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Abstract

Antibiotic resistance poses a growing global health crisis, demanding innovative therapeutic
strategies beyond traditional drug classes. This review hypothesizes that selective targeting of
bacterial metalloprotein pathways—particularly siderophore-mediated iron acquisition and
manganese-dependent oxidative defense—offers the most promising route to narrow-spectrum
antibacterial agents with reduced host toxicity. Metals and metal-containing compounds are
increasingly recognized for their potent antimicrobial properties and underexplored biochemical
roles. By synthesizing current evidence, this article critically evaluates translational strategies
including siderophore-antibiotic conjugates, metal trafficking inhibitors, and catalytic metallodrugs.
It argues that receptor-mediated uptake and mechanism-informed designs supported by genomic
context should be prioritized for clinical development. The review also highlights unresolved
challenges in selectivity, toxicity, and resistance mechanisms, offering a roadmap for future research.
This manuscript is prepared as a narrative review with systematic elements, integrating evidence
from multiple databases to provide a comprehensive framework for targeting bacterial
metalloproteins.

Keywords: metalloproteins; antimicrobial resistance; metal homeostasis; siderophores; drug
development; translational strategies

1. Introduction

Bacterial pathogenesis is a multifactorial process governed by an intricate network of
biochemical pathways, structural adaptations, and host—pathogen interactions [1]. Among the most
critical components driving bacterial virulence are metalloproteins, which mediate essential cellular
functions including oxidative stress response, enzymatic catalysis, nutrient acquisition, and signaling
[2]. The dependence of pathogens on metal ions such as zinc, iron, and manganese not only underpins
their metabolic and structural integrity but also defines key vulnerabilities that can be exploited
therapeutically [3].

Despite the availability of numerous antibiotics, the global rise in antimicrobial resistance (AMR)
underscores the urgent need for new therapeutic paradigms [4]. Traditional antibiotics
predominantly target bacterial cell wall synthesis, protein synthesis, or nucleic acid replication.
However, bacterial adaptation and the evolution of resistance have significantly reduced their long-
term efficacy [5]. In this context, metalloproteins and their associated metal homeostasis systems
represent promising yet underexplored targets for antimicrobial intervention. Understanding the
structural and mechanistic roles of these proteins can enable the development of drugs that precisely
disrupt bacterial survival mechanisms while minimizing off-target toxicity [6].

This review aims to synthesize current insights into the mechanistic roles of bacterial
metalloproteins, highlighting their functional significance in pathogenesis and summarizing key
findings that demonstrate how these discoveries inform the design of next-generation antibacterial
strategies. Specifically, we emphasize the translational potential of siderophore-antibiotic conjugates,
metal trafficking inhibitors, and catalytic metallodrugs as promising approaches to combat
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antimicrobial resistance. By linking structural biology, biochemical function, and therapeutic
innovation, we provide a comprehensive framework for exploiting metalloprotein systems as
precision targets in combating multidrug-resistant infections [7].

Entries summarized in tables and figures were identified through structured searches of
PubMed, Scopus, and Web of Science conducted between 2005 and 2025. Keywords included

s s

“NDM-1 inhibitors,” “siderophore analogs,” “metal chelators,” “metalloprotein inhibitors,” and “allosteric
binders.” Only peer-reviewed articles published in English were considered. Studies were included if
they provided mechanistic detail on bacterial metalloprotein function, therapeutic targeting, or
translational potential. Exclusion criteria comprised non-peer-reviewed sources, conference abstracts
without full data, and reports lacking mechanistic evidence. This systematic approach ensured that

the evidence presented is transparent, reproducible, and representative of current research.

1.1. Mechanisms of Metalloprotein Targeting in Bacterial Pathogenesis

Metalloproteins play indispensable roles in bacterial survival and virulence. Their contribution
to pathogenesis can be categorized into four main mechanisms (Figure 1):

1.1.1. Oxidative Stress Response:

Bacterial superoxide dismutases (SODs), particularly those capable of functioning with multiple
metal cofactors, play critical roles in pathogen survival under oxidative stress. Staphylococcus aureus,
for instance, employs a dual-metal SOD that can function with either iron or manganese, enhancing
resistance to host nutritional immunity and calprotectin-mediated metal sequestration [8].

1.1.2. Enzymatic Activity:

Zinc-dependent enzymes are essential for bacterial DNA replication and repair. Structural
studies have shown that zinc coordination is vital for metalloenzyme function, with Choi et al.
demonstrating that zinc uptake regulators require binding at three distinct regulatory sites for proper
activation [3].

1.1.3. Metal Acquisition Systems:

Bacteria have evolved sophisticated metal uptake systems and metallophores to scavenge
essential metal ions from their environment. Acinetobacter baumannii, for example, can use multiple
siderophores for iron acquisition, yet only acinetobactin is essential for virulence in infection models
(1,4]

1.1.4. Host-Pathogen Metal Competition:

The dynamic interplay between bacterial metal acquisition and host-imposed metal restriction
defines a critical battleground in infection biology. As demonstrated by Biitof et al., Cupriavidus
metallidurans coordinates multiple metal homeostasis systems through an integrated zinc uptake
regulon, exemplifying the complexity of bacterial adaptation to metal-limited environments [5].
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Figure 1. Mechanistic pathways of metalloprotein-mediated bacterial pathogenesis. (A) Copper resistance
operons (Copr) and zinc transport systems facilitate detoxification and metal homeostasis under host-imposed
stress. (B) Oxidative stress defense mediated by manganese- and iron-dependent superoxide dismutases (SOD
= superoxide dismutase), which neutralize reactive oxygen species (ROS). (C) Siderophore-mediated iron
acquisition supports bacterial metabolism and virulence. (D) Zinc-dependent polymerases are essential for DNA
replication and repair. These mechanisms illustrate how metalloproteins enable bacterial survival and virulence

under host stress conditions.

These regulatory mechanisms collectively govern bacterial survival, virulence, and resistance
under host-imposed stress. Figure 1 delineates the core mechanistic pathways mediated by
metalloproteins, including copper detoxification via Copr operons, oxidative stress defense through
manganese- and iron-dependent superoxide dismutases (SODs), siderophore-driven iron
acquisition, and zinc-dependent enzymatic functions essential for DNA replication and repair. Figure
2 complements this framework by presenting a comparative overview of therapeutic strategies
designed to disrupt metalloprotein activity in pathogenic bacteria. These include iron chelation,
siderophore mimicry, enzymatic inhibition, and biological neutralization—each tailored to interfere
with metal-dependent processes critical for bacterial fitness.

Among these targets, New Delhi Metallo- B -lactamase-1 (NDM-1)—a clinically significant zinc-
dependent enzyme—has emerged as a key focus for inhibitor development due to its broad-spectrum
B -lactam hydrolysis and its role in carbapenem resistance [9,10]. Recent studies have demonstrated
that reversible binding of small-molecule inhibitors, such as OP607 and a -aminophosphonate
derivatives, to the zinc-coordinated active site of metallo- B -lactamases (MBLs) can restore antibiotic
efficacy in resistant strains [11,12]. These compounds transiently coordinate the catalytic Zn** ions
without permanently altering the enzyme structure, thereby enabling selective inhibition while
minimizing off-target effects [13]. This reversible interaction competitively blocks access of B -lactam
antibiotics to the active site, allowing these agents to retain antibacterial activity even in the presence
of resistance determinants. For instance, NDM-1 hydrolyzes B-lactam antibiotics and serves as a critical
resistance determinant in Klebsiella pneumoniae [9,10], while Mn-SOD protects pathogens such as
Staphylococcus aureus from host-derived reactive oxygen species. Although mechanistically distinct,
these targets share a reliance on metal cofactors, rendering them attractive candidates for selective
inhibition strategies.

Notably, reversible inhibitors offer several advantages over irreversible covalent binders: they
are less likely to induce compensatory mutations, can be structurally optimized for potency and
spectrum, and often exhibit favorable pharmacokinetic profiles. Building on these mechanistic
insights, Table 1 summarizes key bacterial metalloproteins implicated in virulence, oxidative stress
response, and nutrient acquisition.
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Figure 2. Structural diversity of antimicrobial agents targeting metalloproteins. (A) OP607 zinc-binding scaffold
that inhibits metallo-B-lactamases. (B) Antibody-based inhibitors designed for selective epitope binding. (C)
Nanoparticle systems (PEG = polyethylene glycol) engineered for drug delivery and stability. (D) Metal chelators
such as tris(benzyltriazolyl)methylamine sequester essential ions. This figure highlights distinct therapeutic

modalities and their mechanisms of action.

Table 1. Selective bacterial metalloprotein inhibitors and their reported activities. Representative inhibitors are
listed with their mechanisms of action, delivery methods, selectivity indices, toxicity profiles, and clinical

development stages. Entries were identified as described in the Introduction.

Selectivity =~ Delivery

Clinical Stage  Toxicity Profile Index Method Target Mechanism Agent
Systemic
P ial h 1 helates Fe®, di
Preclinical otentia O.St meta Moderate (small Chelates Fe?, disrupts 2,2"-Bipyridyl [1,14]
depletion metalloenzymes
molecule)
Experimental Low (host- . Endoger?ous Siderophore-mediated Enterobactin
L . High bacterial . (overproduced)
(in vivo) independent) . Fe3* sequestration
secretion [1,4]
Phase I/II Minimal off-target . Intravenous or  Zinc-binding at 3- NDM-1 Inhibitors
.. . High D
clinical trials effects oral lactamase active site [10,11]
Low toxicity, Topical/syste e i
Preclinical favorable High mic Che.zlaFes Fe*, m}.ublts OP607 [12,13]
L . biofilm formation
pharmacokinetics nanoparticle
Early-stage Low systemic . Intravenous  Surface metalloprotein  Antibody-based
o Very high . . o o
development toxicity (biologic) neutralization inhibitors [15,16]

1.2. Functional and Therapeutic Implications

Bacterial metalloproteins display remarkable structural diversity yet maintain conserved
catalytic domains critical for pathogenesis. Many are structurally distinct from their human
counterparts, offering a selective window for drug development with minimal host toxicity [17]
Crystallographic studies, such as those by Sink et al. and Shirakawa et al., have revealed detailed
structural and functional insights into essential bacterial metalloenzymes involved in peptidoglycan
biosynthesis [9,18]. These findings illuminate specific vulnerabilities that can be exploited to design
inhibitors that selectively impair bacterial viability without affecting host cells.

However, despite the identification of numerous metalloprotein targets, most clinically
approved antibiotics still focus on traditional cellular processes—such as peptidoglycan synthesis,
protein synthesis, and DNA replication [19]. While these targets have historically provided effective
treatments, the rise of resistance mechanisms has diminished their long-term efficacy. The global
burden of antimicrobial resistance (AMR), responsible for an estimated 1.27 million deaths annually
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[20], demands a paradigm shift toward mechanisms less prone to resistance evolution—such as those
involving metal homeostasis and metalloprotein function.

1.3. From Mechanisms to Strategies: Integrating Metalloprotein Insights into Antibacterial Development

Understanding the mechanistic roles of bacterial metalloproteins lays the foundation for
designing targeted antibacterial strategies. Since pathogenicity and antimicrobial susceptibility are
species-dependent, new approaches must move beyond broad-spectrum antibiotics to focus on
precision targeting of virulence mechanisms [21]. Insights from metalloprotein biology enable such
precision by linking molecular function to therapeutic vulnerability.

Current antibiotics can be categorized based on their cellular targets—cell wall synthesis ([3-
lactams, glycopeptides), membrane disruption (polymyxins, lipopeptides), or interference with
intracellular machinery (rifamycins, fluoroquinolones, tetracyclines). Yet many of these treatments
fail to discriminate between pathogens and commensals, leading to microbiome disruption and
secondary complications. Moreover, the overuse of these agents has accelerated the emergence of
multidrug-resistant strains.

Modern research emphasizes the need to develop novel therapeutics that target metalloprotein-
mediated pathways, either by chelating essential metals, blocking metallophore uptake, or inhibiting
metal-dependent enzyme activity. These strategies hold promise for overcoming resistance because
they target fundamental physiological processes that are less amenable to genetic bypass.
Furthermore, combining metalloprotein inhibitors with existing antibiotics could potentiate efficacy
while minimizing dosage requirements and toxicity.

During the golden age of antibiotics (1940-1960), most discoveries originated from natural
products; however, microorganisms rapidly evolved resistance [22] . In contrast, metalloprotein-
based approaches represent a new frontier in antimicrobial design—one that integrates structural
biology, metal biochemistry, and drug discovery. By exploiting the essential yet vulnerable metal-
dependent processes of bacteria, researchers can craft more selective, durable, and effective therapies
for the post-antibiotic era.

2. Targeting Metal Homeostasis: Experimental Insights

Bacterial metal homeostasis is a finely tuned process that governs the uptake, distribution, and
utilization of essential metal ions such as zing, iron, copper, and manganese. These metals are critical
for enzymatic activity, structural stability, and redox regulation. Disrupting this balance presents a
promising avenue for antimicrobial development, particularly against multidrug-resistant
pathogens.

Recent experimental studies have elucidated the molecular mechanisms underlying bacterial
metal regulation. For example, Colaco et al. characterized Escherichia coli ZinT, a periplasmic protein
involved in resistance to toxic metals including cobalt, mercury, and cadmium [23]. Their structural
analysis revealed specific metal-binding motifs that could serve as templates for designing inhibitors
that block metal trafficking or disrupt metalloprotein assembly.

The relationship between metal availability and bacterial virulence has also been extensively
investigated. Capdevila et al. demonstrated how pathogens maintain zinc metallostasis at the host—
pathogen interface, using regulatory proteins and transport systems to evade host-imposed metal
restriction [24]. These findings identify key nodes in bacterial metal acquisition that are amenable to
therapeutic targeting.

In parallel, host immune responses have evolved to exploit metal toxicity as a defense
mechanism. Djoko et al. showed that elevated levels of copper and zinc within phagolysosomes
contribute to bacterial killing, highlighting the potential of modulating host metal availability or
mimicking these stress conditions pharmacologically [25].

Asiillustrated in Figure 3, bacterial metal homeostasis integrates membrane transporters (Fe, Zn,
Cu, Mn), intracellular trafficking pathways, metallochaperones, and storage proteins. These systems
collectively maintain redox balance and enzymatic regulation, while host-imposed metal restriction
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creates selective pressure that pathogens counteract through specialized uptake and detoxification
mechanisms.

Copper contributes indirectly to DNA synthesis by modulating redox homeostasis and
nucleotide metabolism. Copper-dependent enzymes influence ribonucleotide reductase activity,
which is essential for deoxyribonucleotide production. Dysregulated copper levels can impair DNA
replication through oxidative stress and enzyme inhibition [24,25].

Manganese is a critical cofactor for arginase, the enzyme catalyzing the final step of the urea
cycle, thereby regulating nitrogen disposal. Nickel, in turn, is indispensable for bacterial urease,
which hydrolyzes urea to ammonia and carbon dioxide, supporting nitrogen metabolism and
pathogenic survival in host environments [23].

Integrating these mechanistic insights into the main text helps readers connect biochemical
pathways with therapeutic relevance. By clarifying how copper, manganese, and nickel contribute to
DNA synthesis and nitrogen metabolism, the review provides a stronger rationale for targeting
metalloproteins in antibacterial design. Table 1 complements this by listing representative
metalloprotein-targeting agents, including their mechanisms of action, delivery platforms, selectivity
profiles, and clinical development stages.

To further guide therapeutic prioritization, Table 2 highlights key bacterial metalloprotein
targets and their therapeutic relevance. Notably, Mn-superoxide dismutase in S. aureus emerges as a
validated virulence factor, with genetic knockout models confirming its role in oxidative stress
resistance. Similarly, iron-siderophore systems in E. coli and S. aureus demonstrate pathogen-specific
uptake mechanisms that can be exploited using siderophore analogs or chelators. While copper
transport proteins in P. aeruginosa offer unique selectivity, their therapeutic targeting remains
challenged by isoform redundancy and host similarity. These insights underscore the need for
structure-guided drug design and pathogen-specific delivery platforms.

Glucose
Extracellular environment Cu
e - N
Periplasm
e - N
Cytosol Superoxide

S idismutase

Protein
synthesis

Ammonia

Figure 3. Cellular roles of metal ions in bacterial metabolism. The diagram shows how essential metals contribute

to bacterial processes across compartments. Iron (Fe) supports DNA synthesis, the TCA cycle, electron transport,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1598.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2025 d0i:10.20944/preprints202512.1598.v1

7 of 23

and photosynthesis. Zinc (Zn) is involved in transcription, protein synthesis, and glycolysis. Manganese (Mn),
nickel (Ni), and cobalt (Co) enable superoxide dismutase activity, urea cycle function, and ammonia processing.
Copper (Cu) and zinc (Zn) in the extracellular environment reflect host-imposed stress responses. Glucose

uptake links nutrient acquisition to intracellular pathways.

Table 2. Key bacterial metalloprotein targets, their roles in virulence, and therapeutic strategies. The table
outlines representative metalloproteins, associated pathogens, mechanisms, therapeutic approaches, supporting

evidence, advantages, and limitations. Entries were identified as described in the Introduction.

Th ti
Limitations Advantages  Evidence CraPeUtC ) fechanism Pathogens  Target Class
Strategy
C
Unique . Small OPPer Copper
.. . In vitro uptake & .
Selectivity challenges  bacterial . molecule L P. aeruginosa ~ Transport
inhibition s oxidative .
targets inhibitors Proteins [26]
stress
Resistance via Pathogen- N.[ous.e. Siderophore High-affinity E. coli, . Iron-
transporter specific peritonitis, analogs, Fe®* S. aureus Siderophore
mutations P UTI models chelators acquisition ' Systems [1,4]
. Genetic
. Direct .
Risk of off-target virulence knockout & Enzyme ROS S, aureus Mn-Superoxide
ROS imbalance virulence inhibitors  detoxification ' Dismutase [2]
target
models
Structural DNA
Host enzyme Essential biology + Zn-binding .. Zn-dependent
R oy . replication/re N. gonorrhoeae
similarity enzymes inhibitor  site inhibitors air Enzymes [3]
screens P
Redundancy across  Virulence In vitro & Protease Host tissue H. pulori Metalloprotein-
strains disruption tissue models inhibitors invasion Py ases [27]

2.1. Mechanisms of Action

Metalloproteins incorporate essential metal cofactors into their active sites, enabling catalysis of
fundamental biochemical reactions. Clinically relevant examples include New Delhi
Metallo-f3-lactamase-1 (NDM-1) and Verona Integron-encoded Metallo-f3-lactamase-2 (VIM-2),
which hydrolyze B-lactam antibiotics through zinc-dependent mechanisms, thereby conferring
carbapenem resistance [28,29]. These enzymes rely on precise Zn?* coordination within their catalytic
pockets, underscoring how pathogens exploit metal ions for survival. Equally critical is
manganese-dependent superoxide dismutase (Mn-SOD), which detoxifies reactive oxygen species
(ROS) and protects pathogens from host oxidative stress. The catalytic cycle of Mn-SOD highlights
the redox conversion of superoxide radicals into hydrogen peroxide and molecular oxygen, mediated
by Mn?. Together, these examples illustrate the broader principle of host-pathogen metal
competition, as depicted in Figure 4. The schematic shows how macrophage phagolysosomes
mobilize copper (Cu?) and zinc (Zn*) ions to intoxicate invading bacteria, while host proteins
sequester manganese (Mn?") and zinc to restrict microbial access. In response, pathogens activate
high-affinity acquisition systems, including siderophores for iron (Fe®*), Mn?* transporters, and
Ni?*-dependent enzymes. This biochemical tug-of-war defines infection outcomes and provides a
framework for therapeutic targeting. Inhibitors that chelate active-site metals or disrupt
metalloprotein folding pathways impair bacterial survival under host-imposed metal restriction.
Reversible inhibitors, such as a-aminophosphonate derivatives, competitively coordinate catalytic
Zn* ions without permanently altering enzyme structure, restoring antibiotic efficacy while
minimizing off-target toxicity [30]. These mechanistic insights underscore the therapeutic potential
of targeting metalloproteins with structure-guided precision.
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Figure 4. Host—pathogen competition for essential metal ions. This illustration depicts the dynamic exchange of
metal ions between host immune cells and bacterial pathogens. Macrophage phagolysosomes mobilize copper
(Cu) and zinc (Zn) ions to intoxicate invading microbes, while host proteins sequester manganese (Mn), zinc
(Zn), and other metals to restrict microbial access. In response, pathogens deploy siderophores and specialized
transporters to acquire iron (Fe®*), manganese (Mn), and nickel (Ni?*), enabling survival under metal-limited
conditions. The diagram highlights opposing strategies of host sequestration and pathogen acquisition,

emphasizing the role of metal homeostasis in infection outcomes.

2.2. Importance in Bacterial Survival

Metals fulfill a dual function in bacterial physiology: they act as indispensable cofactors for
enzymatic processes and simultaneously serve as stress-inducing agents deployed by host immunity.
During infection, macrophage phagolysosomes release toxic concentrations of copper (Cu?*) and zinc
(Zn?) to impair bacterial viability, while host proteins such as calprotectin sequester manganese
(Mn?*) and zinc, limiting microbial access to these essential nutrients. In countermeasure, pathogens
activate high-affinity metal acquisition systems, including siderophores for iron (Fe®), Mn?
transporters, and Ni?*-dependent urease enzymes that facilitate nitrogen metabolism and enhance
survival under hostile conditions. This dynamic interplay is illustrated in Figure 5, which depicts the
competitive exchange of metal ions between host and pathogen.

Panel A shows the molecular structure of the enzyme NDM-1 (New Delhi metallo-beta-
lactamase 1), highlighting the coordination of a Zn?* ion by key amino acid residues (Cys208, His,
His220), along with a hydroxyl group and Bs?, illustrating the metal-binding environment essential
for enzymatic activity.

Panel B illustrates the catalytic function of Mn-SOD (Manganese Superoxide Dismutase), where
a Mn? jon facilitates the conversion of superoxide into hydrogen peroxide (H,O;), representing a
bacterial detoxification strategy against oxidative stress.

Understanding these mechanisms is pivotal for identifying therapeutic targets that disrupt
microbial metal homeostasis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Mechanisms of action of bacterial metalloproteins. (A) Chemical structure of the New Delhi metallo-
p-lactamase-1 (NDM-1 ) active site showing Zn?* coordination with Cys208, His220, and a bridging sulfide. (B)
Catalytic cycle of manganese-dependent superoxide dismutase (Mn-SOD), converting superoxide radicals (O,")

into hydrogen peroxide (H,O,) and water.

2.3. Potential for Drug Development

Historically, metal-based compounds such as gold salts and arsenicals were used to treat
infections and inflammatory diseases. Modern bioinorganic chemistry has revived interest in metal-
containing antibiotics that disrupt bacterial metabolism through redox cycling, membrane
destabilization, or enzymatic inhibition [32,33].

Two primary mechanisms define metal-based antibacterial action:

e  Extracellular disruption: Charged species and ionic metals destabilize the bacterial envelope and
proton motive force.

e Intracellular targeting: Metal pharmacophores penetrate cells and undergo organometallic
transformations triggered by bacterial reductants.

For example, OP607 —a nanoparticle-based iron chelator —has demonstrated biofilm inhibition
with low toxicity [34]. Similarly, a-aminophosphonate inhibitors of NDM-1 selectively bind zinc at
the 3-lactamase active site, restoring antibiotic efficacy in resistant strains [30].

Figure 6 illustrates two distinct catalytic strategies for metalloprotein targeting, presented in
panels A and B.

Panel A depicts the reversible coordination of Zn?* by an a-aminophosphonate inhibitor at the
active site of NDM-1. The inhibitor engages key functional groups (NH,, CHs, C=O) and interacts
with the zinc ion through nitrogen and oxygen atoms, demonstrating how metal chelation can
disrupt enzymatic activity.

Panel B shows the Mn-SOD catalytic cycle, where a Mn?* ion facilitates the conversion of
superoxide into oxygen and water. This detoxification mechanism exemplifies how metal-dependent
enzymes protect bacteria from oxidative stress.

Together, these panels highlight how metal coordination chemistry can be leveraged to impair
bacterial survival and enhance therapeutic precision.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1598.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2025 d0i:10.20944/preprints202512.1598.v1

10 of 23

(A) Active site (8) Mn-SOD
catalytic cycle
Reversible 0,
inhibit
inhibitor NH, 0,
2+
Hy f_|Zn S
0
A 1
a-aminos- O H,0
phonate

Figure 6. Catalytic mechanisms of metalloprotein inhibition and detoxification. (A) Structural representation of
an a-aminophosphonate inhibitor reversibly coordinating Zn?* in the NDM-1 active site. (B) Mn-SOD catalytic
cycle illustrating manganese-mediated detoxification of superoxide radicals. .

3. Innovative Approaches to Target Metalloproteins: Toward
Mechanism-Informed Antibacterial Design.

Metalloproteins, defined by their essential metal-binding domains, represent privileged targets
in antibacterial drug discovery. Their structural dependence on transition metals such as zinc,
manganese, and copper renders them vulnerable to inhibitors that disrupt metal coordination,
enzymatic activity, or trafficking. Recent advances in structural biology, cryo-electron microscopy,
and predictive modeling (e.g.,, AlphaFold) have enabled a shift from empirical screening to
mechanism-informed design [35,36]. This section explores three major therapeutic modalities —small
molecules, biologics, and catalytic metallodrugs—each leveraging distinct strategies to impair
metalloprotein function.

3.1. Small Molecule Inhibitors: Beyond Chelation

Traditional metal chelators, while effective at sequestering essential ions, suffer from poor
selectivity and systemic toxicity due to indiscriminate stripping of host cofactors such as Zn?* and
Fe%. As discussed in Section 1.2, this lack of specificity limits their clinical applicability. To overcome
these challenges, modern small-molecule inhibitors are designed to engage bacterial metalloproteins
through non-catalytic pockets, allosteric sites, or transition-state mimics—preserving isoform
selectivity and minimizing host interference.

A prime example is the class of a-aminophosphonate derivatives targeting New Delhi
metallo-B-lactamase-1 (NDM-1), a zinc-dependent enzyme responsible for hydrolyzing (-lactam
antibiotics. These compounds feature a phosphonic acid moiety that reversibly coordinates Zn?* in
the NDM-1 active site, mimicking the tetrahedral geometry of the hydrolytic transition state. The
scaffold includes:

e  Abenzene ring substituted with amino (-NH;) and hydroxyl (-OH) groups to enhance solubility
and hydrogen bonding.

e A central amine linker that positions the phosphonate for optimal interaction.

e A bidentate phosphonic acid group (-PO(OH),) that stabilizes the inhibitor-enzyme complex
without permanently displacing Zn?.
Figure 7 (A) illustrates how a-aminophosphonates engage the NDM-1 active site with reversible

binding, preserving enzymatic architecture while restoring {-lactam efficacy in resistant strains.
Structure-activity relationship (SAR) studies reveal that electron-donating substituents on the
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aromatic ring enhance binding affinity, while steric bulk near the phosphonate reduces activity due
to impaired access to the metal center [37,38].

Another notable example is the class of LpxC inhibitors, which block zinc-dependent lipid A
biosynthesis—a critical step in Gram-negative outer membrane formation. These inhibitors typically
contain a hydroxamate group that chelates the catalytic Zn?, flanked by hydrophobic moieties that
engage the enzyme’s substrate-binding tunnel. Their improved pharmacokinetics arise from:

e  Steric shielding of the hydroxamate group, preventing metabolic degradation.
e  Polarity tuning, which reduces susceptibility to efflux via RND transporters.
. Scaffold rigidification, enhancing binding specificity and minimizing off-target interactions.

Figure 7 (B) shows a hydroxamate-based LpxC inhibitor chelating Zn?, flanked by hydrophobic
domains that engage the substrate-binding tunnel. Pharmacokinetic enhancements include metabolic
shielding, reduced efflux susceptibility, and scaffold rigidification. These design principles reflect a
broader trend toward modular inhibitor architectures, enabling fine-tuned engagement with
bacterial metalloprotein motifs while minimizing host toxicity. The integration of cryo-electron
microscopy and AlphaFold-based modeling has further enabled the identification of cryptic binding
pockets and isoform-specific vulnerabilities, accelerating rational drug design [35,36].

Q-Aminophosponate LpxC inhibitors
(A) (8) NH, Improved
pharmacokinetics
* Metabolic
O shielding
N. -, * Reduced efflux
"“” * Substrate
0 mimicry
Attenuate NDM-1
in resistant strains Block lipid A biosynthesis
Block lipid A

biosynthesis

Figure 7. Zinc-coordinated inhibitors of bacterial resistance and lipid biosynthesis. (A) Q-aminophosphonate
coordinates Zn?* via hydroxyl, amino, and carbonyl groups, reducing NDM-1 activity in resistant strains. (B)
LpxC inhibitor coordinates Zn?* through an amide and aromatic ring, improving pharmacokinetics by shielding

metabolism, limiting efflux, and mimicking substrates to block lipid A biosynthesis.

3.2. Monoclonal Antibodies and Biologics: Precision Targeting

Biologics offer unmatched specificity for surface-exposed metalloproteins, particularly those
involved in host invasion and oxidative stress regulation. Engineered tissue inhibitors of
metalloproteinases (TIMPs) and antibody-drug conjugates (ADCs) exemplify this modality [39,40].
However, their clinical deployment faces key biophysical and pharmacological challenges:

e  Limited tissue penetration arises from large molecular size (~150 kDa for IgG) and poor diffusion
across epithelial barriers. Glycosylation patterns and charge distribution further restrict
movement through dense extracellular matrices.

e Binding-site barriers result in peripheral sequestration, where high-affinity binding near
vasculature prevents deeper tissue access.

e Immunogenicity risks are elevated in chronic infections, where repeated exposure to
recombinant proteins may trigger host immune responses.

Recent advances in nanobody engineering and bispecific antibody formats address these
limitations. Nanobodies (~15 kDa) exhibit improved penetration and reduced immunogenicity, while
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bispecifics enable dual targeting of metalloproteins and immune effectors. For instance, biologics
directed against manganese superoxide dismutases (MnSODs) or copper transport proteins can
synergize with host nutritional immunity, enhancing pathogen clearance while minimizing
resistance pressure [41,42].

3.3. Catalytic Metallodrugs and Metallo-PROTACs: Mechanistic Innovation

Catalytic metallodrugs represent a frontier in antimicrobial design, exploiting redox cycling,
prodrug activation, and organometallic transformations to selectively disrupt bacterial metabolism.
One class, based on the ATCUN (amino-terminal copper and nickel binding) motif, generates reactive
oxygen species (ROS) within bacterial cells by cycling Cu?*/Cu. This induces oxidative damage to
DNA, lipids, and proteins without harming host tissues, due to differential redox buffering [43].

Metallo-PROTACs (proteolysis-targeting chimeras) extend this concept by hijacking bacterial
degradation pathways to eliminate intracellular metalloproteins. While bacteria lack canonical E3
ligases, synthetic biology approaches may enable the engineering of surrogate degradation systems
using ClpXP or Lon proteases. These chimeras typically consist of:

¢ A metal-binding warhead that engages the target metalloprotein.
e Alinker domain optimized for bacterial permeability and stability.
e A degron motif recognized by bacterial proteases, triggering selective degradation.

Challenges include metal lability, off-target reactivity, and limited compatibility with bacterial
proteostasis machinery. To overcome these, responsive delivery platforms—such as
enzyme-activated nanoparticles and siderophore-conjugated carriers—localize drug action to
infection sites. These platforms exploit bacterial uptake pathways and microenvironmental cues (e.g.,
pH, protease activity) to release payloads near biofilms or intracellular niches, preserving host metal
equilibrium and minimizing systemic toxicity [43].

Figure 8 presents three mechanistically distinct strategies that advance the design of metal-based
antimicrobial therapeutics:.

Panel A illustrates ATCUN motif-based catalytic metallodrugs, where Cu?* ions cycle between
oxidation states (Cu?* <> Cu*) to generate oxidative stress, disrupting bacterial integrity through
redox-mediated damage.

Panel B depicts Metallo-PROTACs, which combine a metallobioactive warhead with a degron
to selectively target bacterial proteins for degradation via the ClpXP protease system. This approach
leverages siderophore-conjugated carriers for targeted delivery.

Panel C shows enzyme-responsive delivery platforms, where siderophore-conjugated carriers
transport therapeutic payloads across bacterial membranes and release them in response to specific
enzymatic cues.

Together, these strategies exemplify how metal coordination, targeted degradation, and
responsive delivery can be harnessed to enhance the precision and potency of antimicrobial
interventions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1598.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2025 d0i:10.20944/preprints202512.1598.v1

13 of 23

(A) ATCZLJN-bqsed (B) Metallo-PROTACS (c) Responsive
Cu?* cycling delivery platforms

Metall-bio- Degron .
warhead Siderophore-

N conjugated
NH, ‘-- y carrier
Y
o |

(o)

Cu+ Cu* ClpXP WUULIUUIIRE pn
S

Oxidative stress

l Enzyme-
N) responsive
Siderophore-
conjugated carrier

Figure 8. Metal-driven strategies for bacterial disruption. (A) ATCUN motif-based compounds cycle Cu?*/Cu*
to generate ROS, damaging bacterial biomolecules. (B) Metallo-PROTACs combine a metal-binding warhead,
linker, and degron to promote ClpXP-mediated protein degradation. (C) Responsive delivery platforms use

siderophore-conjugated carriers and enzyme cues to release payloads near biofilms and intracellular niches.

3.4. Future Directions and Expert Perspective

Progress in metalloprotein-targeted antibacterial development depends on integrating
structural biology, bioinorganic chemistry, and infection-specific pharmacology to create
mechanism-informed therapies. Although recent advances—such as a-aminophosphonate
inhibitors, LpxC inhibitors, nanobody formats, and catalytic metallodrugs—demonstrate
translational promise, several fundamental challenges must be addressed to advance the field.

A major limitation is the lack of standardised, physiologically relevant infection models. Many
current systems do not accurately represent host-imposed metal restriction or intoxication, spatial
metal gradients in tissues, redox conditions generated during inflammation, or the biofilm-associated
microenvironments that modulate metalloprotein expression and metal uptake pathways. Because
metalloprotein function is strongly conditioned by metal availability and immune pressure, these
discrepancies reduce the predictive value of preclinical studies. Establishing harmonised, metal-
aware models—incorporating nutritional immunity factors such as calprotectin, realistic Zn/Mn
gradients, copper-mediated toxicity, and infection-site pharmacokinetics—will improve
reproducibility and help identify therapeutics with genuine translational potential.

Equally important is the shift toward multi-targeting strategies that address the redundancy and
adaptability of bacterial metal homeostasis networks. Bacteria frequently evade single-inhibitor
pressure by activating alternative siderophore systems, expressing paralogous metalloenzymes,
rewiring oxidative stress responses, or altering membrane permeability and metal flux. Future
antibacterial design should therefore integrate complementary mechanisms of action, including dual-
pathway inhibition (e.g., siderophore blockade plus Mn-SOD inhibition), rational drug combinations
based on network topology, bifunctional inhibitors that couple metal-binding pharmacophores with
allosteric modulators, and catalytic metallodrugs or metallo-PROTACs capable of disabling multiple
essential nodes.

Together, model standardisation and redundancy-aware multi-target strategies form a coherent
roadmap for future innovation. Evaluating inhibitors within realistic microenvironmental constraints
will sharpen mechanistic insight and translational accuracy, while multi-target agents will reduce
evolutionary escape and increase therapeutic durability. As next-generation metalloprotein
inhibitors continue to mature, integrating these principles will be crucial for achieving selective,
resistance-resilient, and clinically actionable antibacterial therapies.
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4. Critical Appraisal and Innovation Pathways

Targeting bacterial metalloproteins represents a paradigm shift in antimicrobial design [44]. By
focusing on pathogen-specific processes—such as metal acquisition, redox regulation, and enzymatic
detoxification—this approach enables selective inhibition with minimal impact on host physiology and
commensal microbiota [45].

4.1. Isoform Selectivity and Structural Precision

Non-chelating inhibitors, allosteric binders, and biologics offer enhanced specificity for bacterial
metalloproteins. Advances in cryo-electron microscopy and AlphaFold-based modeling have
enabled the identification of cryptic binding pockets and pathogen-restricted motifs [46]. These tools
support rational drug design by revealing isoform-specific vulnerabilities that are not apparent from
sequence data alone. For example, AlphaFold3 has been used to model ligand interactions in cryo-
EM maps, improving inhibitor docking accuracy [47] .

4.2. Delivery Platform Optimization

Responsive nanoparticles and siderophore—antibiotic conjugates exploit bacterial transport
mechanisms to achieve intracellular delivery. These platforms improve therapeutic index and reduce
systemic exposure by localizing drug action to infection. The “Trojan horse” strategy—where
antibiotics are linked to siderophores—has shown promise against Gram-negative pathogens with
impermeable outer membranes [48]. Figure 4 illustrates these delivery modalities, including enzyme-
triggered release and receptor-mediated uptake.

4.3. Multi-Target Resistance Mitigation

Functional redundancy and transporter mutations necessitate multi-pronged strategies.
Comparative genomics and resistance modeling can guide the selection of conserved virulence-
associated targets to reduce resistance emergence [49]. Tools like gSpreadComp integrate genomic
and plasmid data to rank therapeutic candidates based on resistance risk and evolutionary
conservation [50].

4.4. Interdisciplinary Integration for Clinical Translation

Bridging structural biology, bioinformatics, medicinal chemistry, and infection-specific
pharmacology is essential. Systems biology approaches—incorporating transcriptomic and
proteomic data—can refine target prioritization and predict host-pathogen interactions under
therapeutic pressure [51]. These models help simulate drug behavior in complex infection
microenvironments, such as biofilms and intracellular niches [52].

To accelerate progress, we recommend:

1. Mapping Metalloprotein Networks:
Conduct metagenomic profiling across diverse pathogens to delineate conserved and strain-
specific vulnerabilities[53]. This includes mining environmental and clinical datasets to identify
underexplored metalloprotein families.

2. Designing Hybrid Therapeutics:
Develop dual-function agents that inhibit microbial growth while attenuating virulence.
Examples include molecules that combine enzymatic inhibition with immunomodulatory or
quorum-sensing disruption effects [54].

3. Refining Host-Pathogen Metal Dynamics:
Investigate metal competition at infection sites to define therapeutic windows and minimize
collateral effects on host metalloproteins. Leveraging host metal sequestration mechanisms may
offer adjunctive therapeutic benefits [55].
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4. Standardizing In Vivo Models:
Create infection models that accurately recapitulate microenvironments such as biofilms,
abscesses, and intracellular niches. These should incorporate immune modulation, metal
availability, and pharmacokinetic parameters to predict clinical outcomes [56]

Among the strategies reviewed, receptor-mediated delivery systems and non-chelating pocket
binders demonstrate the highest translational potential due to their specificity, reduced host toxicity,
and compatibility with existing antibiotic regimens. Biologics —including monoclonal antibodies and
TIMPs—offer exceptional selectivity but face challenges in cost, immunogenicity, and tissue
penetration. Catalytic metallodrugs and metallo-PROTACSs, while mechanistically novel, require
further validation to address concerns related to metal lability and host reactivity. In contrast, Zn-
chelating agents, despite historical utility, rank lowest due to poor isoform selectivity and systemic
toxicity risks [1,26].

This framework supports the development of mechanism-informed antibacterial agents that
align with ecological stewardship and personalized medicine.

5. Case Studies of Metalloprotein-Targeted Antibacterial Strategies

Disrupting bacterial metal homeostasis has emerged as a promising therapeutic avenue,
particularly by targeting iron and zinc metabolism. Iron chelators such as 2,2"-bipyridyl sequester
ferric ions, depriving pathogens of cofactors essential for respiration, DNA synthesis, and enzymatic
catalysis [57,58]. In Pseudomonas aeruginosa, iron deprivation reduces biofilm biomass and suppresses
quorum-sensing regulators (lasR, rhll), while in Escherichia coli siderophore-mediated uptake is
impaired, leading to bacteriostasis[30,59]. Gallium-based compounds extend this principle by
mimicking iron and competitively disrupting iron-dependent enzymes; gallium nitrate has
progressed into clinical trials for cystic fibrosis infections, underscoring translational relevance.

Zinc sequestration represents another potent strategy, particularly against metallo-p-lactamases
such as NDM-1. These enzymes rely on zinc ions for hydrolytic activity, and targeted chelation
collapses their catalytic function. In murine models infected with NDM-1-producing Klebsiella
pneumoniae, zinc deprivation reduced bacterial burden significantly [60,61]. Reversible inhibitors such
as OP607 coordinate catalytic Zn?* ions without permanently altering enzyme structure, restoring
carbapenem efficacy while minimizing off-target toxicity [62]. Figure 9 schematically illustrates this
principle: metalloprotein inhibition disrupts enzymatic activity, leading to metabolic collapse and
reduced virulence.

Copper-based agents exploit redox cycling to generate reactive oxygen species (ROS) within
bacterial cells. In E. coli, copper complexes overwhelm antioxidant defenses, reducing catalase
activity and triggering oxidative stress-mediated cell death. While effective, selectivity remains a
challenge, as mammalian cells also depend on redox balance. Controlled delivery platforms are
therefore essential to localize copper activity to infection sites.

Emerging modalities further expand the therapeutic landscape. Metallo-PROTACs irreversibly
degrade metalloproteins rather than transiently inhibiting them; platinum-based PROTACs targeting
thioredoxin reductase have achieved complete enzyme clearance in resistant Staphylococcus aureus.
Responsive nanoparticles represent another innovation, releasing inhibitors only in infection sites
with elevated protease activity, thereby reducing systemic toxicity [24,43]. Figure 5 maps the iron
uptake network in Gram-negative bacteria, identifying regulatory nodes (A-G) that govern
siderophore biosynthesis, transport, and feedback control. This systems-level view enables rational
targeting of bottlenecks in metal trafficking.

Table 3 provides a comparative overview of strategic modalities, highlighting advantages and
limitations. Zn-chelating agents offer high potency but suffer from poor isoform selectivity and
systemic toxicity. Non-chelating binders achieve improved specificity by targeting allosteric pockets,
though their design requires detailed structural data. Biologics such as TIMPs and monoclonal
antibodies provide exceptional selectivity but face challenges in tissue penetration and cost [16,43].
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Metallo-PROTACSs and responsive nanoparticles enable spatial control and irreversible inhibition,
though formulation complexity remains a barrier to clinical translation.

Recent efforts have also focused on receptor-mediated delivery systems that exploit pathogen-
specific uptake pathways. Siderophore—antibiotic conjugates, for example, utilize bacterial iron
transporters to achieve targeted intracellular delivery, minimizing collateral damage to host cells
[63,64]. Figure 10 integrates these concepts by mapping regulatory feedback loops in iron acquisition,
offering a framework for rational intervention.

Collectively, these case studies validate the mechanistic rationale behind metalloprotein
targeting while emphasizing the need for pathogen-specific selectivity, scalable delivery platforms,
and regulatory frameworks attuned to next-generation antimicrobials. By combining structural
biology, bioinorganic chemistry, and infection pharmacology, metal-focused strategies can evolve
from conceptual promise to clinically actionable therapies [11,12,62].

Disrupted Metabolism
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Figure 9. Conceptual diagram illustrating the effect of a metalloprotein inhibitor on bacterial metabolism. The
illustration shows how an inhibitor interacts with a bacterial metalloprotein, leading to disrupted cellular
metabolism. This disruption impairs key physiological functions and results in reduced bacterial growth and
virulence. The schematic emphasizes the therapeutic potential of targeting metalloproteins as a strategy for

antimicrobial intervention.
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Figure 10. Mechanism of ferric siderophore import and therapeutic intervention points in bacterial cells. (A)
Ferric siderophore secretion into the extracellular environment initiates iron acquisition. (B) Enterobactin binds
Fe® with high affinity and is recognized by outer membrane transporter FepA. (C) FepA facilitates translocation
of the ferric siderophore complex across the outer membrane. (D) ATPase and (E) ADPase provide energy for
transport via the TonB-dependent system. (F) The ferric complex is imported into the cytoplasm for metabolic
use. (G) Potential therapeutic targets include siderophore biosynthesis, transporter inhibition, and energy-
coupling disruption.
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Table 3. Comparative overview of metalloprotein-targeting strategies. This table compares zinc-chelating agents
and non-chelating binders, highlighting their potency, specificity, and limitations. Entries were identified as

described in the Introduction.

Representative Example Disadvantages Advantages Strategy Type

Poor selectivity; systemic
toxicity (e.g.,
musculoskeletal pain)

Broad-spectrum MMP
inhibitors (failed trials)

High potency; simple Zn-chelating small molecules
design [5,26]

Isoform selectivity; Non

S1' pocket-targeted MMP-7 Requires detailed structural .
avoids metal

chelating pocket binders

inhibitors data; complex SAR . [7,8]
stripping
ADAMTS-selective peptide Proteolytic instability; High affinity; Peptides / Peptidomimetics
inhibitors delivery challenges modular design [15]
Costly; limited tissue
. ’ . High specificity; long Biologics (TIMPs, antibodies)
Engineered TIMPs . penetratlo.n,. half-life [24,27]
immunogenicity
ATCUN motif-based Metal lablhlt}f; systemic Novel mechénls?rns; Catalytic metallodrugs [18,26]
metallodrugs toxicity prodrug activation
Pt-PROTACs degrading  Large size; permeability and Permanent target Targeted degraders (metallo-
Trx1/TrxR1 E3 ligase constraints removal PROTAC:S) [26]
MMP-responsive Complex formulation; Spatial COIltI‘Ol.; Responsive delivery systems
. . . reduced systemic
nanoparticles variable enzyme expression [13]

exposure

While multiple studies support the efficacy of gallium-based antimicrobials in disrupting iron
metabolism, their translational potential remains limited by host toxicity and narrow-spectrum
activity. In contrast, manganese chelation strategies appear more promising due to their broader
impact on oxidative stress pathways. However, the risk of off-target effects on host metalloproteins
must be critically evaluated. This suggests that dual-targeting approaches—combining metal
chelation with efflux pump inhibition —may offer a more robust therapeutic window [43].

These case studies not only validate the mechanistic rationale behind metalloprotein targeting
but also underscore the need for integrating such strategies into drug development pipelines that
prioritize pathogen-specific selectivity, scalable delivery platforms, and regulatory frameworks
attuned to next-generation antimicrobial agents.

6. Strategic Challenges and Translational Pathways in Metalloprotein Targeting

Although remarkable progress has been made in elucidating the mechanisms and therapeutic
potential of bacterial metalloproteins, the field of metalloprotein-targeted antibacterial research
remains in its infancy. Only a limited number of bacterial metalloproteins have been characterized in
sufficient detail, and the biochemistry and structure—activity relationships of their inhibitors are still
poorly understood. As drug design ventures into less established territories of medicinal chemistry,
caution and multidimensional innovation are essential.

One key challenge is the limited success of target-based computational methods, such as
molecular docking and computer-aided drug design (CADD), in developing effective inhibitors for
bacterial metalloproteins like metallothioneins. Although target-based screening against many
metalloprotein families has yielded promising enzyme inhibitors, these often fail in cellular systems
where the targeted proteins can be circumvented through redundant or compensatory pathways [65].
Addressing such complexity will require multi-parameter strategies that combine broad-spectrum
inhibition with selective targeting to avoid bypass mechanisms. For example, TEM-1 B-lactamase—
despite a 50% invariant sequence —can develop resistance through mutations affecting only ~10% of
its active site residues, dramatically altering acylation rates and antibiotic hydrolysis [66]. Hence,
designing robust inhibitors necessitates comprehensive coverage of potential mutational landscapes
through integrated structural, genomic, and evolutionary analyses.
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Furthermore, achieving specificity and selectivity poses one of the greatest hurdles in
metalloprotein-targeted therapy. Target proteins frequently exist as multiple isoforms with over 90%
sequence similarity to non-target homologs, leading to off-target effects. Advanced crystallographic
and bioinformatic tools are now being leveraged to predict metal-binding residues, identify off-target
metalloproteins, and guide ligand optimization toward highly selective metallodrugs [67].
Integrative bioinformatics pipelines that match three-dimensional protein models with selective
ligands enable rational design of compounds with controlled metal coordination geometries and
predictable binding affinities. This approach, when coupled with experimental validation of metal-
ligand complexes, represents a promising pathway toward achieving selectivity without
compromising potency [68].

Beyond selectivity, regulatory and developmental hurdles remain formidable. Despite the
urgent global demand for new antimicrobials, the clinical pipeline remains alarmingly sparse. Only
a handful of novel antibiotics have reached late-stage trials, and most are derivatives of existing
scaffolds [26]. Encouragingly, pharmacological screenings of hundreds of metal-containing
compounds have revealed dozens with potent activity against both Gram-positive and Gram-
negative strains, demonstrating the untapped potential of metal-based complexes [26].

Gallium, a Group IIIA metal, is structurally and chemically similar to ferric iron (Fe®*), allowing
it to mimic iron and interfere with bacterial iron metabolism. Unlike iron, gallium is redox-inactive
and cannot participate in Fenton reactions or catalyze essential enzymatic processes. This unique
property enables gallium compounds to disrupt iron-dependent pathways in bacteria, leading to
impaired DNA synthesis, respiration, and oxidative stress management. Multiple in vitro and in vivo
studies have demonstrated the antimicrobial activity of gallium-based compounds, particularly
against Pseudomonas aeruginosa and other iron-scavenging pathogens. Gallium nitrate and gallium-
protoporphyrin IX have shown efficacy in inhibiting biofilm formation and growth by targeting iron-
regulated virulence systems. These findings underscore gallium’s potential as an iron mimetic
therapeutic agent. However, their translational application remains constrained by host toxicity at
therapeutic concentrations and a relatively narrow antimicrobial spectrum. Additionally, delivery
and stability challenges in physiological environments further limit clinical advancement [12].

To overcome these barriers, future research must adopt a holistic, genome-to-phenotype
approach. Although progress in metalloprotein biology has been significant, much of our knowledge
is derived from a small subset of model organisms such as E. coli or S. aureus [42]. Predicting
metalloproteins at a genomic scale—across diverse pathogenic taxa—is essential for mapping their
evolutionary distribution, functional roles, and virulence associations. Comparative genomics and
proteomics now enable the mining of entire microbial lineages for conserved and divergent
metalloprotein families, offering a foundation for precision-targeted drug discovery. Integrating
computational predictions with biochemical assays, structural biology, and cellular validation can
transform these genomic insights into actionable therapeutic leads.

Equally critical are collaborative research initiatives and global capacity building. Addressing
the escalating crisis of antibiotic resistance demands sustained international cooperation,
encompassing not only data sharing and technology transfer but also long-term training and
infrastructure development. Collaborative networks that unite computational biologists, chemists,
and microbiologists are essential for translating fundamental discoveries into viable therapeutics.
Educational initiatives must therefore expand to include interdisciplinary training in bioinorganic
chemistry, computational biology, and translational microbiology, ensuring the next generation of
scientists can tackle these complex challenges effectively.

At the global health level, antibiotic resistance represents one of the most pressing biomedical
threats of the 21st century. Effective mitigation requires cross-border collaboration, particularly in
regions where resistant infections are most prevalent— Africa, the Indian subcontinent, and South
America. Establishing new laboratories, promoting access to diagnostic technologies, and fostering
research partnerships in these regions are crucial for a coordinated response. Moreover, the rise of
multidrug-resistant Gram-negative bacteria poses unique challenges due to their impermeable outer
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membranes, diverse virulence factors, and rapid horizontal gene transfer. Innovative approaches
such as microbiome engineering, synthetic microbial competition, and bio-inspired drug delivery
systems offer new hope for counteracting these resilient pathogens.

In parallel, ethical and regulatory frameworks must evolve to ensure that antimicrobial research
complies with biosafety and responsible research guidelines. According to European Commission
(EC) directives on BSL-2 organisms, all research involving pathogenic bacteria must adhere to
established Risk Assessment Protocols and Responsible Research and Innovation (RRI) standards
[15].

Collaborative projects that integrate ethics training, open decision-making, and transparent data
management represent a model for sustainable, ethically aligned scientific progress.

7. Concluding Perspectives

Antibiotic resistance continues to outpace drug innovation, threatening global health and
demanding a paradigm shift in therapeutic strategy. Selective targeting of bacterial metalloprotein
pathways, particularly those involved in iron acquisition, oxidative stress defense, and virulence
regulation, offers a promising route toward next-generation antibacterial agents with high precision
and low host toxicity.

By critically examining current approaches, this review highlights the key limitations of
traditional antibiotics —namely poor selectivity, rapid resistance emergence, and microbiome
disruption—and contrasts them with the mechanistic precision of metalloprotein-targeting agents.
These include siderophore - antibiotic conjugates, catalytic metallodrugs, and antibody-based
biologics, each offering new therapeutic horizons. Their success, however, depends on overcoming
obstacles related to delivery, specificity, and adaptive resistance.

Moving forward, a mechanism-informed framework for antibacterial development should
integrate:

e  Genomic profiling to identify pathogen-specific vulnerabilities.

e  Structure-guided drug design to create non-chelating inhibitors and selective biologics.
e  Responsive delivery systems tailored to infection microenvironments.

e Multi-target strategies that disrupt metal trafficking and virulence simultaneously.

As the post-antibiotic era approaches, innovation in metalloprotein-targeting therapeutics offers
a critical lifeline. These strategies not only impair bacterial survival but also redefine the antibacterial
paradigm by prioritizing precision, safety, and sustainability. Continued investment in bioinorganic
chemistry, structural biology, systems pharmacology, and translational research will be essential to
fully realize the therapeutic potential of metalloproteins and to restore the delicate balance between
human health and microbial evolution.
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