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ARTICLE INFO ABSTRACT

Article history: The incessant resistivity of pathogenic microbes to antibiotics continuously constitutes a major threat to
Received 16 July 2021 human wellness, thus, searching for effective therapeutic approaches remains essential. Metalloenzymes
Accepted 8 November 2021 such as erythromycin esterases, p-lactamases, N-acetyltransferases, staphylopine dehydrogenases signif-
Available online 24 November 2021 icantly confer antibiotic resistance and cell defence in superbugs including Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumonia, Helicobacter pylori and Staphylococcus aureus. These occur through var-

Iﬁywﬁrd&' ious pathomechanisms including modulations of intracellular targets, hydrolytic cleavage and cellular
ctalloenzymes metabolism of antibiotics, redox catalysis, and oftentimes via the attraction/donation of electrons during

Antimicrobial resistance . . s .

Biomimetic labile coordination to substrates. Several inhibitors of these therapeutic pathways have been reported

Catalysis including metal chelators and chelates. However, the overview of these innovative anti-resistance strate-

Metal-chelating inhibitors
Coordination chemistry

gies remains sparse. We hereby present a comprehensive review of the coordination chemistry of met-
alloenzymes in the resistance development and modulatory potentials of metal-chelating and metal
complex inhibitors for catalytic deactivation. These include the removal/replacement of biotic metal ions
and/or chelating agents to induce loss of resistivity and specificity, and suppression of catalytic activities
as potential therapeutic strategies. Selectively, imipenem, meropenem, hesperidin, aspergillomaras-
mine A, picolinic, rosmarinic and salvianolic acids represent potent metal-chelating inhibitors of the
metallo-B-lactamases, ligands B67-B78 as promising candidates against ureases, while B79-B83 effec-
tively suppressed catalysis of polyphenol oxidases. Some metal chelates also demonstrated potentials
to mitigate the defence/resistivity of the metalloenzymes hypothetically through the acquisition of abi-
otic metals ions, accumulation of antimicrobial ligands and blockage of active metalloenzyme sites. This
review represents a model for innovative therapeutic strategies to overcome antimicrobial resistance
through metalloenzyme mimicry and modulation for further studies.
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1. Introduction

The incessant resistivity of pathogenic microbes to antibiotics
continuously constitutes a major challenge to human healthcare.
In 2019 for instance in the United States of America, over 2.8 mil-
lion clinical cases were reportedly developed by antibiotic resis-
tance, out of which over 35,000 resulted in mortality. The
forecasted 10 million deaths per year by 2050 also constitutes a
big threat and thereby makes the development of more effective
therapeutic strategies to curb the menace remain crucial [1,2].
Enzymes play critical roles in catalytic-dependent biochemical
transformations for functional biological systems. They are capable
of speeding up systemic processes by up to 10'7-folds and effi-
ciently enhance biological reactions through the lowering of acti-
vation energy [3,4]. Unlike inorganic catalysts, they are specific
in actions. Naturally, the drug-targeted enzymes undergo periodic
molecular modifications to evade therapeutic actions and eventu-
ally develop resistance especially after a long term exposure [2].
Bacterial enzymes contribute immensely to the development of
antibiotic resistance through various pathomechanisms. Notably,
gene encoding variability (in resistomes), modulations of intracel-
lular targets, enzymatic transformation and cellular metabolism
and disruptive hydrolysis of antibiotics [2,5]. Some resistant micro-
bial infections are arduous to manage due to biochemical similar-
ities between their vectors and mammalian cells, which could
trigger indiscriminative cytotoxicity by antibiotics. More so, some
opportunistic fungi tend to settle in certain areas of the body which
are inaccessible to drugs [6]. These factors contribute significantly
to the resistance and other efficacious challenges associated with
various antibiotics.

Metal ions are essentially required for several functions within
biological systems to maintain healthy living, as such, their inade-
quacy or excessiveness may trigger maladies. In addition, their
presence in metalloenzymes of microorganisms contributes signif-
icantly to the resistance-related activities. These include the ions of
the main group metals such as K*, Na* and Ca?*, and those of the

transition family including Cu®*, Ni%*, Fe?***, Zn?* and Co?".
Although few such as the ions of Hg and Pb confer cytotoxicity
even at low concentrations while some others could induce oxida-
tion [7,8]. Metalloenzymes constitute almost 50% of all protein tar-
gets and catalyse several chemical reactions including the most
complex ones within biological systems [9]. They are also involved
in various transformations of natural products by microorganisms
including hydrolytic, oxidation and reduction processes through
metal ion cofactors at their active sites, with vitamins as major
sources of the cofactors [10]. Examples are the radical S-
adenosylmethionine (RaS) enzyme family which are predomi-
nantly implicated in the production of ribosomally-synthesised
and post-translationally modified peptides (RiPPs), a class of natu-
ral products with diverse functions, and superoxide dismutase
which destroys superoxide ions [11,12]. Others include phosphodi-
esterase, nitrogenase, vitamin B-inclined enzymes, cytochrome
p450cam, carboxypeptidase A and staphylococcal nuclease. Their
biological functions are strongly influenced by the coordination
chemistry of the metal centres at the active sites as illustrated
(Fig. 1A-C) [11]. For instance, in mycobacterial cells and mitochon-
drial respiratory chains, cytochrome bc;-aas supercomplex and
cytochrome bd oxidase contain Fe and Cu ion cofactors. The metal-
loenzymes are used to generate a proton motive force to induce
oxygen reduction by electron transfer from menaquinone to
molecular oxygen, and across a series of membrane-bound multi-
protein complexes to the terminal respiratory oxidases. The targets
are regarded as primary respiratory routes for synthesising adeno-
sine triphosphate (ATP), thereby optimising the bacterial cell
growths. These make them a plausible drug target for inhibiting
mycobacteria. Several natural and synthetic organic small-
molecule inhibitors have been reported for the pathogenic strains
including Mycobacterium tuberculosis and Mycobacteriumbovis,
however, their inhibitory mechanisms are rarely along the metal
chelation pathway [13-15]. Although, a few metal-chelating inhibi-
tors of the cytochrome c in Candida krusei, a multidrug-resistant
fungal pathogen in patients with immunocompromised and
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Fig. 1. Illustrations of some metalloenzyme active sites. (A) Cytochrome P450cam; (B) Carboxypeptidase A; (C) Staphylococcal nuclease. Metal cofactors in coordination to
organic/inorganic ligands (black), spheres of hydrogen bonding interactions with surrounding moieties (blue) and guest molecules or substrates (red). (Reproduced with

permission from [11], copyright 2017, Elsevier Ltd).
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haematological malignancies has been documented. These include
nalidixic acid, piromidic acid and 1,10-phenanthroline with a
respective minimum inhibitory concentration of 13.4, 43.4 and
125 puM [16]. However, no further information was recently found
in favour of their efficacy along the pathway under focus. Also, a
complex modified cytochrome c¢ adsorbent, N-metacryloyl-;-
histidine methyl ester was reported with an adsorption mecha-
nism through Cu?* cofactor chelation [14]. These pieces of evidence
further buttress the implications of metalloenzymes in the patho-
genic activities of antimicrobial resistance and their modification
as an interesting therapeutic strategy.

Coordination and organometallic chemistry plays important
roles and has been imparted greatly in everyday life. The biochem-
ical properties of coordination compounds can be fine-tuned by
restraining the centre oxidation state and choosing the most suit-
able ligands for each application [17]. For instance, the coordina-
tion chemistry of nucleating ligands has been explored through
the modifications of dinuclear complexes, importantly for the pro-
duction of novel catalysts, metalloenzymes and metallopro-
teinases. Dinuclear metalloproteinases are ubiquitous, mostly
share crucial structural characteristics such as the spanning of
the central metals at least by an Oxo species within the exogenous
water, yet with significant differences in functionality, [18]. Thus,
the analysis of the enzymatic modifications of antibiotic-targeted
metalloenzymes and their mutants in resistance development
could pave ways for the strategic designs of effective drugs to over-
come the resistance menace [2]. The success stories of this innova-
tive therapeutic science have been documented against multidrug-
resistant bacteria including Mycobacterium abscessus, a mycobacte-
rial species responsible for non-tubercular mycobacterial (NTM)
infections, E. coli, S. aureus and P. aeruginosa [5,19,20].

The mimicry and modulation of the metalloenzymes through
coordination chemistry constitutes a promising scientific strategy
to overcome antimicrobial resistance. Several metal-chelating inhi-
bitors have been reported to coordinate to the central metal cofac-
tors, thereby sequestering the metal ion to deactivate the
metalloenzymes with subsequent loss of substrate specificity and
suppression of catalytic effects. Some other metal chelates from
recent literature have also been demonstrated with the potentials
to mimic the metalloenzymes and mitigate the defence/resistivity
of the pathogenic microorganisms. Their activities are hypothe-
sised mechanistically through the acquisition of abiotic metals ions
by the enzymes, coordination of metal cofactors to antimicrobial
ligands, increment of antimicrobial moieties and blockage of active
sites by the complexes [3,4,21]. Additionally, the diversity in the
coordinated protein ligands and ligand exchange processes signif-
icantly modify the metallic properties of the cofactor which in turn
induces variation in the protein actions. These strategic modula-
tions have become a subject of progressive research interests in
recent times. However, the comprehensive overview of these inno-
vative anti-resistance scientific strategies remains sparse. A recent
review by Fatima and co-workers highlighted organism-based
strategies for inhibiting the multidrug-resistant bacteria including
those of B-lactamases (BLs), implicating inhibitors from natural
plants, peptides, RNA engineering, bacteriophage, however with
less focus on the mechanistic modulation of metalloenzymatic
activities [22]. Also reported recently is a synopsis of general enzy-
matic modification as a therapeutic target against antibiotic resis-
tance, however, the perspectives of molecular interplay and
coordination chemistry of the metal cofactor centre were less con-
sidered [2]. Similarly, some renowned inhibitors of B-lactamases
such as the combined therapy of clavulanic acid-amoxicillin,
sulbactam-ampicillin and tazobactam-piperacillin labelled by
trade name Augmentin®, Unasyn® and Tazocin® respectively exhi-
bit diverged inhibitory mechanisms [23,24], as such less focused.
Kontogiorghes and Kontogiorghes also surveyed the iron chelation
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effects of some ligands in mitigating proteins implicated in
metabolism-related diseases including the cytochrome members,
however, with rare attention to antimicrobial resistance [25]. We
hereby present a comprehensive review of the analysis of the
effects of the metal cofactors in the resistance-inclined activities
of metalloenzymes and, their mimicry and modulation as potential
strategies for deactivation. Furthermore, the potential loss of resis-
tivity and specificity by the metalloenzymes were succinctly over-
viewed through multi mechanisms including the sequestering and/
or displacement of biotic metal cofactors, modifications of coordi-
nating ligands and modulation of catalytic activities from the coor-
dination chemistry perspectives (Fig. 2). These scientific analyses
interestingly potentiate therapeutic solutions for antimicrobial
resistance and channels research pathways for further exploration.

2. Effects of metal cofactors on mechanisms of antimicrobial
resistance

Metal cofactors are strongly involved in the biochemical activi-
ties of the metalloenzymes and metalloproteinases such as antibi-
otic resistance development. Some of the metalloenzymes consist
of multimetallic centres which oftentimes strengthen their perfor-
mance as a result of synergistic activation and transformation of
substrates, and up-tuning of a metal cofactor effects by the other
[26]. Several metal-dependent enzymes including the catalases,
peroxidases and superoxide dismutases contain Mn as a cofactor,
importantly involved in the cell defence mechanisms against
oxidative damage and nitrosative attacks through the detoxifica-
tion of peroxides and free oxygen radicals. Among the enzyme
class, catalase-peroxidase (katG) confer drug resistance in M. tuber-
culosis through the catalytic oxidation of isoniazid to a less effec-
tive isonicotinic acid radical [27,28]. Others including the
erythromycin esterases A and B confer antibiotic resistance to
macrolides such as azithromycin and erythromycin. Although,
their homolog proteins BcR135 and BcR136 are characterized by
Ca?* jons with an unclear contribution to catalysis, however, their
pro-pathogenic activities are usually inhibited by chelating agents
[5,29]. Among the phosphomycin-modifying enzymes, FosA, a
glutathione-S-transferase and its FosB counterpart consist of K*,
Mg?* and Mn?"* as cofactors, contributing to therapeutic pathways
in some bacteria strains including S. aureus and P. aeruginosa [5].

The BLs are mainly responsible for the resistance of Gram-
negative bacteria such as P. aeruginosa, E. coli, K. pneumonia, Acine-
tobacter baumannii and Enterobacterales. They represent the most
threatening agents of antimicrobial resistance. Among the
renowned families of the BLs are the cephalosporinases (AmpC),
narrow-spectrum BLs, extended-spectrum BLs (ESBLs) and car-
bapenemases. The resistance development by the ESBL is mediated
by amino acid substitution and acquisition of plasmid, a self-
replicating extrachromosomal DNA fragment that spreads the B-
lactam resistance gene. Notably among the resistance gene-
encoding BLs of this class include TEM, SHV and CTX-M produced
by Enterobacteriaceae such as E. coli and K. pneumonia [30-33].
The carbapenemase sub-class includes the metallo-B-lactamases
(MBLs) such as the New Delhi metallo-B-lactamase-1 (NDM-1),
imipenemase (IMP) and Verona integron-encoded metallo-B-
lactamase (VIM) which contain catalytically active Zn?" ion in the
hydrophobic cavity, importantly for modulating structural and
dynamic functions including substrate binding and specificity.
Their mechanism of resistance to B-lactam antibiotics occurs
mainly through the reactivity of the Zn centre in catalytic hydrol-
ysis. The MBL as a coordination compound-catalyst tends to
undergo a series of transformations along the course of catalysis.
These include changes in the bonding mode, coordination number,
geometry, ligand exchange among others [34]. The mechanisms of
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Fig. 2. Illlustration of modulation of metalloenzymes by chelation to reverse antimicrobial resistance. Coordination of Cu(ll) ion cofactor at the active site confers
antimicrobial resistance (centre). The defence mechanism is reversed through the sequestration of metal cofactor by chelator (right) or displacement by ligand complex of
abiotic metal (left) to induce loss of substrate specificity and weaken antibiotic resistance by disrupting the molecular coordination.

their resistance-inclined activities include the catalytic cleavage of
the p-lactam rings in the drugs using the nucleophilic water mole-
cules, thereby deactivating the inhibitors (Fig. 3) [5,35-40]. The
study of biochemical and biophysical phenomena of the catalytic,
hydrolytic cleavage of the B-lactam ring in imipenem, a car-
bapenem antibiotic by the mononuclear and binuclear Zn(II)-
based NDM-1 was demonstrated by Lisa and co-workers. The anal-
yses confirmed the participation of Zn(Il) ion either as a mono- or
binuclear cofactor in the activation of the enzyme for the
resistance-inclined hydrolysis of the antibiotic. Summarily, the
kinetic model (Fig. 3A) indicates the formation of two intermediate
species (El; and El,) from the reaction of the enzyme (E) with imi-
penem, a substrate (S). One is the Michaelis complex while the
other is the anionic form of the drug. The characterization of the
Michaelis complex at the resting, intermediate formation and pro-
duct formation states was used to monitor the contribution of the
Zn site in the hydrolysis stages. In both mono- and binuclear sce-
narios, the original coordination sphere of Zn in the enzyme was
4 in geometry, with direct coordination to two histidine residues,
one aspartic acid and one water molecule (Fig. 3B and Fig. 3C)
[41]. The coordination number increased to 5 and 6 respectively
when the Zn sphere interacted with the electron-rich pyrrolyl N
and hydroxyl O of the drug molecule, leading to the opening of
the p-lactam ring. In the presence of water, the Zn complex prod-
ucts (EP) become hydrolysed to finally reproduce the molecular/
radicalised enzyme as present initially and a deactivated anionic
form of the drug without the B-lactam ring. Since, the coordination
of Zn inestimably contributes to the destructive hydrolysis of the
antibiotic drug, the removal of the Zn ion constitutes an essential
strategy for protecting the molecular B-lactam ring, conserving
the sensibility of the antibiotic and reversing the resistance aid
of the metalloenzyme.

Selenium is essentially present at the active site of various
selenoproteins including the deiodinases, glutathione peroxidases

and thioredoxin reductases of several lactic acid bacteria (LAB)
including Fructobacillus tropaeoli and Lactobacillus plantarum. It
usually exists in form of selenocysteine, modulating microbial
growth, metabolite distribution and several other enzymatic activ-
ities [42]. The activation of glutathione peroxidase, a Se-containing
enzyme that regulates oxidative damage in organisms reportedly
promotes anti-inflammatory response in the management of can-
cer and neurodegenerative diseases [4,43,44]. Similarly, certain
pathogenic microorganisms such as the flesh-eating Staphylococcus
pyogenes induce pains, redness and swollen surface during infec-
tion, and associated with inflammation, an immune-system
response. Moreover, the bacteria are implicated in the pathophys-
iology of necrotizing fasciitis by eating away the tissue underneath
the skin during infection, thereby triggering an inflammatory
response. [45]. Although, the direct contributions of Se to these
effects remain underexplored, however, hypothetically attributa-
ble to its activation of the enzymes.

Recently, Klebsiella pneumonia-carbapenemase 2 (KPC-2), a vari-
ant of the MBLs reportedly displayed a resistance-inclined dyna-
mism through a rapid hydrolytic deacylation of the covalent
intermediate in up to 20,000-folds of the popular TEM-1 analogue
[46]. The incessant genetic mutations and transcriptions associated
with the metalloenzymes of this deadly class constitute therapeu-
tic snags and continuously pose a great threat to the global health-
care systems. For instance, the novel KPC-2 of Klebsiella
michiganensis encoding the blay;,.; gene with a strange class 1
integron (In87), isolated in Switzerland from a Turkish patient
was observed to acquire antibiotic resistance genes [46], indicating
life-endangering threats. The metalloenzymes of these highly
resistant pathogenic microorganisms consist of Zn(Il) in coordina-
tion with amino acids and other ligands at their active sites for sta-
bility and substrate specificity as shown in Fig. 4A.

Also, the contribution of Mg?" ions at the active site of the N-
acetyltransferases (Fig. 4B) to biological activities cannot be over-
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Fig. 3. General reaction mechanism for hydrolytic cleavage of the pB-lactam ring of carbapenem by mononuclear metallo-p-lactamases (MBLs). (A) Summary of
thermodynamic and kinetics of the catalytic process (E = intermediate; S = substrate; P = product). (B) Proposed mechanisms for carbapenem hydrolysis by mono-Zn(II)-
MBLs. (C) Proposed mechanisms for carbapenem hydrolysis by bi-Zn(II)-MBLs. The Michaelis complex (ES) does not accumulate in all cases and is hence depicted in a
different colour (grey). Its structure is proposed based on the ES detected for mononuclear MBLs. (Reproduced from [41], Licensed under CC BY 4.0).

ruled. The hemoproteinous catalase, peroxidase and cytochrome
are essentially characterized by Fe?*** ions for catalytic activities.
Metalloenzymes such as ascorbic acid oxidases, cytochrome oxi-
dases and tyrosinases (TYRs), catechol oxidases (COs) (Aspergillus
oryzae) also contain Fe and Cu, xanthine oxidase contains Mo,
ATPase has Mg, while DNAase and acetyl-CoA carboxylases have
Mn [4]. The structural analogues of COs and TYRs, aurone syn-
thases and polyphenol oxidases (PPOs) also contain a type-IIl Cu
centre [47]. Other metal-organic frameworks naturally present in
the active sites of enzymes of organisms mainly bacteria include
the nickel-pincer nucleotide (NPN) in the lactate racemase of L.
plantarum (Fig. 4C), iron-guanylpyridinol in [Fe] hydrogenase,
lanthanide-pyrroloquinoline quinone in alcohol dehydrogenase of
P. putida, Cu®" ions in catechol oxidase of A. oryzae (Fig. 4D) [48],
tungsten-/molybdenum-pyranopterin in aldehyde oxidase of
Methylobacillus sp. and nickel-tetrapyrrole coenzyme F430 in
methyl coenzyme M reductase [49].

3. Enzymatic mimicry and modulation through metal-ligand
coordination

Metal ions at the active sites of metalloenzymes contribute to
biocatalysis and specific functions including defence mechanisms
of organisms through the attraction/donation of electrons during
labile coordination to substrates. In addition, a good number of
biological proteins require metal ions for their functions. Since
pathogenic microorganisms require the acquisition of metals ions
from their host systems for survival and virulence activities such
as hydrolytic reactions, respiration, energy metabolism, redox
catalysis, DNA synthesis, Lewis acidity and functional diversity of
metalloenzyme/proteome [51-53], the development of mimicking
and modifications of ligand-metal coordination is reasonably
hypothesised as a strategy for modulating pathogenesis and treat-
ment strategies for resistant microbial diseases [51,54]. The mech-
anisms of the metalloenzyme-deactivating science include the
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(D)

Fig. 4. Illustration of metal-ligand coordinations in the active sites of some metalloenzymes. (A) Zinc ion in coordination with some amino acid residues and citrate ion
within the active site of B-lactamase, PDB 4F6Z; (B) Magnesium ion coordinated to amino acid residues and acetyl coenzyme in mutant N-acetyltransferase, PDB 6GTP; (C)
Nickel-pincer nucleotide coordination in lactate racemase (ENJ 501 represents (4S)-5-methanethioyl-1-(5-O-phosphono-beta-D-ribofuranosyl)-4-sulfo-1,4-dihydropyridine-
3-carbothioic S-acid, PDB 6C1W; (D) Copper ions in coordination with water and amino acids of catechol oxidase, PDB 4]3Q [50]. The low coordination number (2-4) of the
metal spheres of the active sites of the enzymes allows more interactive coordination to substrates with minimal steric hindrance. It also favours the donation or attraction of
electron pairs from donor ligands (drug or non-drug substrates) during the labile coordination, making them an interesting focus for the modulation of the enzymatic

activities.

removal/sequester of the biotic metal cofactor via chelation,
replacement of the biotic metal via ligand exchange, suppression
of catalytic activities through the metal centre disruption and
modulation of coordinating ligands.

3.1. Removal of biotic metal cofactors by metal chelators

The modifications such as the removal or replacement of the
biotic metal ions induce loss of resistivity and specificity, implying
a potential therapeutic approach [4,7]. A progressive innovation
through the development of artificial and mutant enzymatic forms
has been studied to facilitate this therapeutic opportunity [21,52].
For instance, in tuberculosis, the therapeutic advantage has been
reported through the downregulation of matrix metalloproteinases
levels to mitigate pathology of the bacterial infection via the induc-
tion of tissue damage by 1,25-dihydroxy vitamin D [55]. The N-
acetyltransferases (in E. coli) are reportedly inhibited by various
metallic cations through the increment of aminoglycoside effec-
tiveness to overcome antimicrobial resistance [5]. From the previ-
ous section, Se-containing enzymes contribute to the devious
activities of some microorganisms including the LAB [42], as such,
the removal or replacement of Se at the actives sites could provide
therapeutic pathways for modulating the activities through the

mimicry of its chemistry. Similarly, Zn(II) reportedly plays a pivotal
role in the resistance-inclined catalytic deactivation of B-lactam
antibiotics by the MBLs of Gram-negative bacteria strains [36].
As such, the removal or replacement of the metal ion strategically
through coordination chemistry could downregulate the enzy-
matic activities. Consequently, dozens of metal chelators have
been experimented with potentials to inhibit the enzyme through
the coordination chemistry-inclined Zn(Il) ion chelation. The over-
all activities of these bioactive agents have impacted potent anti-
resistance pharmacology on several deadly pathogenic bacterial
and fungal strains including E. coli, K. pneumonia, B. cereus, S. aureus
and Proteus mirabilis [37,56,57]. Interestingly, the flexible loops in
some of the common antimicrobial resistance-inclined BL strains
such as the NDM variants also support their activity modulation
by various bioactive agents [58]. Some of these agents have been
approved as prescription medicines including carbapenem (B01)
and its derivatives, imipenem (B02) and meropenem (B03) [59],
an antifungal drug, isavuconazole (B04) [37], while others have
been reported with promising efficacy in various pre-clinical mod-
els. These include edetate disodium (B05) [36], baicalin (B06) [60],
magnolol (B07) [61], hesperidin (B08) [62], iminodiacetic acid
(B09), dipicolinic acid-furan derivative (B10) [38,63], aspergillo-
marasmine A (B11) [64,65], carnosic acid (B12) [66] and some
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peptide macrocycles [67]. Others are small molecule carboxylic
acids and picolinic acids (B13-20) [37,68], benzimidazole and ben-
zoxazole derivatives with potent inhibitory ICsq in the range 0.38-
9.80 pM and other natural products identified through an in silico
study (B21-26) [69,70].
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The inhibitory potential of meropenem was reportedly
enhanced by 5333-folds upon combination with Hdedpa deriva-
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Scheme 1. Chemical structures of some potent metal-chelating inhibitors of NDM-1 with proposed active ligand (red) for Zn(II) chelation.
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acid (B28), which also showed strong respective ICso of 0.11 and
0.46 pM individually [56]. In another study, 3-formylchromone
(B29) exhibited strong inhibition against the NDM-1 in a time-
dependent manner, indicated by a drastic change in ICso from
200 uM to 2 pM after just 10 min of incubation. The mechanism
involved the reversible covalent bonding to the enzymatic residue,
Lys 224, in addition to the possible metal chelation [71]. Similarly,
some thiosemicarbazone derivatives, (E)-N-(4-chlorophenyl)-2-(p
yridin-2-ylmethylene)hydrazine-1-carbothioamide (B30) and N-c
yclohexyl-2-(di(pyridin-2-yl)methylene)-N-methylhydrazine-1-ca
rbothioamide (B31) displayed potent inhibition of NDM-1 individ-
ually with respective ICsq of 0.038 and 0.021 uM, and percentage
inhibition of >63 and >90. Synergistically, they restored the mero-
penem sensitivity and reduced its MIC in multi-folds with similar
mechanistic chelation of Zn(II) ion [72,73]. In addition to therapeu-
tic advantage yet to be fully investigated, highly toxic inhibitors
such as B30 and B31 could be ideally developed into disinfectants
for external applications such as agricultural biocides and sanitiz-
ers. A synthesised conjugate of benzenesulfonamide-hydroxamic
acid, 4-((4-chlorophenyl)sulfonamido)-N-hydroxybenzamide
(B32) reportedly demonstrated a reversible competitive inhibition
against B3(L1), a subgroup of the MBLs and an analogue of NDM-1
with ICso and Ki value of 1.3 and 2.5 uM respectively. [40]. Also,
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) (B33), a
renowned metal-chelating inhibitor of MBL and its analogue,
sodium 1,4,7-triazonane-1,4,7-tris(carboxylodithioate) (B34) were
reported with potent inhibitory effects against the NDM-1-
encoded E. coli with a respective Ki value of 5.11 and 5.63 uM.
The dual displayed additive therapeutic effects in the combination
of each with meropenem, indicated by reductions in MIC against
several multidrug-resistant clinical isolates of MBL-encoded bacte-
ria. For instance, the MIC of meropenem and B34 reduced from 10
and 8 ug/mL respectively to <0.0312 ug/mL when combined
against the NDM-1-encoded E. coli [74]. Two hydrochloride com-
pounds of thiosemicarbazone derivatives (E)-N’-(2-hydroxybenzyli
dene)piperazine-1-carbothiohydrazide (B35) and (E)-N’-(2-hydro
xybenzylidene)-4-methylpiperazine-1-carbothiohydrazide (B36)
excellently reversed MEM resistance in several positive clinical iso-
lates of NDM-1 in a recent study by Zhao et al. The compounds
were evaluated with inhibitory potentials against the NDM-1 with
respective Ki values of 0.63 and 0.44 pM. Their mechanisms of
MBL-disrupting activity were not different from those of the previ-
ously highlighted metal-chelating inhibitors. Interestingly, the
compounds were proved to be non-haemolytic even at high con-
centrations, supporting systemic tolerability [75]. The molecular
structures and activity potencies of the metal-chelating inhibitors
of NDM-1 are presented in Scheme 1. The inhibitors displayed
strong potentials for disrupting the active site of NDM-1 mostly
by hijacking Zn(II) via chelation, while some through the formation
of ternary complexes with Zn ion, either way, deactivating the
enzymes [20].

Some of the metal chelators (Scheme 2) also inhibited the VIM
analogue significantly in a similar pattern. These include B32
which was observed to bind very tightly to the active site Zn(II)
through chelation using the O atoms of the hydroxamic acid moi-
ety and interestingly showed lower ICsq of 0.28 uM against VIM-2
compared to its hydroxamic acid parent with >50 uM [40]. Ros-
marinic acid (B37) and salvianolic acid A (B38) were identified
among the natural metal-chelating inhibitors of VIM-2 with potent
ICsp of 41.5 and 27.2 pM, although less active than a renowned
inhibitor of this class, 1-captopril (B39) whose ICsq was reported
as 2.47 pM. Further experimental investigations indicated that
B37 exhibited a dose-dependent reversible, competitive inhibition
against VIM-2, however, showed weaker activity against the NDM-
1 and serine-BL, TEM-1, while B38 was observed to display strong
potency against the strains with respective ICso of 160.3 and
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34.3 uM respectively [76]. Also reported among the VIM-2 metal-
chelating inhibitors are the ((S)-3-mercapto-2-methylpropana
mido)acetic acid analogues, B40 - B45 with potent inhibitory
ICs between 0.014 and 0.077 uM [77]. Similarly, two polypyridine
ligands, N,N’-Bis(2-pyridylmethyl)-ethylenediamine (B46) and N,
N,N’-Tris(2-pyridylmethyl)-ethylenediamine (B47) displayed mul-
titarget inhibitory pharmacology against several MBLs, NDM-1, L1
and VDM-1 with MIC values of 64/256, 32/64 and 64/256 mg/L
respectively with mechanistic chelation of Zn ions to disrupt the
metalloenzymatic activities of the targets. Meropenem (B02), a
known metal-chelating inhibitor was assessed with respective
MIC of 128, 256 and 16 mg/L against the strains, however, the
tested compounds exhibited significant synergistic effects upon
the combination with the antibiotic [78]. Messasma and
co-researchers also reported two synthesised pro-antioxidants,
multidentate Schiff bases, 2,2'-((1E,1’E)-(pyridine-2,3-diylbis(aza
neylylidene))bis(methaneylylidene))bis(4-bromophenol) (B48)
and 2,2'-((1E,1’E)-(pyridine-2,3-diylbis(azaneylylidene))bis(metha
neylylidene))diphenol (B49) with potent inhibitory activities
against the IMP-1, a BL subtype, indicated by ICsq of 83.70 and
93.73 uM respectively in comparison with EDTA which showed
1 mM [79]. Other reported metal-chelating inhibitors of IMP-1
include 6-(1H-tetrazol-5-yl)picolinic acid (B50), 5-(pyridine-3-sul
fonamido)thiazole-4-carboxylic acid (B51), 4-(3-aminophenyl)pyri
dine-2,6-dicarboxylic acid (B13) and dipicolinic acid (B15) with
respective ICsg of 22, 54, 0.24 and 3.03 uM (Scheme 3). Their com-
mon mechanisms of inhibition deduced from physical and bio-
chemical characterisations also involve the coordination
chemistry-inclined sequestering of Zn(II) ions from the active cen-
tre of the enzyme and restoration of B-lactam susceptibility, while
some form ternary complexes with Zn(lIl) ion, all resulting in the
loss of Zn, in the similitude of the NDM-1 metal-chelating candi-
dates [38,80-82]. Some series of enethiol and rhodanine derivatives
consisting of (Z)-2-mercapto-3-phenylacrylic acid backbone (B52-
B65) were synthesised and evaluated with potent dual inhibitory
activities with ICso ranges 0.03-0.5 pM and 0.01-0.8 pM against
the VIM-2 and IMP-1 respectively with similar mechanisms of Zn
(I1) chelation and ternary complex formation with the metalloen-
zymes (Scheme 4). Interestingly, the compounds were observed
to be non-haemolytic even at a high concentration of ~1000 mg/
mL [83]. The shreds of evidence from the surveyed experimental
studies further strengthen the coordination chemistry of metal
cofactor of metalloenzymes as mimicry and modulatory compo-
nents, and an effective anti-resistant therapeutic pathway.
Although, the strategy is becoming inevitably essential to curb
the menace of antibiotic resistance, however, unspecific binding
of the chelators to the metalloenzymes could engender some seri-
ous complications due to their predominance in humans for pivotal
life activities [84]. Moreover, it could lead to the scarcity of some
essential biological minerals. As such, concerted scientific attention
is required on the appropriate delivery of the inhibitors to the tar-
gets to ensure discriminative toxicity and safety to normal cells.

3.1.1. Theoretical estimation of Zn(1l) cofactor effects on the substrate
specificity of metallo-p-lactamases

Understandingly, the hydrolytic activity of the MBLs on antibi-
otics at a molecular level implicates the aspartic acids at the active
site as crucial residues to their disruptive catalytic effects on the
drugs. Moreover, histidine, asparagine and other side chain resi-
dues can effectively block substrates with aspartic acid to induce
the loss of hydrolysis, all mostly in coordination chemistry with
Zn(II) cofactor at the active sites [85]. As such, the interactive inhi-
bition of the enzyme by substrates with favourable pharma-
cophores through the Zn(IlI) centre and the amino acid residues
in the active pocket portrays an important anti-resistance study.
Therefore, the impacts of the Zn(II) coordination on the substrate
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specificity of MBLs were theoretically examined using a highly
accurate extra precision (XP) Maestro 12.2 Glide ligand-receptor
docking simulation (Glide, Schrodinger, LCC, New York, NY,
2021). From the simulation results (Table 1), the binding affinities
represented by XP Gscores of the selected 20 top-ranked firmly
bound chelators were arranged in ascending order in respect of
the three observed scenarios. Firstly, the ligand-receptor simula-
tion was conducted using a crystal structure of the NDM-1 in com-
plex with imipenem, and containing Zn(Il) ions cofactors along its
chain A, as retrieved from the RCSB protein data bank (PDB 5YPL).
Secondly, the protein receptor was remodelled by removing Zn(II)
ions cofactors and in the third case, the receptor was remodelled
by the replacement of biotic Zn(II) with abiotic Pb(II) ions. Gener-
ally, the highest theoretical binding affinities of the metal chelators
to the receptor were recorded in the presence of Zn(lII) ions cofac-
tors. On average, the scores were higher in the absence of metal
cofactor than when Pb(Il) ions were included. These further

implicate the crucial effects of Zn(II) ion cofactor to the substrate
specificity and supports its chelation-inclined strategic removal or
replacement with abiotic options as a plausible therapeutic path-
way to overcoming the enzymatic activity-dependent resistance
of the NDM-1 to antibiotics. As expected, imipenem (B01) and mer-
openem (B02) were among the chelators with the strongest inhibi-
tory potentials against the receptor, while hesperidin (B0S8),
aspergillomarasmine A (B11), 4-(3-aminophenyl)pyridine-2,6-dic
arboxylic acid (B13), 6-(phosphonomethyl)picolinic acid (B18)
2-(6-(benzyloxy)-1-hydroxynaphthalen-2-yl)benzo[d]oxazole-4-
carboxylic acid (B25) rosmarinic acid (B37) and salvianolic acid
(B38) represent new promising metal-inhibitors of the NDM-1
for further studies. Some of the compounds are natural flavonoids
with known interesting pharmacological potentials through
interaction with matrix metalloenzymes in their ligand or com-
plex forms [86]. It could also be observed that most of the top-
ranked inhibitors coordinated to the metal centres through OH
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Table 1
Effects of Zn(II) on theoretical binding affinities of some metal chelators to NDM-1.

Compound XP Gscore (kcal/mol)
Zn cofactor No metal cofactor Pb cofactor

B02 -12.271 —7.544 -10.999
B08 -11.893 -10.198 -7.163
B03 -11.847 -5.150 —6.254
B38 -11.225 —-9.853 -7.239
B18 -10.901 -7.339 -7.717
B37 -10.789 -8.316 -8.183
B11 —10.689 -7.955 -7.167
B25 -10.317 —-5.076 -6.572
B13 -10.067 —-4.199 —6.008
B42 -9.930 —4.098 -7.126
B33 —-9.837 —6.096 -4.191
B24 -9.828 —5.209 —4.986
B15 -9.658 —6.543 —5.997
BO5 -9.595 —-7.305 —4.470
B8O —9.594 -5.918 -7.771
B28 -9.580 —4.382 —5.609
B27 -9.431 —6.076 —5.863
B17 -9.241 -7.394 —6.485
B23 -9.223 —5.745 —5.090
B21 -9.044 —7.108 —3.748

and NH groups, which are capable of activating their O and N
donor ligands, while some others including the picolinic acid
derivatives consist of phosphate groups which influence their
non-covalent interactions with the positively charged metal ions
and the formation of ternary complexes [87,88]. They also inter-
acted with essential amino acid residues implicated in the patho-
genesis and prophylaxis of the resistant NDM-1 as illustrated by
the binding poses (Fig. 5).

The Rsp is an AraC/XylS-type transcriptional regulator of the
cntE gene in S. aureus, which influences its virulence factor in an
agr-dependent manner. The expression of cnt by iron-dependent
Fur and zinc-dependent Zur further provides a basis for their reg-
ulations to control the virulence activities of the bacteria [89,90].
Vancomycin, antibiotic medication for treating nosocomial
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infections caused by the B-lactam, methicillin-resistant S. aureus
reportedly induced zinc homeostasis systems in vitro experimental
model at 6.9 uM by binding to Zn(Il) ion via chelation. The process
resulted in the sequestration of Zn from the active centre, indicated
by Zn accumulation by the ligand, thereby triggering the Zur-
dependent Zn starvation response [91]. These pieces of evidence
convincingly implicate the metal-ligand coordination approach
of the removal of biotic metal cofactors as an indispensable strat-
egy to curb antimicrobial resistance. The innovative strategy inter-
estingly deserves further exploration as a potential real-time
therapeutic breakthrough for debilitating antibiotic resistance.

Ureolytic bacteria contains ureases with catalytic enzyme activ-
ities depending strongly on the Ni(Il) ion at their conserved active
binding pockets [92,93]. Svane and co-workers recently screened
some metal ion chelators for prospective urease inhibitors. Nota-
bly, EDTA (B05) and dimethylglyoxime were reported to signifi-
cantly reduce the ureolytic activity and cellular uptake of Ni(II)
ions and subsequently induced >25% inhibition of K. pneumonia
[93]. The induction of the anti-urease activities by the chelators
occurred through the inhibition of cellular uptake of the enzyme
activity-dependent Ni(Il) ion. Disulfiram, an FDA-approved drug
for treating alcohol dependence and its Cu-containing metabolite
reportedly inhibited the B1 and B2 subclasses of MBLs including
the NDM-1 potently by binding covalently to the amino acid resi-
due, Cys 208 to trigger the release of Zn(II) ion from the site, and
through the oxidation of Zn(lII) thiolate active site of the enzyme
[94]. These further support the sequestering of biotic cofactor
through coordination chemistry as a plausible therapeutic
approach to ameliorate antimicrobial resistance.

3.1.2. Factors that favour inhibitory chelation of metal cofactors by
small molecules

Essential characteristics of coordination compounds include the
formation of coordinate covalent bonds between metal ions (Lewis
acids) and donors of electron pairs (Lewis bases). As such, highly
charged metal ions with small sizes such as the Zn(II) in MBLs,
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B38

Fig. 5. Binding poses showing interactions of compounds B02, B18 and B38 with active site residues of NDM-1 (PDB 5YPL). (A) In the presence of the Zn(II) cofactor. (B) No
metal cofactor. (C) Zn(Il) replaced with Pb(Il) (Images produced using Maestro Glide 12.2, Schrodinger, LCC, New York, NY, 2021).

Cu(Il) in catechol and cytochrome oxidases possess high charge
density that implies a strong affinity for electron-pair donors and
can accommodate assemblies of negative charges from the elec-
tron pairs donated [34]. The minimal steric factor usually associ-
ated with complex formation between metal ions and low
molecular weight small molecules favour the chelation effects of
the highlighted small molecule inhibitors against the metalloen-
zymes [83]. The highlighted small molecules mostly form ternary
complexes with the inclusion of water molecules of hydroxide
ion to complete the tetrahedral or square planar geometry, either
of which favours lability for isotopic ligand exchange, as a pathway
to disrupt resistance. Most of the metalloenzymes of the highly
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resistant pathogenic organisms contain a central core Cu(Il) or Zn
(I1) ion with d3-d'° electronic configuration which supports com-
plex stability and lability. Other influential factors include chela-
tion effects, acidity, basicity, size and steric hindrance of the
ligands as well as the electrochemical potentials of the metal ions
[34,95,96], mostly supported by the small molecule inhibitors and
metal cofactors previously outlined.

3.2. Inhibition of metalloenzymes by metal chelates

The coordination compounds of Zn, Ni, Co and Fe with pyridine-
2,6-dithiocarboxylic acid (PDTC) (B66), annotated as PDTC-Zn (C1),
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Fig. 6. Auranofin inhibits MBL activity via the displacement of Zn(II) cofactors. (A) Inhibition of NDM-1 activity by Au(PEt;)Cl with IC50 of 437.9 + 29.1 nM. (B) Double
reciprocal plot of substrate-dependent enzyme kinetics on inhibition of NDM-1 activity by Au(PEt3)Cl. (C) Lysate NDM-1 activity from NDM-Rosetta treated with AUR or Au
(PEt3)CL (D) The substitution of Zn(II) in Zn2-NDM-1 by Au(PEt3)Cl by equilibrium dialysis. The metal content was determined by ICP-MS. (E) Cellular thermal shift assays
showing the binding of Au(I) to NDM-1 in intact NDM-Rosetta cells. NDM-1 melting temperature was shifted from 63.7 to 58.6 °C for the control and AUR-treated groups,
respectively. The images show the representative blottings of three independent experiments. (F) Structure of the active site of Au-NDM-1 (PDB ID: 6LHE) with the anomalous
density peak of Au shown as yellow spheres and water molecules as red spheres, and anomalous density peak of Au in green mesh contoured at 7.0c. (A), (C)-(E) Data are
presented as mean values + SEM, n = 3 biologically independent samples. Source data are provided as a Source Data file. (Reproduced from [98], Licensed under CC BY 4.0).
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Fig. 7. Molecular structures of Cu complexes (A) C11, (B) C12 and (C) C13, showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability
level and H atoms are shown as small spheres of arbitrary radii. (Reproduced with permission from [100], Copyright (2016) Elsevier Inc.)
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PDTC-Ni (C2), PDTC-Co (C3) and PDTC-Fe (C4) have also been
reported with strong inhibitory potentials against the NDM-1
(Scheme 5). The kinetic studies indicated that the hydrolytic
NDM-1 activity was significantly reduced upon the introduction
of PDTC, with proposed mechanistic sequestration of Zn?>* from
the enzyme active site [97]. Although, no detailed mechanism
was reported in respect of the metal complexes, however, it could
hypothetically occur through the additive antimicrobial effects of
the aggregated B66 as well as the blockade of the enzymatic active
sites. Further study on these and the cytotoxicity of the agents
remain important.

In addition to the inhibition of MBL hydrolytic activity, aura-
nofin (C5), a gold-based antirheumatic drug reportedly abrogated
the mobilised colistin resistance (MCR) enzyme irreversibly via
the displacement of the functional Zn(II) cofactor from the active
centre. The drug inhibited the NDM-1 activity excellently by
~97% in a concentration-dependent manner with the ICsq recorded
as 437.9 nM (Fig. 6). Synergistically with colistin antibiotic, it
downregulated the growth of carbapenem- and colistin-resistant
bacteria and rescued all mice infected with E. coli, expressing the
MCR-1 and NDM-1 [98].

Furthermore, four Cu complexes have been evaluated with
interesting inhibitory effects against the urease of Helicobacter
pylori through the mechanistic interactions between their ligands
and the Ni(Il) ion cofactor and the blockade of the active centre
of the metalloenzyme. The complexes are annotated as [Cu(L'),-
].2N05.2CH30H (C6), [Cu(L?),].2Br (C7), [CuyCly(L"),] (C8), [CuLs(-
NCS)] (€9) and [CuCIL*].CH50H (C10), where L', L? and L* are
zwitter ion of 4-methyl-2-((3-morpholinopropylimino)methyl)phe
nol, zwitter ion of 2-bromo-4-chloro-6-((2-(2-hydroxyethylamino)
ethylimino)methyl)phenol and monoanionic 4-methyl-2-((pyri
dine-2-ylmethylimino)methyl)phenol respectively. They were
recorded with respective inhibitory ICsq values of 0.37, 0.21, 0.03,
0.39 and 0.76 uM against the metalloenzyme [99]. Similarly, Pan
and co-researchers reported potent inhibitory effects of some Cu
complexes of aroylhydrazone ligands. The complexes were charac-
terised with square planar geometries, resulting from the coordi-
nation of Cu ions to the NOO, Cl and/or N of the aroylhydrazone
and thiocyanate donor ligands (Fig. 7). Annotatively, they were
recorded with respective ICsq values of 5.14, 0.20, 4.06, 5.52 and
0.26 pM against the urease of H. pylori for [CuL*(NCS)] (C11),
[CuCIL*).CH30H (C12), [CuCIL®].CH50H (C13), [CuL®(NCS)].CH;0H
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HN ~_ N | Pk
2 O/Y\N‘\ NH,
o ko [
Y
HN NH
e 0
L X _

C16: M=Co; X=0;IC59=7.5 uM
C17: M =2Zn; X=0; IC5¢ = 18.1 pM
C18: M =Ni; X=8; IC59 = 3.9 uyM

0
—~Ni:j>——é}—/ywi\—Ni;:>_7§@—NH2

Coordination Chemistry Reviews 453 (2022) 214317

(C14) and [CuLl’(NCS)]0.0.4H,0 (C15), where L* = deprotonated
forms of N’-(2-hydroxybenzylidene)-3-methylbenzohydrazide;
L> = 4-bromo-N’-(2-hydroxy-5-methoxybenzilidine)benzohydra
zide, L% = N'-(2-hydroxy-5-methoxybenzilidine)-3-methylbenzohy
drazide and L7 = 2-chloro-N’-(2-hydroxy-5-methoxybenzilidine )b
enzohydrazide. The study suggested that copper complexes with
square planar geometry display better complementarity with the
inhibitory binding mechanism to the urease active centre [100].

Some transition metal ions such as Zn(II) and Cu(II) play impor-
tant roles as biometals since they are found in thousands of
enzymes of living organisms. Their complexes of N- and O-donor
ligands are known as good binders of DNA, radio protective,
tumour photosensitizers, antidiabetic insulinomimetic and
antibacterial agents. Moreover, recent studies reveal that their
complexes could also potentiate anticancer effects due to their
groove binding, low toxicity and low side effects. [101-103]. Conse-
quently, Shah and co-workers reported interesting inhibitory activ-
ities of some transition metal complexes of N- and O-donor ligands
against urease within ICso range of 3.9-19.9 uM while the thiourea
standard was recorded with 20.8 pM. These are mononuclear com-
plexes, [Co(NCA)y(H20)4].(BTA),-H,0 (C16), [Zn(NCA)y(Hz0)4].
(BTA),-H,0 (€17) [Ni(NCA)(H,0)4].(TBA),-H,0 (C18), and poly-
meric chains of [Co(INZ)(H,0)3]-(BTA),(H,0); (€C19) and [Zn(INZ)
(H20)3]-(BTA),(H,0); (€20) where NCA, BTA, TBA and INZ are
annotations for nicotinamide, barbituric acid, thiobarbituric acid
and isoniazid respectively (Scheme 6). Although the mechanisms
of actions could not be succinctly proposed, however, suggested
being in association with the biochemical characteristics of the
transition metals [103].

Furthermore, ureases are members of the amidohydrolase fam-
ily containing Ni(II) ion, pivotal to their enzymatic activities at the
conserved binding pockets. These enzymes are present in ureolytic
bacteria including Canavalia ensiformis, H. pylori and K. pneumonia,
accelerating the catalytic hydrolysis of urea to NH3 and CO,. The
progression of their pathogenic activity results in some important
medical conditions such as gastrointestinal and urinary tract infec-
tions due to the unpleasant increase in pH levels by the emission of
NHs [92,93]. As such, some synthesised bioactive compounds have
been demonstrated with potent inhibitory activities against
them in vitro experimental models. These include the Schiff bases,
(E)-5-(2-bromophenyl)-4-((thiophen-2-ylmethylene)amino)-2,4-
dihydro-3H-1,2,4-triazole-3-thione (B67), (E)-5-(3-bromophenyl)-

HN-NH, OH
PP ONp©
HN__NH HN_ _NH
hig T (HO)
O o}

C19: M = Co; IC59 = 19.9 pM
C20: M =Zn; IC5¢ = 5.3 uM

Scheme 6. Proposed chemical structures of complex inhibitors of urease (C16-20) containing nicotinamide, barbituric acid, thiobarbituric acid and isoniazid.
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Scheme 7. Chemical structures of some metal-chelating inhibitors of ureases with proposed active ligands (red).
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respectively in a structure-activity relationship (SAR) (Scheme 7)

€23: M = Co(ll); R = 2-Cl; |050 =14.6 uyM

[105]. The compounds displayed more potency than thiourea refer- C24: M = Ni(ll); R = 2-CI; IC50 = 16.5 pM

ence inhibitor in most cases, as such, represent promising urease C25: M = Pb(ll); R = 2-Cl; ICs = 18.0 uM

inhibitors for further studies. C26: M = Pb(ll); R = 3,4-Dichloro; IC5¢ = 16.9 uM
33 Replacement Of biotic metal cofactor Scheme 8. Proposed chemical structures of some metal(Il)-complex inhibitors of

urease.
The replacement of the biotic metal cofactor by ligand exchange

constitutes another pathway to metalloenzyme deactivation. The o ) ) ) )
process depends on several factors including the variations in dohydrolase 1sat.1n of some aerobic, Gram.-negatlve bacteria strains
ligand binding strength, acidity/basicity, size, chelation effects, ~ such as Labrenzia aggregata and Ralstonia solanacearum depends
electrochemical potentials of metal cofactor and mechanisms of  strongly on the motif bound MH(H). ion at its active site. As such,
ligand exchange [34,96]. The catalytic activities of the cyclic ami-  the replacement of the catalytically active Mn(ll) in the
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substrate-binding pocket by Zn(II) has been demonstrated experi-
mentally to distort the hydrolytic mechanisms of the metalloen-
zyme due to the variation in their coordination modes [106]. This
interestingly provides a basis for the modification of the catalytic
hydrolytic functions of the enzyme through the replacement of
its active pocket Mn(II) ion as a plausible therapeutic strategy.

Consequently, two Schiff base complexes of Ag(I) were exam-
ined with impressive inhibitory effects against urease, quantita-
tively by ICso of 3.5 and 3.8 uM for [Ag(L;)(H,0)] (€C21) and [Ag
(Lp)(H,0)] (€22) where L; and L, are 4-((2-diethylaminoethyli
mino)methyl)phenecarboxylate and 4-([3-(morpholin-4-yl)pro
pylliminomethyl)phenecarboxylate respectively [107]. Although,
the mechanisms of inhibition of the complexes could not be pro-
vided by the author, however, the displacement of the more biotic
Ni(Il) ion by an abiotic Ag(I) was suggestively hypothesised for fur-
ther evaluation. Other metal(Il) complexes with potent inhibition
of urease include C23 - C26 whose respective activity was
recorded as ICsq of 14.6, 16.5, 18.0 and 16.9 uM (Scheme 8) using
Jack bean urease inhibitory assay [108]. The presence of Co(II)
and Cl group at meta position implicatively enhanced the inhibi-
tory effects of C23 and C24 [108], while the toxicity of Pb bioaccu-
mulation could be responsible for others [109]. Moreover, the
complexes containing toxic metals such as €25 and C26 could be
useful for designing biocides and disinfectants for external, non-
clinical applications such as control of agricultural diseases, sani-
tising hospital environments and other areas prone to deadly
metalloenzyme-containing pathogens. Although the sensitivity of
the metal-complex prodrugs to various stimuli such as redox, pH,
light and importantly metalloenzymes supports their applicability
in this perspective [110]. However, more explorations are required
through the responses to understand the essential criteria for mod-
ulation to fulfil the quest of biotic metal replacement as an effec-
tive anti-resistance strategy.

Contrastingly, some isatin-derived Schiff bases, B73 - B78
reportedly demonstrate strong inhibitory potentials against Jack
bean urease indicated by ICso values between 0.04 and 5.86 uM
while thiourea standard showed 22.3 uM. The potentials of the
ligands were higher compared to their corresponding Cu(Il com-
plexes whose ICsq values were recorded in the range of 8.61-36.4
uM, except ligand B77 with ICso of 0.34 uM while its Cu(Il) complex
scored 0.03 pM. [111]. This could be due to the replacement of Ni

Coordination Chemistry Reviews 453 (2022) 214317

(11) ion with more biotic Cu(II) ion, a renowned enhancer of enzyme
activity and stability [112], favouring the enzymatic activity rather
than its inhibition. The interesting hypothesis further supports the
modulatory replacement of biotic cofactor as an ideal therapeutic
strategy against microbial activities for more exploration.

3.4. Suppression of catalytic activities of metalloenzymes

The specificity of metalloenzymes for substrate and metal
cofactor is associated with the influence of metal-ligand coordina-
tion on their catalytic activities. This has been established with
shreds of experimental evidence from the biomimetic engineering
and kinetic studies of the enzymatic activities influenced by the
coordination chemistry of the metal cofactor centre. For instance,
a kinetic analysis was conducted on dinuclear Cu(Il) complex bio-
mimetic models of catechol oxidase, {[Cu2(2-X-4,6-bis(di-2-picoly
lamino)-1,3,5-triazine where X = butan-1,4-diamine (C27) and X =
N-methylpyrenebutan-1,4-diamine (C28) for enzymatic activity.
The kinetic study on the oxidation of the substrate model, 3,5-di-
tert-butylcatechol indicates that the spacer substituents, butan-
1,4-diamine and pyrene enhanced the catalytic efficiency of the
biomimetic systems. They supported the interactions between
the complex and the substrate to exert oxidative and hydrolytic
catalytic activities [113].

The catalytically efficient carbonic anhydrases (CAs, EC 4.2.1.1)
and alcohol dehydrogenases are metalloenzymes present inclu-
sively in vertebrates, bacteria, algae, protozoa and green plants
with natural cofactors of Zn and Cu at their active sites. They
enhance the catalysis of biological reactions and selectivity for sub-
strates and mostly promote resistance of an organism to drugs. The
Zn(Il) ion at the active centre of CAs coordinates to three histidine
residues and one hydroxide ion or water molecules, forming a
tetrahedral geometry for enzymatic activities (Scheme 9A). The
summarized mechanism of their catalytic activities involving the
histidine residues such as the conversion of CO, into HCO3 ions
is illustrated (Scheme 9B).

Recently, their artificial mutants and hybrids have been engi-
neered to phantom therapeutic designs by suppressing their pro-
resistance activities including catalysis through the incorporation
of some other cofactors such as the transition metal ions of Cu,
Fe, Mn, Ir and Rh. [3,4,21,114]. Examples of such artificial
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Scheme 9. A representation of Zn(II) coordination site involved in catalysis by carbonic anhydrase. (A) Zinc structure is surrounded by three histidine molecules and one
hydroxide ion or water molecule to give four bonds directed toward the corners of a tetrahedron. (B) The mechanism by which carbonic anhydrase converts CO, into HCO3
ions. Only the coordinated portions of the histidine residues are shown. (Reproduced with permission from [10], Copyright (2020) Elsevier Inc.)
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metalloenzymes include Zng:AB3, and Zng:AB5,), reportedly
endowed with hydrolase activity and demonstrated with lacta-
mase activity in vivo, indicating their ability to confer antibiotic
resistance on Escherichia coli [52]. Moreover, the catalytic efficiency
of metalloenzymes significantly changes when subjected to non-
native metal substitution even within the same chemical environ-
ment. For instance, the variation in catalytic activities of CA II has
been demonstrated in respect of change in geometries in the
absence of CO, pressure. The organic ligands initially contained a
vacant binding metal (Fig. 8A), the enzyme became tetrahedral in
coordination to Zn?* (Fig. 8B), octahedral forms with Co®* and
Ni?" (Fig. 8C and Fig. 8D), and subsequently trigonal bipyramidal
with Cu?* (Fig. 8E). The change also induces electrostatic effects
through the moderation of the water network at the active site
of the enzyme [115]. The geometry plays a vital role in their inter-
actions with biological targets such as the DNA, enzymes and pro-
tein receptors, and this, in turn, influences their biological activities
(Topala et al 2019). For instance, metal complexes having a coordi-
nation number of 4 and square planar geometry are potent medici-
nes in opposition to different diseases especially cancer [116].
These further support that the hypothesised modulation of
enzyme-metal coordination in metalloenzymes through geometry
represents an ideal strategy to mitigate microbial activities includ-
ing resistance to drugs.

The suppression of undesired metalloenzyme-mediated activi-
ties was also enumerated. The PPOs are Cu-containing enzymes
present in bacteria, fungi, plants and animals, renowned for cat-
alytic oxidation of phenolic compounds to quinones, the promoters
of brown pigments in tropical fruits and vegetables [47,117]. The
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effects of Rosa roxburghii, an edible perennial shrub on the rate of
browning of apple fruits during storage was also demonstrated
through the inhibition of PPO activity in vitro using inhibition
and kinetic analyses. At 0.25-1.25% w/w, R. roxburghii juice signif-
icantly retarded the rate of browning and inhibited PPO activity
(Fig. 9) hypothetically due to the presence of some prominent
antioxidants such as ascorbic acid, quercetin, coumaric acid etc
in the juice. Individually, ascorbic acid (B79) (1.67% w/w) showed
strong anti-browning activity while some other phenolic inhibitors
in the juice such as quercetin (B80) and morin (B81) displayed
mixed-type and competitive inhibition of PPO activity with ICsq
of 29.5 and 54.9 uM respectively (Scheme 10). Their activity is
attributable to the electrostatic and hydrophobic interactions
involving the biotic metal cofactor of the enzyme [117]. Similarly,
Aksoy reported the competitive inhibitory activities of B80 and
curcumin (B82) on purified potato PPO in terms of ICso of 0.018
and 0.029 mM respectively with the activity strongly linked to
the catechol substrate. Quercetin (B80) selectively showed an
improved potential with ICso 0.0086 mM in the presence of 4-
methylcatechol substrate, supporting the contributions of the cat-
echol group in SAR [118]. The catalytic activity of PPO from Tuffles,
Terfezia arenaria was also studied by Benaceur and co-workers
through the purification and influence of metal ions using pyrocat-
echol and L-tyrosine. The enzymatic activity was recorded as 123
and 140% in the presence of Cu?* ion for 5 mM procatechol and
L-tyrosine substrate respectively. The respective activity reduced
to 45 and 28% in Cd?" and, 22 and 7% in Al**, supporting the signif-
icant contribution of change in metal cofactor coordination to the
purification and enzymatic activities of the PPOs. The inhibitory
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Fig. 9. Photographs of Rosa roxburghii-apple juice samples (A) and the changes in the browning index (B) and PPO activity (C) during storage. Control, 0.25% RR, 0.50% RR,
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Scheme 10. Chemical structures of some inhibitors of catalytic polyphenol oxidase.

effects of kojic acid (B83) at different concentrations on the
enzyme were also observed under the influence of pH and temper-
ature. Although, the enzyme maintained stability within a wide
range of pH and temperature, however, B83 sped up the enzymatic
inactivation and destabilisation of PPO and thereby enhanced the
antioxidant effects of truffles against browning [119]. Similarly,
Torres et al recently reported the significant reduction in the activ-
ity of purified PPO from sweet potato by Zn(II) ion while Cu(II)
enhanced its activation. The enzyme was also observed with the
strongest affinity for 3,5-di-caffeoylquinic acid and 3,4,5-tri-
caffeoylquinic acid among the tested substrates [120].

Ascorbate oxidases (AOs) are Cu-containing enzymes present in
apoplasts of fruits. They are responsible for the reversible oxidation
of ascorbic acid to monodehydroascorbic acid intermediate and

subsequently to dehydroascorbic acid (DHA). Although the
enzymes are mostly found in higher plants, however, few of their
class are reportedly present in fungi [121,122]. The inhibitory sup-
pression of AO activity was experimented in vivo to induce some
biogenic transformations via the biosynthetic and recycling genes
in melon fruit, thereby increasing the ascorbic acid level and alter-
ing the ascorbate redox state. Interestingly, the transient rate of
ethylene production reportedly increased concurrently with the
levels of 1-aminocyclopropane-1-carboxylic acid, OA activity and
gene expression, thereby stimulating the ripening-mediated soft-
ening rate of the fruit. Although, the mechanisms of this important
phenomenon remain complex, however, the DHA is mostly impli-
cated in the loosening of the cell wall through the obstruction of
the covalently cross-linking wall protein and interactions with
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pectin or by the active removal of Ca?* ion from the cell wall,
thereby enhancing oxalate formation [121].

Nitrogen (II) oxide (NO) is a known inhibitor of catalase-
induced hydrogen peroxide decomposition. The catalytic activity
of the metal-containing catalase was reversibly inhibited by nitrite,
glutathione (GSH), S-nitrosylglutathione (GSNO) and dinitrosyl
iron complex (DNIC) in comparison with azide, a basic conjugate
of hydrozoic acid. At pH 6, nitrite, DNIC/GSH and GSNO decreased
catalase activity by 30% at a concentration of 0.13, 0.13 and
0.14 uM respectively compared to azide which showed 0.04 uM.
The inhibitory effects became bolstered by up to 100-folds in the
presence of halides (Br and Cl) and thiocyanate groups. The direct
mechanisms involved the interactions of the compounds with the
metal ion centre of the enzyme active site, leading to the produc-
tion of positively charged NO (NO*), protected from hydration by
the halide and thiocyanate. The study suggests that a low concen-
tration of cellular chloride significantly downregulate the inhibi-
tion of catalases by nitroso compounds [123]. Furthermore, the
metallophore staphylopine in S. aureus constitute a cnt system
through which the organism acquires metals such as iron, nickel,
cobalt, copper and zinc from its host for survival and infection.
Although, not significantly relevant to disease pathogenesis, how-
ever, the rate of biohydrogen production by N,-fixing cyanobacte-
ria such as the Anabaena siamensis was experimentally
demonstrated to increase upon an increase in Fe, Mo and Ni cofac-
tors of the catalytic metalloenzymes, nitrogenase and reversible
hydrogenase [124]. This further indicates the modulatory influence
of the metal cofactors on the catalytic activities of the metalloen-
zymes and as a plausible target for the activity regulations.

4. Coordination complexes of metal cofactors as potential anti-
resistant agents

Generally, metal complexes usually possess characteristic fea-
tures that favour enzyme inhibition. These include photochemical
and photophysical properties such as facile 3D and planar struc-
ture for biocompatibility, photosensitivity, tunable pharma-
cophores for interaction with various biological targets, flexible
geometry, inertness for substitution, additive ligand profiles, pH
response and  selectivity to chemical environments
[103,110,125,126]. Their uniqueness in terms of ligand exchange
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and structural flexibility had fostered the atomistic understanding
of their binding to metalloenzymes through kinetics and thermo-
dynamics studies and supports the identification of metal-
centred inhibitors of metalloenzymes [125]. In the development
of enhanced medicinal compounds, metal complexes are of great
importance. [17]. Thus, it is expected that the innovative growth
of new and developed non-toxic metal-based drugs extremely
extends with the strategic development of new and improved
ligands for the metal elements [17].

Catalase-peroxidase is a katG gene-encoded protein that some-
times contains Mn cofactor centre, contributing to the resistance in
M. tuberculosis, a bacterial disease with a significant effect on glo-
bal health systems. It affects the bone, central nervous system, lung
and several other organs, yet with limited therapeutic options
while its symptoms are only being ameliorated by isoniazid [28].
Some Mn complexes were synthesised and evaluated as potent
inhibitors of M. tuberculosis. Selectively. [Mn;(oda)(phen)4(H,0),]
[Mny(oda)(phen)4(oda),].4H,0 (C29), [Mn(tereph)(phen),].5H,0
(€30) {[Mn(tdda)(phen),].3H,0.EtOH}n (C31) and [Mnjy(isoph),
(phen)3].4H,0 (C32) where odaH2 = octanedioic acid, phen = 1,1
O-phenathroline, tdda 3,6,9-trioxaundecanedioic  acid,
isophH2 = isophthalic acid and tereph = terephthalic acid displayed
strong inhibitory potentials against M. tuberculosis H37Rv strain
with MICyg of 0.47, 5.09, 0.76 and 1.48 uM respectively, while they
showed MICyqo of 0.15, 0.57, 1.02 and < 0.18 uM respectively
(Scheme 11). Interestingly, their cytotoxicity against mammalian
cells was recorded between ICso of 70.06-947.3 uM, indicating
their promising tolerability [28]. They are therefore suggested as
potential antitubercular agents for further studies, although, the
implications of the metalloenzyme, catalase-peroxidase in the
anti-resistant activities of the complexes also remain
underexplored.

5. Conclusion and future challenges

The enormous contributions of coordination-inclined metal-
loenzymes to antibiotic resistance and cell defence in superbugs
such as E. coli, P. aeruginosa, K. pneumonia, H. pylori, S. aureus and
several other deadly bacterial strains significantly constitute
pathogenic disease threats. Recent scientific explorations to
address the global menace which inestimably challenges human

C30: MICgp H37Rv = 5.09 pM;
MIC 1o CDC1551 = 0.57 M

‘oo 25

C32: MICgy H37Rv = 1.48 uM; MIC4oo CDC1551 = 0.18 pM
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Scheme 11. Chemical structures of metal chelates with anti-pathogenic-resistance activity.
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well-being has been taken through interesting dynamisms. These
involve the mimicry and modulation of coordination chemistry in
metalloenzymes of some renowned resistant pathogenic organ-
isms including the MBLs such as the IMP, NDM and VDM, the
ureases, POs, CAs, targeting the metal cofactor active centres. The
analysis of the enzymatic implications of these biomacromolecules
and their mutants in resistance development was indicated to
occur through various pathomechanisms including gene encoding
variability, modulations of intracellular targets, hydrolytic reac-
tions, cellular metabolism of antibiotics and redox catalysis. Often-
times, the mechanisms involve the attraction/donation of electrons
during labile coordination to substrates and these were largely
overviewed.

The synopsis reveals that the metalloenzymes were effectively
deactivated through strategic removal/replacement of biotic metal
ions and/or chelating agents to induce loss of resistivity and speci-
ficity and suppression of catalytic activities. Several metal-
chelating inhibitors from recent literature were shown to demon-
strate promising potentials to mitigate the defence/resistivity of
some notorious superbugs including E. coli, K. pneumonia, S. aureus,
and H. pylori, targeting their respective metalloenzymes. Notably,
imipenem (B02), meropenem (B03), hesperidin (B08), aspergillo-
marasmine A (B11), 4-(3-aminophenyl)pyridine-2,6-dicarboxylic
acid (B13), 6-(phosphonomethyl)picolinic acid (B18) 2-(6-(benzy
loxy)-1-hydroxynaphthalen-2-yl)benzo|d]oxazole-4-carboxylic
acid (B25), rosmarinic acid (B37) and salvianolic acid (B38) dis-
played the highest potency against the MBL strains, NDM-1,
VDM-2 and IMP-1 in both theoretical and experimental observa-
tions. The metal chelators, B67-B78 were exceptionally potent as
inhibitors of ureases. Their activities were observed as mechanistic
sequestration of biotic metals ions, coordination-inclined replace-
ment of biotic metal cofactors with abiotic type, leading to the
deactivation and loss of substrate specificity by the metalloen-
zymes. Interestingly, most of the metal chelators are small natural
molecules with biodiverse potentials, favouring safety and accessi-
bility. They hijack the metal cofactors from the active sites of the
metalloenzymes and potently form stable and labile ternary com-
plexes with a minimised steric hindrance, supporting the assem-
bling of bioactive ligands for synergistic antimicrobial effects. The
ligands, B79-B83 represent the suppressors of catalytic activities
of the PPOs with modulatory effects proposedly through the ligand
exchange and metal cofactor displacement. Among the coordina-
tion compound inhibitors, C2, C4, C5, C18 and C20 were efficient
against the NDM-1 while complexes C6-C15 potently deactivated
the resistant ureases, all proposedly through the blockade of active
sites, the additive antimicrobial effects of the ligands and ligand
exchange. The complexes C29-C32 also displayed interesting cyto-
toxicity against multidrug-resistant M. tuberculosis.

However, despite the promising anti-resistance pharmacology
of the innovative strategic metal cofactor displacement from the
metalloenzymes of the superbugs, unspecific chelation could
engender mineral scarcity and trigger serious complications due
to their predominance in biological functions. Since some of the
metal cofactors such as Zn, Cu and Fe are essentially required for
functional systemic activities, future scientific research is required
for effective and appropriate delivery to target for discriminative
actions. This could be achieved through the application of nan-
otechnology and would regulate the mineral levels for a healthy
life. Indiscriminative cytotoxicity constitutes a major limitation
to metal-based prodrugs. Therefore, more studies are necessarily
required on the selective toxicity of the highlighted candidates,
especially the metal complexes. The mechanisms of actions of
some metal chelate inhibitors such as C21-C24 were not succinctly
reported. More research work is essential for promoting their
interesting pharmacological potentials to real-life biomedical
applications. The coordination chelates with biologically toxic met-
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als such as €25 and €26 could be suitable for external applications
such as biocides and disinfectants for agricultural practices and
environmental sanitation upon further exploration. As pro-
metallodrugs, the responses of the overviewed metal complexes
to various stimuli essential for biomedical applications were less
focused. Future studies on the effects of light, pH, temperature
and other stimuli on the performance of the metal complexes
remain worthy. Moreover, most of the overviewed works in this
innovative therapeutic science were limited to basic preclinical
modules without a comprehensive understanding of the pharma-
cokinetics, pharmacodynamics and druggability of the presented
candidates. Furthermore, adequate excretion of the ternary com-
plexes formed by the chelation or replacement of the enzymatic
metal ions is very important to avoid a toxic accumulation of metal
ions. As such, future exploration should be directed to the study of
pharmacokinetics, pharmacodynamics, druggability and the effec-
tive removal of the bi-product complexes within biological sys-
tems. The experimental studies were also conducted mostly via
in vitro models through which the undesired physiological side
effects cannot be succinctly observed. Thus, future scientific work
should incorporate extensive in vivo studies at basic and clinical
levels. This is imperative for a complete translation of the promis-
ing candidates into real-life medicinal applications. The high-
lighted candidates are therefore recommended for further
studies. This review represents a model for expanded exploration
of the innovative and effective therapeutic science amenable for
conquering antibiotic resistance of superbugs through metalloen-
zyme mimicry and modulation.
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