of metal
binding proteins [98]. The initial stage in X-ray crystallography
is to obtain a suitable single crystal of the substance being studied.
The crystal should be large enough (with all dimensions greater
than 0.1 mm) to produce a measurable diffraction pattern. It
should also be of high quality, with a pure composition, a regular
structure and no significant internal defects such as twinning or
cracks [99]. These defects can distort the diffraction pattern and
make it difficult to determine the crystal structure.

Nuclear magnetic resonance (NMR): NMR spectroscopy
has long been used as an important tool to study the structure
and dynamics of macromolecules. Characterization of metallo-
proteins, identification of metal binding properties including
number and type of ligands and metal-ligand geometry and
mapping of structure and dynamics of metal binding are impor-
tant to understand the biological functions of metalloproteins
[100]. Paramagnetic nuclear magnetic resonance (NMR) has
emerged as a vibrant and dynamic field within biomolecular
NMR over the past two decades, proving to be an invaluable
tool for characterizing metalloproteins. Metalloproteins consti-
tute a substantial portion of the entire proteome and a signifi-
cant fraction of these metalloproteins exhibit paramagnetic
properties [101].

Computational approaches: Computational approaches
have been developed to study metal-binding proteins in metallo-
proteomics. These approaches use a combination of theoretical
and experimental methods to study the chemical reactivity,
structure and function of metalloproteins. Scientists can better
understand the intricate structure of metalloproteins and their
function in biological processes by utilizing homologous proteins
and Density Functional Theory (DFT) [102]. The computational
approaches for metalloprotein research include methods for
prediction and characterization of metal ion binding sites, as
well as de novo design and remodeling of metalloproteins. These
methods are crucial for understanding the diverse roles of metal
binding proteins in cellular function and disease, as well as
for developing therapeutic strategies targeting metalloproteins.
In addition, deep learning architectures like convolutional neural
networks have been used to predict protein metal binding sites,
providing valuable information for understanding protein func-
tion and facilitating drug development. Numerous databases,
including MINAS18, MESPEUS, BioLiP, MetalPDB and MDB,
have been created to provide information on metal-binding
proteins. The two most notable metalloprotein data sources used
are as BioLiP and MetalPDB [103].

Metalloproteomics in metal binding proteins: Using the
protein homology/analogY recognition engine v 2.0 (Phyre2)
computer programme, the 3D structural modelling of a subset
of proteins was completed [104]. The protein tertiary structure
is shaped by Phyre2 using distant homology techniques based
on HMM-HMM alignment. The modelled proteins with high
throughput that satisfied the requirements of query coverage
of 50% and confidence of at least 90% were chosen to be used
in the structural metal ion binding pattern prediction. Using a
fragment transformation strategy based server metal ion binding
(MIB) site, the structural motifs were scanned for binding with
metal ions [105].

Role of metalloproteomics in environmental bioremed-
iation: Bioremediation is the process of using living or dead
biomass to break down organic materials and eventually miner-
alize them into carbon dioxide, water, nitrogen gas and other
substances. It can also be used to remove toxic elements from
contaminated environments and remove harmful substances
like heavy metals. Both in situ and ex sifu methods can be used
to apply the bioremediation process to soil and water environ-
ments [106]. Metalloproteomics plays a significant role in
environmental bioremediation [107]. It makes it possible to
investigate the way metals change the pathways of metabolism,
essential for comprehending how organisms react to environ-
mental challenges. Metallomics and metabolomics are two
powerful omics techniques used to identify biomarkers that
indicate hazardous environmental conditions [ 108]. These tech-
niques involve the use of organisms as bioindicator to evaluate
the biological response to contaminants. Additionally, the study
of biomolecules containing metals and the detection of meta-
bolites changes due to contamination are made achievable by
the combination of chromatography with ICP-MS and organic
MS. Metalloproteomic studies have also allowed for the character-
ization of metalloproteins and their application in environmental
monitoring studies. Overall, metalloproteomics provides essen-
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tial into metal uptake, trafficking, accumulation and metabolism
in biological systems occurs contributing to the understanding
and remediation of environmental pollution.

Applications of metalloproteomics in combating metal
resistance and promoting

Bacterial bioremediation: Metalloproteomics has emerged
as a indispensable tool in understanding metal resistance and
promoting bacterial bioattenuation. It has been discovered that
metal resistant plant growth-promoting bacteria (PGPB) incre-
ase the effectiveness of phytoremediation by encouraging plant
growth, changing the bioavailability of metals in soils and
lowering the toxicity of metals in plants [ 109]. Moreover, metal
resistant PGPB can impact the formation of siderophores,
extracellular polysaccharides (EPS), metallothionein and efflux
systems, all of which support their adaptation and resistance
mechanisms against the toxicity of heavy metals [110]. Further-
more, metalloproteomic methodologies have been developed
to investigate metal-protein interactions at a proteome-wide
scale, providing insights into metal homeostasis and the mole-
cular mechanisms of metallodrugs in biological systems [109].
These advances in metalloproteomics can contribute to the
development of more efficient bioremediation technologies,
including the use of genetically modified microbes for metal
removal [111]. By applying this knowledge into the fundamental
mechanisms and raising up the possibilities for new approaches,
metalloproteomics is an essential tool for reducing metal resis-
tance and improving bacterial biological remediation.

Future directions and challenges in metalloproteomics:
The increasing prevalence of antibiotic resistance, fueled by
widespread misuse and mismanagement, necessitates the explor-
ation of novel approaches to combat bacterial infections. Metal
and metal oxide nanomaterials have emerged as promising
candidates in this domain, exhibiting potent antibacterial and
antibiofilm properties. Their antibacterial mechanisms encom-
pass arange of cellular disruptions, including membrane damage,
protein destabilization and nucleic acid interference [51]. How-
ever, the emergence of metal-resistant bacteria, such as E. coli,
Pseudomonas sp. and Serratia marcescens, poses a significant
to the widespread adoption of these nanomaterials. Metallo-
proteomics, the study of metal-containing proteins, offers a
great lens to dissect the intricate mechanisms underlying
bacterial heavy metal resistance [112]. By elucidating the roles
of metalloproteins in metal detoxification, transport and homeo-
stasis, researchers can identify novel targets for therapeutic
intervention. This approach holds the potential to circumvent
the limitations of conventional antibiotics and mitigate the
threat of antibiotic-resistant bacterial infections. Effective strat-

egies for remediating heavy metal-contaminated sites necessi-
tate a comprehensive understanding of the physico-chemical
parameters of the environment, the structure and diversity of
microbial communities and the nature and concentration of
heavy metals. This knowledge is crucial for tailoring remediation
strategies to specific characteristics of each contaminated site.
By harnessing the insights gained from metalloproteomic
studies, researchers can design targeted remediation approaches
that effectively neutralize heavy metal contaminants and restore
ecological balance. Additional investigations is required to
examine the redox reactions and cross-reactivity processes
among the synthesis of metallothionein, formation of extra-
cellular polysaccharides, production of siderophores and efflux
systems of bacteria resistant to metals. The patterns of resis-
tance that bacterial isolates have against heavy metals are
summarized in Table-1, and the different mechanisms that are
involved in this resistance are described in Table-2.

TABLE-1
RESISTANCE PROFILES OF BACTERIAL
ISOLATES AGAINST HEAVY METALS

Metal Metal resistance bacteria Ref.
Lysinibacillus sp., Bacillus safensis [18]

'% Pseudomonas gessardii, Brevundimonas intermedia  [109]
E Bacillus licheniformis [113]
Enterobacter sp., Klebsiella pneumoniae [114]

£ Brevundimonas diminuta [115]
é Atriplex lentiformis [116]
9 Bacillus megaterium [117]
© Salmonella enterica, Sedum alfredii [118]
Stenotrophomonas maltophilia [119]

g Shigella flexneri [120]
8 Pseudomonas stutzeri LA3 [121]
Sphingomonas, Stenotrophomonas, Arthrobacter [122]

o Pseudomonas aeruginosa [123]
g Pseudomonas idrijaensis [124]
g Stenotrophomonas sp [125]
Acinetobacter junii, Pseudomonas stutzeri [126]
Sedum alfredii [127]

2 Bacillus cereus NWUABO1 [128]
3 Bacillus xiamenensis PORPSD202 [129]
Leclercia adecarboxylata and Pseudomonas putida  [130]

Conclusion

Metal-binding proteins are indispensable for bacterial
metal resistance, enabling their survival and even growth in
metal-contaminated environments. Various bacterial species,

TABLE-2
TYPES OF MECHANISM [Ref. 131]
Mechanism Description Example
Efflux Actively pumps heavy metals out of the cell P-type ATPases, RND efflux pumps
Sequestration Binds heavy metals to proteins or other molecules Metallothioneins (MTs), phytochelatins (PCs)
Reduction Enzymatically reduces heavy metals to less toxic forms Mercuric reductase, chromate reductase
Methylation Methylates heavy metals to volatile forms Arsenic methyltransferase, mercury methyltransferase

Permeability barriers
permeability

Modifies cell walls or membranes to reduce heavy metal

EPS production, biofilm formation
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such as Psuedomonas gessardii, Brevundimonas intermedia,
Enterobacter sp., Klebsiella pneumoniae, Salmonella enterica,
Arthrobacter, Sphingomonas, Stenotrophomonas and Sedum
alfredii have resistance to metals such as As, Cu, Zn, Cd and
Pb. These bacteria have evolved mechanisms, often involving
metal-binding proteins, to selectively bind and sequester toxic
metal ions, thereby maintaining cellular homeostasis. Significant
understanding of these metal-binding proteins (MBPs) mode
of action has been made possible by their structural and func-
tional characterization. Modern techniques in metalloproteomics
are highly beneficial for identifying and measuring the metal
ions attached to these proteins. Metalloproteomics gives to
study the structurally characterize of proteins, focusing on their
binding sites for metal ions. This multidisciplinary approach
integrates techniques from proteomics, metallomics and struc-
tural biology to unravel the intricate details of metal-protein
interactions. The metalloproteomics approach has been instru-
mental in advancing our understanding of how metal-resistant
bacteria employ specific proteins to cope with metal stress.
By elucidating the structural and functional aspects of these
metal-binding proteins, researchers can gain understanding
into the adaptation mechanisms of bacteria to metal contami-
nated environments. This knowledge not only contributes to
the fundamental understanding of microbial metal resistance
but also holds potential applications in bioremediation strategies
and environmental challenges.

CONEFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. M. Csuros and C. Csuros, Environmental Sampling and Analysis for
Metals, Lewis Publishers, Boca Raton, FL, USA (2002).

2. Kiran, R. Bharti and R. Sharma, Mater. Today Proc., 51, 880 (2022);
https://doi.org/10.1016/j.matpr.2021.06.278

3. C.M. Laureano-Anzaldo, M.E. Gonzdlez-L6pez, A.A. Pérez-Fonseca,
L.E. Cruz-Barba and J.R. Robledo-Ortiz, Carbohydr. Polym., 252,
117195 (2021);
https://doi.org/10.1016/j.carbpol.2020.117195

4. M. Balali-Mood, K. Naseri, Z. Tahergorabi, M.R. Khazdair and M.
Sadeghi, Front. Pharmacol., 12, 643972 (2021);
https://doi.org/10.3389/fphar.2021.643972

5. X.Li, M. Sun, L. Zhang, R.D. Finlay, R. Liu and B. Lian, Ecotoxicol.
Environ. Saf., 246, 114193 (2022);
https://doi.org/10.1016/j.ecoenv.2022.114193

6.  T.D. Thai, W. Lim and D. Na, Front. Bioeng. Biotechnol., 11, 1178680
(2023);
https://doi.org/10.3389/fbioe.2023.1178680

7. S. Gonzilez-Henao and T. Ghneim-Herrera, Front. Environ. Sci., 9,
604216 (2021);
https://doi.org/10.3389/fenvs.2021.604216

8. A.Adeyinka, P. Sunday Mike and S.S. Terseer, Int. J. Curr. Microbiol.
Appl. Sci., 12, 138 (2023);
https://doi.org/10.20546/ijcmas.2023.1203.018

9.  D.A. Bukhari and A. Rehman, Curr. Opin. Green Sustain. Chem., 40,
100785 (2023);
https://doi.org/10.1016/j.cogsc.2023.100785

10. R.K. Kushwaha, S.M. Joshi, R. Bajaj, A. Mastan, V. Kumar, H. Patel,
S. Jayashree and S.P. Chaudhary, Funct. Plant Biol., 50, 482 (2023);
https://doi.org/10.1071/FP22263

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

H. Kinoshita, Methods Mol. Biol., 1887, 145 (2019);
https://doi.org/10.1007/978-1-4939-8907-2 13

P. Sharma, A.K. Pandey, A. Udayan and S. Kumar, Bioresour. Technol.,
326, 124750 (2021);

https://doi.org/10.1016/j.biortech.2021.124750

S. Sun, M. Wang, J. Xiang, Y. Shao, L. Li, R.C.A.A. Sedjoah, G. Wu,
J. Zhou and Z. Xin, Int. J. Biol. Macromol., 238, 124062 (2023);
https://doi.org/10.1016/j.ijbiomac.2023.124062

H. Yoshida, T. Shimada and A. Ishihama, Int. J. Mol. Sci., 24,4717 (2023);
https://doi.org/10.3390/ijms24054717

A. Mikhaylina, A.Z. Ksibe, D.J. Scanlan and C.A. Blindauer, Biochem.
Soc. Trans., 46, 983 (2018);

https://doi.org/10.1042/BST20170228

A.J. Guerra and D.P. Giedroc, 35 (2013);
https://doi.org/10.1016/B978-0-08-097774-4.00305-3

D. Osman and J.S. Cavet, Nat. Prod. Rep., 27, 668 (2010);
https://doi.org/10.1039/B906682A

K. Furukawa, A. Ramesh, Z. Zhou, Z. Weinberg, T. Vallery, W.C.
Winkler and R.R. Breaker, Mol. Cell, 57, 1088 (2015);
https://doi.org/10.1016/j.molcel.2015.02.009

D. Gupta, S. Satpati, A. Dixit and R. Ranjan, Appl. Microbiol. Biotechnol.,
103, 5411 (2019);

https://doi.org/10.1007/s00253-019-09852-6

P.L. Hagedoorn, Proteomes, 3, 424 (2015);
https://doi.org/10.3390/proteomes3040424

X. Sun, C. Xiao, R. Ge, X. Yin, H. Li, N. Li, X. Yang, Y. Zhu, X. He
and Q.-Y. He, Proteomics, 11, 3288 (2011);
https://doi.org/10.1002/pmic.201000396

E. Goethe, A. Gieseke, K. Laarmann, J. Luhrs and R. Goethe, J.
Bacteriol., 203, ¢00049-21 (2021);
https://doi.org/10.1128/JB.00049-21

J. Briffa, E. Sinagra and R. Blundell, Heliyon, 6, €04691 (2020);
https://doi.org/10.1016/j.heliyon.2020.e04691

S. Mitra, A.J. Chakraborty, A.M. Tareq, T. Emran, F. Bin, A. Nainu, A.
Khusro, M. Idris, M.U. Khandaker, H. Osman, F.A. Alhumaydhi and
J. Simal-Gandara, J. King Saud Univ. Sci., 34, 101865 (2022);
https://doi.org/10.1016/j.jksus.2022.101865

N. Akhtar, M.I. Syakir Ishak, S.A. Bhawani and K. Umar, Water, 13,
2660 (2021);

https://doi.org/10.3390/w 13192660

J. Saha, S. Adhikary and A. Pal, Geomicrobiol. J., 39, 891 (2022);
https://doi.org/10.1080/01490451.2022.2089781

X. Hao, J. Zhu, C. Rensing, Y. Liu, S. Gao, W. Chen, Q. Huang and Y.-
R. Liu, Comput. Struct. Biotechnol. J., 19, 94 (2021);
https://doi.org/10.1016/j.csbj.2020.12.006

R. Dixit, D. Wasiullah, D. Malaviya, K. Pandiyan, U. Singh, A. Sahu,
R. Shukla, B. Singh, J. Rai, P. Sharma, H. Lade and D. Paul, Sustainability,
7, 2189 (2015);

https://doi.org/10.3390/su7022189

N. Thirumoorthy, K. T. M. Kumar, A. S. Sundar, L. Panayappan and
M. Chatterjee, World J. Gastroenterol., 13, 993 (2007);
https://doi.org/10.3748/wjg.v13.i7.993

K. Mathivanan, J.U. Chandirika, A. Vinothkanna, H. Yin, X. Liu and
D. Meng, Ecotoxicol. Environ. Saf., 226, 112863 (2021);
https://doi.org/10.1016/j.ecoenv.2021.112863

P. Vats, U.J. Kaur and P. Rishi, J. Appl. Microbiol., 132, 4058 (2022);
https://doi.org/10.1111/jam.15492

A.C. Carroll and A. Wong, Can. J. Microbiol., 64, 293 (2018);
https://doi.org/10.1139/cjm-2017-0609

A. Escamilla-Rodriguez, S. Carlos-Herndndez and L. Diaz-Jiménez,
Water, 13, 2766 (2021);

https://doi.org/10.3390/w13192766




540 Jamunasri et al.

Asian J. Chem.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

W. Yin, Y. Wang, L. Liu and J. He, Int. J. Mol. Sci., 20, 3423 (2019);
https://doi.org/10.3390/ijms20143423

M. Medfu Tarekegn, F. Zewdu Salilih and A.I. Ishetu, Cogent Food
Agric., 6, 1783174 (2020);
https://doi.org/10.1080/23311932.2020.1783174

P. Chandrangsu, C. Rensing and J.D. Helmann, Nat. Rev. Microbiol.,
15, 338 (2017);

https://doi.org/10.1038/nrmicro.2017.15

P. Chandrangsu, C. Rensing and J.D. Helmann, Nat. Rev. Microbiol.,
15, 379 (2017);

https://doi.org/10.1038/nrmicro.2017.53

C. Parsons, S. Lee and S. Kathariou, Mol. Microbiol., 113, 560 (2020);
https://doi.org/10.1111/mmi.14470

B.M. Staehlin, J.G. Gibbons, A. Rokas, T.V. O’Halloran and J.C. Slot,
Genome Biol. Evol., 8, 811 (2016);
https://doi.org/10.1093/gbe/evw031

L. Banci, I. Bertini, K.S. McGreevy and A. Rosato, Nat. Prod. Rep., 27,
695 (2010);

https://doi.org/10.1039/b906678k

U.O. Edet, I.U. Bassey and A.P. Joseph, Heliyon, 9, e13457 (2023);
https://doi.org/10.1016/j.heliyon.2023.e13457

V. Kumar, A. Kumari, M. Pandey and M. Sharma, Molecular
Mechanism of Radio-Resistance and Heavy Metal Tolerance Adaptation
In Microbes, In: Microbial Extremozymes Novel Sources and Industrial
Applications, Academic Press, Chap. 21, pp. 275-293 (2022);
https://doi.org/10.1016/B978-0-12-822945-3.00003-8

G. Porcheron, A. Garénaux, J. Proulx, M. Sabri and C.M. Dozois, Front.
Cell. Infect. Microbiol., 3, 1 (2013);
https://doi.org/10.3389/fcimb.2013.00090

C.J. Murray, K.S. Ikuta, F. Sharara, L. Swetschinski, G. Robles Aguilar,
A. Gray, C. Han, C. Bisignano, P. Rao, E. Wool, S.C. Johnson, A.J.
Browne, M.G. Chipeta, F. Fell, S. Hackett, G. Haines-Woodhouse, B.H.
Kashef Hamadani, E.A.P. Kumaran, B. McManigal, S. Achalapong,
R. Agarwal, S. Akech, S. Albertson, J. Amuasi, J. Andrews, A. Aravkin,
E. Ashley, F.-X. Babin, F. Bailey, S. Baker, B. Basnyat, A. Bekker, R.
Bender, J.A. Berkley, A. Bethou, J. Bielicki, S. Boonkasidecha, J. Bukosia,
C. Carvalheiro, C. Castaiieda-Orjuela, V. Chansamouth, S. Chaurasia,
S. Chiurchiu, F. Chowdhury, R. Clotaire Donatien, A.J. Cook, B.
Cooper, T.R. Cressey, E. Criollo-Mora, M. Cunningham, S. Darboe,
N.PJ. Day, M. De Luca, K. Dokova, A. Dramowski, S.J. Dunachie, T.
Duong Bich, T. Eckmanns, D. Eibach, A. Emami, N. Feasey, N. Fisher-
Pearson, K. Forrest, C. Garcia, D. Garrett, P. Gastmeier, A.Z. Giref,
R.C. Greer, V. Gupta, S. Haller, A. Haselbeck, S.I. Hay, M. Holm, S.
Hopkins, Y. Hsia, K.C. Iregbu, J. Jacobs, D. Jarovsky, F. Javanmardi,
A.W.J. Jenney, M. Khorana, S. Khusuwan, N. Kissoon, E. Kobeissi, T.
Kostyanev, F. Krapp, R. Krumkamp, A. Kumar, H.H. Kyu, C. Lim, K.
Lim, D. Limmathurotsakul, M.J. Loftus, M. Lunn, J. Ma, A. Manoharan,
F. Marks, J. May, M. Mayxay, N. Mturi, T. Munera-Huertas, P. Musicha,
L.A. Musila, M.M. Mussi-Pinhata, R.N. Naidu, T. Nakamura, R.
Nanavati, S. Nangia, P. Newton, C. Ngoun, A. Novotney, D. Nwakanma,
C.W. Obiero, T.J. Ochoa, A. Olivas-Martinez, P. Olliaro, E. Ooko, E.
Ortiz-Brizuela, P. Ounchanum, G.D. Pak, J.L. Paredes, A.Y. Peleg, C.
Perrone, T. Phe, K. Phommasone, N. Plakkal, A. Ponce-de-Leon, M.
Raad, T. Ramdin, S. Rattanavong, A. Riddell, T. Roberts, J.V.
Robotham, A. Roca, V.D. Rosenthal, K.E. Rudd, N. Russell, H.S. Sader,
W. Saengchan, J. Schnall, J.A.G. Scott, S. Seekaew, M. Sharland, M.
Shivamallappa, J. Sifuentes-Osornio, A.J. Simpson, N. Steenkeste, A.J.
Stewardson, T. Stoeva, N. Tasak, A. Thaiprakong, G. Thwaites, C. Tigoi,
C. Turner, P. Turner, H.R. van Doorn, S. Velaphi, A. Vongpradith, M.
Vongsouvath, H. Vu, T. Walsh, J.L. Walson, S. Waner, T.
Wangrangsimakul, P. Wannapinij, T. Wozniak, T.E.M.W. Young
Sharma, K.C. Yu, P. Zheng, B. Sartorius, A.D. Lopez, A. Stergachis, C.
Moore, C. Dolecek and M. Naghavi, Lancet, 399, 629 (2022);
https://doi.org/10.1016/S0140-6736(21)02724-0

J.L. Hobman and L.C. Crossman, J. Med. Microbiol., 64, 471 (2015);
https://doi.org/10.1099/jmm.0.023036-0

M.-R. Meini, L.J. Gonzdlez and A.J. Vila, Future Microbiol., 8,947 (2013);
https://doi.org/10.2217/fmb.13.34

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

M. Ellerman and J.C. Arthur, Free Rad. Biol. Med., 105, 68 (2017);
https://doi.org/10.1016/j.freeradbiomed.2016.10.489

1J. Schalk, C. Rigouin and J. Godet, Environ. Microbiol., 22, 1447 (2020);
https://doi.org/10.1111/1462-2920.14937

M. Remendr, A. Kamlarova, J. Harichova, M. Zamocky and P. Ferianc,
Pol. J. Microbiol., 67, 191 (2018);
https://doi.org/10.21307/pjm-2018-022

C. Yuan, P. Li, C. Qing, Z. Kou and H. Wang, Front. Microbiol., 13,
817891 (2022);

https://doi.org/10.3389/fmicb.2022.817891

J. Daniels and E. Spencer, in eds.: M.E. and M.A. Peterson, Bacterial
Infections, In: Small Animal Pediatrics. Elsevier; Saint Louis, MO,
USA, edn. 1, pp. 113-118 (2011).

S.Z. Abbas, M. Rafatullah, K. Hossain, N. Ismail, H.A. Tajarudin and
H.P.S. Abdul Khalil, Int. J. Environ. Sci. Technol., 2017, 243 (2017);
https://doi.org/10.1007/s13762-017-1400-5

PK. Singh, M. Tang, S. Kumar and A K. Shrivastava, Arch. Microbiol.,
200, 463 (2018);

https://doi.org/10.1007/s00203-017-1462-2

G. Din, A. Farooqi, W. Sajjad, M. Irfan, S. Gul and A. Ali Shah, J.
Basic Microbiol., 61, 230 (2021);
https://doi.org/10.1002/jobm.202000538

Y. Sheng, X. Yang, Y. Lian, B. Zhang, X. He, W. Xu and K. Huang,
Environ. Toxicol. Pharmacol., 46, 286 (2016);
https://doi.org/10.1016/j.etap.2016.08.008

S.M. Damo, T.E. Kehl-Fie, N. Sugitani, M.E. Holt, S. Rathi, W.J.
Murphy, Y. Zhang, C. Betz, L. Hench, G. Fritz, E.P. Skaar and W.J.
Chazin, Proc. Natl. Acad. Sci. USA, 110, 3841 (2013);
https://doi.org/10.1073/pnas.1220341110.

T.G. Nakashige, E.M. Zygiel, C.L. Drennan and E.M. Nolan, J. Am.
Chem. Soc., 139, 8828 (2017);

https://doi.org/10.1021/jacs.7b01212

C.A. Navarro, D. Von Bernath, C. Martinez-Bussenius, R.A. Castillo
and C.A. Jerez, Appl. Environ. Microbiol., 82, 1015 (2016);
https://doi.org/10.1128/AEM.02810-15

K. Peters, M. Pazos, Z. Edoo, J. Hugonnet, A.M. Martorana, A. Polissi,
M.S. VanNieuwenhze, M. Arthur and W. Vollmer, Proc. Natl. Acad.
Sci. USA, 115, 10786 (2018);

https://doi.org/10.1073/pnas. 1809285115

V. Cappello, L. Marchetti, P. Parlanti, S. Landi, I. Tonazzini, M.
Cecchini, V. Piazza and M. Gemmi, Sci. Rep., 6, 1 (2016);
https://doi.org/10.1038/s41598-016-0001-8

Z. Guo, J. Han, X.Y. Yang, K. Cao, K. He, G. Du, G. Zeng, L. Zhang,
G. Yu, Z. Sun, Q.-Y. He and X. Sun, Metallomics, 7, 448 (2015);
https://doi.org/10.1039/C4MT00276H

K.Y. Djoko, Z. Xiao, D.L. Huffman and A.G. Wedd, Inorg. Chem., 46,
4560 (2007);

https://doi.org/10.1021/ic0701070

J.M. Parks and J.C. Smith, Methods Enzymol., 578, 103 (2016);
https://doi.org/10.1016/bs.mie.2016.05.041

M. Priyadarshanee, S. Chatterjee, S. Rath, H.R. Dash and S. Das, J.
Hazard. Mater., 423, 126985 (2022);
https://doi.org/10.1016/j.jhazmat.2021.126985

V. Keshav, I. Achilonu, H.W. Dirr and K. Kondiah, Protein Expr. Purif.,
158, 27 (2019);

https://doi.org/10.1016/j.pep.2019.02.008

H. Chen, J. Xu, W. Tan and L. Fang, Environ. Pollut., 250, 118 (2019);
https://doi.org/10.1016/j.envpol.2019.03.123

Q. Nong, K. Yuan, Z. Li, P. Chen, Y. Huang, L. Hu, J. Jiang, T. Luan
and B. Chen, J. Environ. Sci. (China), 85, 46 (2019);
https://doi.org/10.1016/j.jes.2019.04.022

S. Liu, Y. Zheng, Y. Ma, A. Sarwar, X. Zhao, T. Luo and Z. Yang, Int. J.
Mol. Sci., 20, 5540 (2019);

https://doi.org/10.3390/ijms20225540

T. Rosen, R.C. Hadley, A.T. Bozzi, D. Ocampo, J. Shearer and E.M.
Nolan, Metallomics, 14, mfac001 (2022);
https://doi.org/10.1093/mtomcs/mfac001



https://doi.org/10.1016/S0140-6736(21)02724-0

Vol. 36, No. 3 (2024)

Metalloproteomics: Unraveling the Metal Binding Proteins of Diverse Metal-Resistant Bacteria: A Review 541

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

H.G. Colaco, P.E. Santo, P.M. Matias, T.M. Bandeiras and J.B. Vicente,
Metallomics, 8, 327 (2016);

https://doi.org/10.1039/C5SMTO00291E

R. Shirakawa, K. Ishikawa, K. Furuta and C. Kaito, PLoS One, 18,
e0277162 (2023);

https://doi.org/10.1371/journal.pone.0277162

Y. Li, M.R. Sharma, R.K. Koripella, Y. Yang, P.S. Kaushal, Q. Lin, J.T.
Wade, T.A. Gray, K.M. Derbyshire, R.K. Agrawal and A.K. Ojha, Proc.
Natl. Acad. Sci. USA, 115, 8191 (2018);
https://doi.org/10.1073/pnas.1804555115

D.P. Neupane, D. Avalos, S. Fullam, H. Roychowdhury and E.T. Yukl,
J. Biol. Chem., 292, 17496 (2017);
https://doi.org/10.1074/jbc.M117.804799

E. Parameswari, T. Ilakiya, V. Davamani, P. Kalaiselvi and S.P.
Sebastian, in eds.: M.K. Nazal and H. Zhao, Metallothioneins: Diverse
Protein Family to Bind Metallic Ions, In: Heavy Metals - Their
Environmental Impacts and Mitigation, IntechOpen (2021);
https://doi.org/10.5772/intechopen.97658

S. Chatterjee, S. Kumari, S. Rath, M. Priyadarshanee and S. Das,
Metallomics, 12, 1637 (2020);

https://doi.org/10.1039/d0mt00140f

F. Lehembre, D. Doillon, E. David, S. Perrotto, J. Baude, J. Foulon, L.
Harfouche, L. Vallon, J. Poulain, C. Da Silva, P. Wincker, C. Oger-
Desfeux, P. Richaud, J.V. Colpaert, M. Chalot, L. Fraissinet-Tachet,
D. Blaudez and R. Marmeisse, Environ. Microbiol., 15, 2829 (2013);
https://doi.org/10.1111/1462-2920.12143

S. Murthy, G. Bali and S.K. Sarangi, Afr: J. Biotechnol., 10, 15966 (2011);
https://doi.org/10.5897/AJB11.1645

S.A. Loutet, A.C.K. Chan, M.J. Kobylarz, M.M. Verstraete, S. Pfaffen,
B.Ye, A.L. Arrieta and M.E.P. Murphy, in eds.: J.O. Nriagu and E.P. Skaar,
The Fate of Intracellular Metal Ions in Microbes, In: Trace Metals and
Infectious Diseases, MIT Press, pp. 39-56 (2015).

F.A. Vaccaro and C.L. Drennan, Metallomics, 14, mfac030 (2022);
https://doi.org/10.1093/mtomcs/mfac030

D.A. Capdevila, K.A. Edmonds and D.P. Giedroc, Essays Biochem.,
61, 177 (2017);

https://doi.org/10.1042/EBC20160076

S. Ammendola, P. Pasquali, C. Pistoia, P. Petrucci, P. Petrarca, G. Rotilio
and A. Battistoni, Infect. Immun., 75, 5867 (2007);
https://doi.org/10.1128/TA1.00559-07

E.V. Anyaogu, C.N. Umeaku, A.M. Isirue, O. S. Esiobu and N.U.
Onuoha, GSC Biol. Pharm. Sci., 21, 88 (2022);
https://doi.org/10.30574/gscbps.2022.21.2.0415

H. Johnson, H. Cho, M. Choudhary, H. Johnson, H. Cho and M. Choudhary,
Comput. Mol. Biosci., 9, 1 (2019);
https://doi.org/10.4236/cmb.2019.91001

Z. Guo, J. Han, X.Y. Yang, K. Cao, K. He, G. Du, G. Zeng, L. Zhang,
G. Yu, Z. Sun, Q.Y. He and X. Sun, Metallomics, 7, 1613 (2015);
https://doi.org/10.1039/C5MT90043C

S. Nath, I. Sharma, B. Deb and V. Singh, Int. J. Bio-resource Stress
Manag., 4, 266 (2013).

M.A. Da Silva, A. Sussulini and M.A. Arruda, Expert Rev. Proteomics,
7, 387 (2010);

https://doi.org/10.1586/epr.10.16

PL. Hagedoorn, in eds.: J.O. Nriagu and E.P. Skaar, Emerging Strategies
in Metalloproteomics, In: Trace Metals and Infectious Diseases,
Cambridge, MA, Chap. 18, pp. 311-322 (2015).

X. Xu, H. Wang, H. Li and H. Sun, Chem. Lett., 49, 697 (2020);
https://doi.org/10.1246/c1.200155

M.-L. Chen and M. Wang, At., 43, 255 (2022);
https://doi.org/10.46770/AS.2022.108

M. Ouyang, J. Wu, Y. Yan and C.F. Ding, Anal. Lett., 56, 1016 (2023);
https://doi.org/10.1080/00032719.2022.2116644

R. Irankunda, J.A. Camafio Echavarria, C. Paris, L. Stefan, S. Desobry, K.
Selmeczi, L. Muhr and L. Canabady-Rochelle, Separations, 9, 11 (2022);
https://doi.org/10.3390/separations9110370

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

PL. Jiang, C. Wang, A. Diehl, R. Viner, C. Etienne, P. Nandhikonda,
L. Foster, R.D. Bomgarden and F. Liu, Angew. Chem. Int. Ed., 61,
€202113937 (2022);

https://doi.org/10.1002/anie.202113937

B. Steigenberger, R.J. Pieters, A.J.R. Heck and R.A. Scheltema, ACS
Cent. Sci., 5, 1514 (2019);
https://doi.org/10.1021/acscentsci.9b00416

M. Montes-Bayo6n and J. Bettmer, Adv. Exp. Med. Biol., 1055, 111 (2018);
https://doi.org/10.1007/978-3-319-90143-5 6

P. Tadarola, Molecules, 24, 1133 (2019);
https://doi.org/10.3390/molecules24061133

I. Tolbatov, N. Re, C. Coletti and A. Marrone, Inorg. Chem., 59, 790 (2020);
https://doi.org/10.1021/acs.inorgchem.9b03059

M.A. Hough and R.L. Owen, Curr. Opin. Struct. Biol., 71,232 (2021);
https://doi.org/10.1016/j.sbi.2021.07.007

A. Volbeda, Methods Mol. Biol., 1122, 189 (2014);
https://doi.org/10.1007/978-1-62703-794-5 13

T. Huxford, X-Ray Crystallography, In: Brenner’s Encyclopedia of
Genetics, Elsevier Reference Collection in Life Sciences, pp. 366-368
(2013);

https://doi.org/10.1016/B978-0-12-374984-0.01657-0

H. Li and H. Sun, Top. Curr. Chem., 326, 69 (2011);
https://doi.org/10.1007/128 2011 214

M. Piccioli, Magnetochemistry, 6, 46 (2020);
https://doi.org/10.3390/magnetochemistry6040046

M.T. Stiebritz and Y. Hu, Methods Mol. Biol., 1876, 245 (2019);
https://doi.org/10.1007/978-1-4939-8864-8 16

J.Li, X. He, S. Gao, Y. Liang, Z. Qi, Q. Xi, Y. Zuo and Y. Xing, J. Mol.
Biol., 435, 168117 (2023);
https://doi.org/10.1016/j.jmb.2023.168117

L.A. Kelley, S. Mezulis, C.M. Yates, M.N. Wass and M.J. Sternberg,
Nat. Protoc., 10, 845 (2015);

https://doi.org/10.1038/nprot.2015.053

C.H. Lu, Y.E Lin, J.J. Lin and C.S. Yu, PLoS One, 7, €39252 (2012);
https://doi.org/10.1371/journal.pone.0039252

M. Kapahi and S. Sachdeva, J. Health Pollut., 9, 1 (2019);
https://doi.org/10.5696/2156-9614-9.24.191203

B. Maridh da Silva e Silva and C. Rodrigues e Silva, Rev. Virtual Quim.,
12, 1097 (2020);

https://doi.org/10.21577/1984-6835.20200090

R.A. Hauser-Davis, R.M. Lopes, EB. Mota and J.C. Moreira, Ecotoxicol.
Environ. Saf., 140, 279 (2017);
https://doi.org/10.1016/j.ecoenv.2017.02.024

PR. Sreedevi, K. Suresh and G. Jiang, J. Water Process Eng., 48, 102884
(2022);

https://doi.org/10.1016/j.jwpe.2022.102884

Y. Ma, Y. Wang, X.J. Shi, X.P. Chen and Z.L. Li, Environ. Sci., 43,
4911 (2022);

https://doi.org/10.13227/J. HIKX.202112007

Y. Zhou, H. Li and H. Sun, Annu. Rev. Biochem., 91, 449 (2022);
https://doi.org/10.1146/annurev-biochem-040320-104628

G. Wallace, I. Eisenberg, B. Robustelli, N. Dankner, L. Kenworthy, J. Giedd
and A. Martin, J. Am. Acad. Child Adolesc. Psychiatry, 54, 464 (2015);
https://doi.org/10.1016/j.jaac.2015.03.007

S. Sher, S. Sultan and A. Rehman, Appl. Water Sci., 11, 69 (2021);
https://doi.org/10.1007/s13201-021-01407-3

S.Z. Abbas, M. Riaz, N. Ramzan, M.T. Zahid, F.R. Shakoori and M.
Rafatullah, 45, 1309 (2014);
https://doi.org/10.1590/S1517-83822014000400022

A.Ali, M. Li,J. Su, Y. Li, Z. Wang, Y. Bai, E.F. Ali and S.M. Shaheen,
Sci. Total Environ., 813, 152668 (2022);
https://doi.org/10.1016/j.scitotenv.2021.152668

H. Kumar, S. Ishtiyaq, P.J.C. Favas, M. Varun and M.S. Paul, J. Plant
Growth Regul., 42, 3868 (2023);
https://doi.org/10.1007/s00344-022-10853-5

W.M.N.H. Kumari, S. Thiruchittampalam, M.S.S. Weerasinghe, N.V.
Chandrasekharan and C.D. Wijayarathna, Appl. Microbiol. Biotechnol.,
105, 2573 (2021);

https://doi.org/10.1007/s00253-021-11193-2




542 Jamunasri et al. Asian J. Chem.

118. K. Yamamoto and Y. Tamaru, AMB Express, 6, 1 (2016); 125. M. Agarwal, R.S. Rathore, C. Jagoe and A. Chauhan, Cells, 8, 309 (2019);
https://doi.org/10.1186/s13568-015-0169-5 https://doi.org/10.3390/cells8040309

119. K. Gopi, H.N. Jinal, P. Prittesh, V.P. Kartik and N. Amaresan, Int. J. 126. S.Z. Abbas, C.J. Yee, K. Hossain, A. Ahmad and M. Rafatullah,
Phytoremediation, 22, 662 (2020); Desalination Water Treat., 138, 128 (2019);
https://doi.org/10.1080/15226514.2019.1707161 https://doi.org/10.5004/dwt.2019.23279

120. M. Noman, T. Ahmed, S. Hussain, M.B.K. Niazi, M. Shahid and F. Song, 127. T. Mo, D. Jiang, D. Shi, S. Xu, X. Huang and Z. Huang, Ecol. Process.,
J. Hazard. Mater., 398, 123175 (2020); 11, 20 (2022);
https://doi.org/10.1016/j.jhazmat.2020.123175 https://doi.org/10.1186/s13717-021-00347-9

121. T.M. Palanivel, N. Sivakumar, A. Al-Ansari and R. Victor, J. Environ. 128. A.S. Ayangbenro and O.O. Babalola, Sci. Rep., 10, 19660 (2020);
Manage., 253, 109706 (2020); https://doi.org/10.1038/s41598-020-75170-x
https://doi.org/10.1016/j.jenvman.2019.109706 129. R.K. Mohapatra, P.K. Parhi, S. Pandey, B.K. Bindhani, H. Thatoi and

122. F. Altimira, C. Yéfiez, G. Bravo, M. Gonzélez, L.A. Rojas and M. Seeger, C.R. Panda, J. Environ. Manage., 247, 121 (2019);
BMC Microbiol., 12, 193 (2012); https://doi.org/10.1016/j.jenvman.2019.06.073
https://doi.org/10.1186/1471-2180-12-193 130. Z. Teng, W. Shao, K. Zhang, Y. Huo and M. Li, J. Environ. Manage.,

123. H. Yao, H. Wang, J. Ji, A. Tan, Y. Song and Z. Chen, Toxics, 11, 261 (2023); 231, 189 (2019);
https://doi.org/10.3390/toxics 11030261 https://doi.org/10.1016/j.jenvman.2018.10.012

124. J.P. Bourdineaud, G. Durn, B. Reeun, A. Manceau and J. Hrenoviz, 131. T.vonRozycki and D.H. Nies, Antonie van Leeuwenhoek, 96, 115 (2009);

Chemosphere, 248, 126002 (2020);
https://doi.org/10.1016/j.chemosphere.2020.126002

https://doi.org/10.1007/s10482-008-9284-5




