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Abstract

Antimicrobial resistance is one of the major problems in current practical medicine. The spread

of genes coding for resistance determinants among bacteria challenges the use of approved
antibiotics, narrowing the options for treatment. Resistance to carbapenems, last resort antibiotics,
is a major concern. Metallo-p-lactamases (MBLS) hydrolyze carbapenems, penicillins and
cephalosporins, becoming central to this problem. These enzymes diverge with respect to serine-p-
lactamases, by exhibiting a different fold, active site, and catalytic features.

Dilucidating their catalytic mechanism has been a big challenge in the field that has limited the
development of useful inhibitors. This review covers exhaustively the details of the active-site
chemistries, the diversity of MBL alleles, the catalytic mechanism against different substrates,
and how this information has helped developing inhibitors. We also discuss here different aspects
critical to understand the success of MBLs in conferring resistance: the molecular determinants
of their dissemination, their cell physiology, from the biogenesis to the processing involved in
the transit to the periplasm, and the uptake of the Zn(l1) ions upon metal starvation conditions,
such as those encountered during an infection. In this regard, the chemical, biochemical and
microbiological aspects provide an integrative view of the current knowledge of MBLSs.
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Introduction - Metallo-B-lactamases: from a biochemical curiosity to

major players in antimicrobial resistance

The serendipitous discovery of benzylpenicillin by Alexander Fleming in 1928, 2 followed
by the chemical characterization of this compound as a p-lactam by Howard Florey, Ernst
Chain, Edward Abraham and coworkers,® 4 stands as the dawn of the modern antibiotic
era. Since then, different antibiotics were discovered or synthesized to combat the action of
pathogenic and opportunistic bacteria.®

B-lactams antibiotics represent more than 60% of the injectable antibiotics used in the
USA.> The efficacy of these life-saving drugs is being continuously challenged by

the development and dissemination of different resistance mechanisms in bacteria.6-8

Since B-lactams are natural products, many microorganisms have intrinsic resistance
mechanisms to the bactericidal action of these compounds. But the overuse and misuse

of antibiotics, either in livestock or by over and self-medication in many countries has
exerted a huge evolutionary pressure that selected the most resistant bacteria. Consequently,
antimicrobial resistance (AMR) has become one of the major issues in public health. A
report commissioned by the UK government has estimated that, if the current trend of
resistance spread continues, AMR may become the main cause of death in 2050.° The
current pandemic situation has further aggravated this problem, since antibiotics are usually
prescribed to hospitalized patients affected by COVID-19.10
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The main resistance mechanism to B-lactam drugs is the expression of p-lactamases,
enzymes tailored to cleave the four-membered ring of these antibiotics. The study of
B-lactamases has been pivotal for the understanding of antimicrobial resistance and for

the development of new drugs. At the moment, the most threatening enzymes are the
extended spectrum B-lactamases (ESBLs) and the carbapenemases. Carbapenems are the
latest generation of B-lactam antibiotics and, as such, they are currently employed as last-
resort drugs in Intensive Care Units. Thus, among B-lactamases, carbapenemases represent
the main scourge in the clinics.

Metallo-p-lactamases (MBLs) represent one class of p-lactamases, accounting for 10% of
the total of these enzymes. Despite this seemingly small number, MBLs are relevant due

to their ability to hydrolyze carbapenems. MBLs are a common resistance mechanism

in carbapenem-resistant enterobacteria (CRE) and frequently in carbapenem-resistant non-
fermentative bacteria such as Pseudomonas aeruginosa and Acinetobacter baumannii. Many
bacterial outbreaks are due to strains expressing different MBLs, that represent an important
challenge in current chemotherapy.

This critical scenario was not foreseen at the time MBLs were initially reported.11-13 The
first known MBL was an extracellular enzyme from Bacillus cereus (Bcll), characterized
as a zinc-dependent enzyme in 1966.13 Since this early discovery, MBLs were considered
as a biochemical curiosity for almost three decades, until MBL-coding genes disseminated
worldwide among pathogenic bacteria. From the scientific point of view, MBLs represent a
fascinating system to study that keeps on posing challenges to researchers.

The study of MBLs has represented a separate field within the area of p-lactamases. Their
understanding requires the knowledge coming from inorganic chemistry to understand the
substrate recognition and catalytic mechanism, that differs from the rest of B-lactamases,
posing additional challenges for inhibitor design. This approach is also essential to analyze
the interplay between zinc homeostasis and trafficking in bacterial and host cells at the
infection sites and the impact in MBL-mediated resistance. From the biochemical aspect, the
ubiquity of the MBL fold in all kingdoms of life shows the versatility of this protein scaffold
to acquire variate functionalities, representing at the same time a unique system to study
protein evolution. Finally, in the last years the study of MBLs has led to new questions more
related to the bacterial physiology, such as which is the impact of their localization within
the bacterial cell, their secretion into vesicles, their biogenesis and degradation.

There are many excellent reviews in the literature that cover different aspects of the research
efforts on MBLs,% 14-24 which are targeted to biochemists, medicinal chemists, or clinical
microbiologists. Here we provide a comprehensive review of the most recent progress

in the study of MBLs covering all aspects. The current review describes the active-site
chemistry and catalytic mechanism, the attempts to design MBL inhibitors, the diversity

in the active-site chemistry and topologies found in natural MBL alleles and the impact of
the use of antibiotics in their current evolution. We also present and discuss the molecular
mechanisms involved in the expression, regulation, processing and degradation of MBLs
within the cell, the genetics involved in the dissemination among different bacteria, the
molecular mechanisms of zinc homeostasis at the host-pathogen interface, their secretion
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into outer membrane vesicles and a discussion of different phenotypic, chemical and genetic
methods to identify MBLs in the clinics.

This review is mostly focused on the developments of the last decade, in which the study
of MBLs has blossomed and expanded from the traditional microbiological reports and
structural studies aimed to elucidate their catalytic mechanism, to novel strategies for
inhibitor design, and the understanding of their physiology in the bacterial cell. We have
included a historical account of the early discoveries of MBLs dating back from 1966. We
aim to provide a hitchhiker’s guide for the MBL world that can be accessed by newcomers
and aficionados with different scientific backgrounds. The review was written with an
integrative perspective, but also considering that each section could be read separately,
depending on the interest of each reader.

2. p-Lactam antibiotics and mechanisms of bacterial resistance

2.1. Classes of p-lactam antibiotics

B-Lactam antibiotics are by far the most utilized antibacterials in clinical settings, making up
to 65% of all injectable antibiotic prescriptions in the US.2: 8. 25-29 This is due to their wide
action spectrum, targeting most bacterial groups and being generally well tolerated, with

low toxicity compared to other antibiotics. Because of these factors, the rising prevalence of
resistance towards these life-saving drugs is a source of enormous concern.

The molecular targets of p-lactam antibiotics are the cell-wall transpeptidases, historically
known as Penicillin-Binding Proteins (PBPs).%: 30 g-Lactams act by covalently binding
and inhibiting the activity of essential enzymes involved in the last steps of peptidoglycan
synthesis. All p-lactam antibiotics contain their namesake four-membered B-lactam ring, a
2-azetidinone group which is the key to their antibacterial activity (Figure 1). This ring is
rather uncommon in other natural products.

This moiety possesses structural similarity to the terminal D-Ala-D-Ala dimer of
peptidoglycan building blocks and allows the drugs to act as substrate mimics for the
transpeptidase domains of PBPs, which catalyze the crosslinking of peptidoglycan strands.26
The active-site serine of these proteins performs a nucleophilic attack on the p-lactam
carbonyl and forms an acyl-enzyme complex, and the slow hydrolysis of this intermediate
leads to functionally irreversible inhibition of the affected transpeptidases.1’ This in turn
weakens the cell wall, leaving the cell susceptible to lysis via osmatic pressure. Additionally,
B-lactam antibiotics also trigger the activation of lytic transglycosilase enzymes, leading to
further destruction of the peptidoglycan sacculus integrity.31: 32 These effects make p-lactam
antibiotics potent bactericides, although there may be further complexity yet to be explored
regarding the ultimate mechanism by which they kill bacterial cells.33 It should also be
noted that the specific effects of a given B-lactam antibiotic on bacterial physiology depend
on the main PBP(s) that each one targets. For example, aztreonam leads to the formation

of filamentous cells due to the inhibition of PBP3 that blocks cell division.34 Apart from
their antibiotic function, recent studies have revealed a potential use of B-lactams as drugs
targeting the central nervous system,3% 36 in particular regarding their ability to increase
expression of the glutamate transporter (GLT1). These effects could be used in therapy for
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diseases such as Amyotrophic Lateral Sclerosis (ALS),3¢ and may be linked to the existence
of eukaryotic homologs of metallo-p-lactamases acting as targets of these drugs in nervous
system cells (see Section 4.9).

Beyond their common characteristics, p-lactam antibiotics present a large degree of
structural heterogeneity, which determines their division into four major classes: penicillins,
cephalosporins, carbapenems and monobactams (Figure 1).

Penicillins were the first p-lactam antibiotics to be discovered, with the identification

of penicillin G (benzylpenicillin) by Alexander Fleming in 1928 as a product of the
Penicillium chrysogenum (formerly P. notaturm) fungus.3” They were also the first to see
clinical use, boosted by tremendous efforts to optimize large scale production for the
treatment of Allied soldiers in the later stages of World War 11.° These facts defined the
beginning the modern antibiotic era. The structure of penicillins contains the p-lactam

ring fused to a five-membered thiazolidine ring (Figure 1). In all penicillins, position

3 of this bicyclic structure contains a carboxyl group and a geminal dimethyl group is
present in position 4. An amino group attached to the p-lactam ring at the C-6 position
completes the 6-aminopenicillanic acid (6-APA) core. All current clinically used penicillins
(with the exception of penicillin G and penicillin V) are chemically derived from 6-APA
by the attachment of varying substituents to the 6-amino group,2%: 38. 39 resulting in

altered antibacterial action spectrum, pharmacological properties and stability towards p-
lactamases. Few other chemical modifications to the 6-APA core have afforded useful
drugs,3® among which can be noted temocillin, with the addition of a methoxy group to the
C-6 position.

The first cephalosporin was discovered in a fungus belonging to the Acremonium genus
(formerly Cephalosporium), isolated from a sewage outfall in Sardinia by Giuseppe Brotzu
in the 1940s.40 The fungus produced cephalosporin C, which was isolated and characterized
by Abraham.2% 40 This compound served as the starting point for the development of a large
variety of semi-synthetic derivatives starting in the 1960s. More than 30 cephalosporins have
been approved for clinical treatments, usually classified in five succesive generations,: 38. 41
although not all of them are widely available and the use of a portion of them has since

been discontinued. The chemical structure of cephalosporins contains the B-lactam cycle
fused to a 6-membered dihydrothiazine ring. This cephem core structure has an attached
carboxyl group at position 4, while position 3 is an attachment point for substituents (R2,
Figure 1). Similarly to penicillins, cephalosporins contain an amide group linked to the -
lactam ring at C-7. Different substituents (R1, Figure 1) have been introduced linked to the
carbonyl atom of this group. Cephamycins are generally considered within the cephalosporin
class, possessing the same basic structure but with an additional methoxy group directly
attached to the carbon atom at position 7. This modification improves stability against
certain B-lactamases.5: 42

Carbapenems were identified as secondary metabolites of the Gram-positive bacterium
Streptomyces cattleya, from which the isolation of thienamycin was first reported in 197943
(although its antimicrobial activity was described in 197628: 44). Thienamycin showed a
potent, broad spectrum activity,> even against bacteria resistant to cephalosporins and
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penicillins due to production of B-lactamases.*® However, it is spontaneously degraded

in solution and this instability prevented its clinical use.** The development of an N-
formimidoy! derivative of this compound, termed imipenem, afforded stability and allowed
its introduction as a clinical antibiotic in 1985.% 46 Similarly to penicillins, the p-lactam
group in carbapenems is fused to a five-membered ring, although their dihydropyrrole ring
is unsaturated and lacks a sulfur atom. This second ring contains a carboxyl group at
position 3, with the presence of variable substituents at position 2. Unlike penicillins and
cephalosporins, imipenem has an a-oriented hydroxyethyl side chain next to the B-lactam.
The orientation of this substituent has made imipenem and other carbapenems refractory to
degradation by most B-lactamases.?8 47 Since imipenem can be degraded by human renal
dehydropeptidase (DHP), it is administered in conjunction with the DHP inhibitor cilastatin
to prolong its lifetime /7 vivo.% 48 Other carbapenems developed later (such as meropenem,
ertapenem, faropenem) contain a methyl group at position 1, which prevents degradation by
DHP.A7. 48

Finally, monobactams are monocyclic p-lactams which possess a sulfonate group attached to
the B-lactam nitrogen (Figure 1). Currently, the only monobactam antibiotic in clinical use

is aztreonam (originally named azthreonam),*® a synthetic analog of an antibiotic produced
by the Gram-negative bacterium Chromobacterium violaceum (termed SQ 26,180).50: 51
Various soil bacteria produce monobactams and other monocyclic B-lactams,>2: 33 including
Pseudomonas, Gluconobacter, Agrobacterium and Nocardia, with other characterized
natural and synthetic compounds including sulfazecin,>* tigemonam,5® carumonam®® and
nocardicyn A.>3 Rising antibiotic resistance has renewed interest in monobactams, with
novel compounds in development (see below).

Other types of p-lactam compounds, such as clavams, do not bind to PBPs and thus
have no antibiotic activity by themselves, but possess clinical applications as inhibitors of
B-lactamases (see Section 6.1.1).

2.2. Spectrum of action of g-lactams

B-Lactam antibiotics are effective against a large variety of bacteria. Resistance mechanisms
to these drugs range from the expression of intrinsic or acquired B-lactamases, low
permeability to the drugs or low affinity of their PBP proteins for the antibiotics, resulting in
reduced susceptibility (see below). The permeability barrier of the Gram-negative cell wall
presented a restriction towards early penicillins, until the generation of new derivatives by
chemical modification allowed for a widened action spectrum.>’

Early penicillins such as penicillin G and penicillin V presented activity towards
Gram-positive bacteria such as staphylococci and streptococci, although with great
susceptibility to B-lactamases.® Because of this, penicillins with lower susceptibility to
staphylococcal lactamases were developed, such as methicillin, oxacillin and cloxacillin.
These drugs, however, still had limited action towards most Gram-negative bacteria.3°

The development of extended spectrum penicillins such as ampicillin and amoxicillin
allowed the treatment of infections caused by many Gram-negative bacilli, including
Enterobacteria.>” Furthermore, some of these penicillins (such as piperacillin, azlocillin and
ticarcillin) display antipseudomonal activity, and are also broad spectrum antibiotics, being
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active against susceptible Enterobacteria and anaerobes.>”: 98 The increasing prevalence
of B-lactamase producers has reduced the use of penicillins as single therapy drugs,
although they continue to be prescribed partnered with p-lactamase inhibitors with similar
pharmacokinetic properties.®

Cephalosporins are generally active against staphylococci and streptococci among Gram-
positive bacteria, although but not towards methicillin-resistant strains of the former.59: €0
Others such as Enterococcus faecalis and E. faecium, or Listeria monocytogenes,

are generally not susceptible to cephalosporins.>® Drugs targeting methicillin-resistant
Staphylococcus aureus (MRSA) have also been developed, including ceftaroline®? and
ceftobiprole.52 These possess the ability to bind to the low affinity PBP2a that grants
reduced susceptibility to B-lactams to MRSA isolates®3: 64 (see Section 2.3.2). Many
genera of Gram-negative bacteria are susceptible to cephalosporins, including Escherichia,
Salmonella, Proteus and Neisseria.>® On the other hand, Pseudomonas are only susceptible
to specific antipseudomonal cephalosporins,>® 60 such as cefepime, ceftazidime and the
more recently introduced ceftolozane.5% The effectiveness of cephalosporins against Gram-
negative anaerobes is limited, although cephamycins such as cefoxitin and cefotetan

show greater activity towards these bacteria.6%: 66 Although successive generations of
cephalosporins have been developed to improve (among other characteristics) their stability
towards degradation by bacterial enzymes, the effectiveness of many cephalosporins as
single agents has been challenged by the dissemination of wide-spectrum p-lactamases.®
Similarly to penicillins, this can be in part remedied by their co-administration with
B-lactamase inhibitors. Also of note is the novel siderophore cephalosporin cefiderocol®’
(formerly S-649266) which has recently obtained clinical approval. The attached catechol
moiety in cefiderocol chelates ferric ions and allows entry through the outer membrane
receptors of iron-scavenging compounds,®8 which are required for effective bacterial growth
during infection. This “Trojan horse” strategy increases the periplasmic concentrations of
the drug and restricts the possibility of permeability-altering mutations granting resistance.
Furthermore, cefiderocol is stable towards hydrolysis by a wide range of lactamases,°
including metallo-p-lactamases (MBLS), and is proposed for treating carbapenem-resistant
and multi-drug resistant Gram-negative bacteria.67. 70

Carbapenems are arguably the most versatile p-lactam agents. They possess a wide
spectrum of action, with activity against Gram-positive and both aerobic and anaerobic
Gram-negative bacteria.28 47. 48 There are some variations of potency against these different
groups of bacteria among carbapenems, with meropenem possessing slightly greater
effectiveness /in vitro than imipenem against Gram-negative bacteria, but with reduced
activity towards Gram-positive bacteria.*8 Additionally, both meropenem and doripenem
have greater antibacterial activity than imipenem against 2. aeruginosa strains which lack
the OprD porin® (see below). Meanwhile, ertapenem has limited activity towards non-
fermentative Gram-negative organisms such as Acinetobacter spp. and P, aeruginosa.*’
Most carbapenems are administered parenterally (e.g. intravenously or intramuscularly)

due to poor low oral bioavailability.28: 72 However, the oral drug tebipenem was clinically
approved for pediatric use in Japan in 2009, and is currently undergoing trials for an
expanded use worldwide.”® These compounds are poorly hydrolyzed by many p-lactamases,
allowing their use in cases of infection by microbes resistant to other antibiotics of
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the class.> 74 Because of these characteristics, carbapenems are considered last-resort

drugs and usually reserved to treat life-threatening infections by multirresistant bacteria.28
However, they are not impervious to degradation. The emergence of multiple types of
transmissible carbapenemases (such as MBLS) in the last two decades threatens their clinical
efficiency.”>77

Regarding monobactams, the only drug currently approved for clinical use is aztreonam,
which is effective towards both Enterobacteria and £ aeruginosa, but with poor activity
towards Gram-positive organisms and Gram-negative anaerobes such as Bacteroides.3* 49
The fact that monobactams are the only p-lactam antibiotics refractory to degradation

by wide-spectrum MBLs generated considerable interest in them, following the increased
prevalence of these enzymes. However, aztreonam can be inactivated by many serine-p-
lactamases (SBLs) and, since many clinical isolates produce both types of p-lactamases,
it cannot be used effectively to combat MBL-mediated resistance. This could change with
the introduction of monobactams with greater stability to SBLs such as BOS-228 (formerly
LYS228, currently in clinical trials),”8 79 or by combination of aztreonam with new SBL
inhibitors80 (see Section 6.1.2).

2.3. Mechanisms of resistance.

2.3.1. Antibiotic degradation by B-lactamases.—Among the various strategies
bacteria have developed to avoid the action of f-lactam antibiotics, the most common in
Gram-negative organisms is the production of p-lactamases (EC 3.5.2.6), enzymes that
degrade the offending compounds’ (Figure 2). Two main types of B-lactamases can be
identified on the basis of their structures and catalytic mechanisms: serine-B-lactamases
(SBLs) and metallo-B-lactamases (MBLs).5: 76 SBLs use a catalytic serine residue to
perform a nucleophilic attack on the p-lactam carbonyl, resembling the action of serine-
dependent proteases.1’ Multiple classes of SBLs exists but they all share this basic catalytic
scheme with some differences that will be outlined below. On the other hand, MBLs are
zinc-binding metalloproteins in which the attacking nucleophile is a hydroxide ion, activated
and positioned by the Zn(l1) cations and assisting residues from the active site.2 These
differences in the mechanism determine that MBLs are in general not affected by inhibitors
targeting SBLs (see Section 5).

Many bacterial species carry within their chromosome genes encoding B-lactamases, and
thus are intrinsically resistant to certain classes of B-lactam antibiotics.16: 81 Even in cases
in which the native p-lactamase presents limited hydrolytic capability towards specific
antibiotics, significant resistance can arise due to the selection of strains hyperproducing the
enzyme.81-83 Additionally, B-lactamases are frequently observed in clinical settings either
encoded in plasmids, or associated with other types of mobile genetic elements such as
transposons and integrons’- 16 (see Section 9). This greatly increases the potential of the
enzymes to spread to other hosts, and has resulted in the selection of bacterial strains
impervious to one or more classes of these drugs that derive from strains that were typically
susceptible to B-lactam antibiotics. Furthermore, other resistance determinants are usually
present together with the B-lactamases, with their coding genes carried within cassettes in
the mobile genetic element. This results in multi-drug resistant (MDR) and extensively
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drug resistant (XDR) bacteria,84 85 that present a formidable challenge to established
antimicrobial chemotherapy schemes and can force the use of drugs previously sidelined
for their serious toxicity, such as colistin.

2.3.2. Altered PBPs—The production of B-lactamases is the main mechanism of
resistance among Gram-negative bacteria, and was the first to be observed in clinical settings
for Gram-positive organisms.86: 87 However, a reduction in p-lactam susceptibility among
the latter group is most often mediated by an alternative strategy: the production of PBPs
with reduced affinity for p-lactam antibiotics (Figure 2), modifying the drug target instead of
directly neutralizing the chemical threat,88-90

The first identified example of this resistance mechanism arose after the introduction of
methicillin, a penicillin stable to staphylococcal p-lactamases. Methicillin-resistant S. aureus
(MRSA) strains were isolated®? in which the expression of an alternative PBP (PBP2a)
allowed the organism to resist most p-lactam antibiotics.88: 90 92 This is due to the fact that
PBP2a reacts very slowly with these drugs, and the acylation rate of the enzyme can be

up to 3 orders of magnitude slower compared to the native PBPs of S. aureus.8? The slow
acylation of the enzyme by p-lactams is caused by the closed conformation of the active site
blocking access by the antibiotic, as observed in the first crystal structure obtained for the
protein.?3 However, it was not clear how such a structure could still allow the enzyme to
carry out its physiological role. This apparent paradox was dispelled when it was observed
that the presence of peptidoglycan fragments increased the rate of acylation of PBP2a by
B-lactams,% pointing out the existence of an allosteric regulation mechanism that would
enable access to the active site when PBP2a is actively catalyzing its native reaction while
allowing it to otherwise remain occluded and protected from inactivation by these drugs.
This was subsequently confirmed with the identification of the allosteric site at which
peptidoglycan fragments bind, which is located at a distance of 60 A from the active site in
a domain contiguous to that possessing the transpeptidase activity.%> When this allosteric site
is occupied, a conformational change is transmitted to the active site via the breaking and
formation of a series of salt bridges, which results in the opening of the active-site cavity.
Notably, the anti-MRSA cephalosporin ceftaroline can also bind to the allosteric domain of
PBP2a, albeit in a different site to that observed for peptidoglycan, and can similarly trigger
a conformational change allowing a second molecule of the antibiotic to bind within the
active site.%5 The protein, coded by the mecA gene, is not constitutively expressed but is
instead regulated by the MecR1/Mecl system.%2 Upon exposure to B-lactams, the membrane
sensor protein MecR1 activates the proteolytic activity of its cytoplasmic domain, cleaving
the Mecl repressor and allowing production of the alternative PBP.%2

Various Enterococcus species intrinsically possess reduced p-lactam susceptibility due to the
production of a PBP transpeptidase with low affinity for the drugs, termed PBP5fm.%6. 97
The constitutive expression of the protein confers moderate resistance, with higher levels
resulting from hyperproduction and/or the accumulation of mutations that further reduce its
reactivity towards B-lactam antibiotics.%-190 Similarly, S. aureus isolates presenting mild
resistance towards these antibiotics while lacking both p-lactamases and the mecA gene
have been identified. Their resistance phenotype is attributed to the presence of mutations

in their intrinsic PBPs that reduce their acylation rate.191 Streptococcus pneumoniae also
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attains resistance to p-lactam antibiotics through modifications of its native PBPs, either by
point mutations or the generation of mosaic genes, possibly using fragments acquired by
horizontal gene transfer from commensal streptococci.89: 102

Deletion of PBPs or accumulation of mutations that reduce their reactivity toward the
antibiotics have also been observed to confer resistance to p-lactams in Gram-negative
bacteria.8 Decreased susceptibility in 2 aeruginosa clinical strains was associated with
the lack of PBP4 and an altered production of PBP1a and PBP1b, in combination

with overexpression of AmpC and efflux pumps and inactivation of the porin OprD.103
Additionally, point mutations in the essential PBP3 were observed in P, aeruginosa
isolates obtained from cystic fibrosis patients as part of their adaptation to f-lactam
therapies.194 105 Amino acid substitutions in PBP3 have also been reported to decrease
B-lactam susceptibility in clinical isolates of Haemophilus influenzae X% and mutations
in PBP1a contribute to resistance in Helicobacter pylori 17 Point mutations in PBPs
and generation of mosaic genes (both frequently in PBP2) were reported in Neisseria
gonorrhoeae and N. meningitidis as a mechanisms of PBP modification that reduce their
susceptibility to B-lactams.108

2.3.3. Reduced permeability—The ability of p-lactams to reach their molecular
targets within bacteria is absolutely essential for their efficacy. The cell wall of Gram-
negative bacteria presents a daunting challenge in this aspect, as their outer membrane acts
as a selective permeability barrier precluding access to many potential chemotherapeutic
agents.109. 110 Certain hydrophobic drugs, such as macrolides and aminoglycosides, can
traverse this obstacle by directly diffusing across the outer lipid bilayer.110 Meanwhile,
hydrophilic drugs such as B-lactams and fluoroquinolones enter the periplasm through
facilitated diffusion, using the pathways provided by certain Outer Membrane Proteins
(OMPs), called porins.111: 112 These B-barrel proteins, also called porins, span the outer
membrane and provide a hydrophilic channel allowing the passage of low molecular weight
solutes.110: 113 The various porins produced by a given bacteria differ by the width and
selectivity of their internal pore, and compounds may preferentially enter the cell through
one particular channel. As a result, alteration in the number and composition of porins

in the outer membrane, via porin deletion, mutation, or modified expression levels, can
significantly impact on the antibiotic susceptibility of bacterial isolates19% 113 (Figure 2).
This is often associated with other resistance mechanisms such as p-lactamase production or
expression of drug efflux systems.

The main trimeric porins of £. coliare OmpC, OmpF and PhoE. These proteins act

as general channels allowing the entrance to compounds smaller than 600 Da, although
their pore characteristics differ, and the former two favor cationic substrates while the

latter preferentially allows permeation of anionic species.112 These roles are covered by
orthologues possessing a high degree of structural homology in other Enterobactales.
Replacement of OmpF with the narrower-pore OmpC (or their corresponding homologs)
as the major OM channel correlates with a dimished effectiveness of B-lactams in E. coli
and other Enterobacterales such as K. pneumoniae, S. entericaand E. cloacae. 112 113 | oss
of both porins renders the cell virtually impermeable to these drugs,13 albeit at the cost of
possibly impairing bacterial fitness.114 In particular, mutations or truncation of OmpK35 or
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OmpK36 (OmpF and OmpC homologs, respectively) in K. pneumoniae has been implicated
in the development of resistance to ceftazidime/avibactam.115 116 The impact of general

porin loss on fitness can be mitigated by increased production of specialized OMPs, as is the
case for overproduction of maltoporin LamB in K. pneumoniae isolates lacking OmpK36.117

A less drastic mechanism is the alteration of the channel itself, with both steric factors

and charge distribution impacting the permeability of a given compound through a specific
porin.118 Mutations in K. pneumoniae OmpK36 located at the so-called constriction region,
which affords the main permeability barrier along the pore, have been observed in various
isolates with reduced B-lactam susceptibility.119-121

P, aeruginosa lacks general porins, and instead relies in an ensemble of more than 20 OMPs
with greater substrate specificity.122 This renders its outer membrane less permeable towards
most compounds, and grants it intrinsic resistance to a variety of antibiotics including many
B-lactams.122: 123 The OprD (OccD1) porin is the main pathway used by carbapenems to
enter £, aeruginosa.2* Mutation, reduced expression or truncation of the protein leads to
reduced susceptibility to carbapenems.125-127 However, these mutant strains present lower
resistance to to meropenem than to imipenem, suggesting the presence of an alternative
entry route for the former.128

Acinetobacter species generally show high levels of intrinsic resistance towards most
B-lactams and other antibiotics, possibly due to the restrictive nature of their OM

pores,129. 130 byt are generally still susceptible to carbapenems in absence of other resistance
mechanisms.131 This would be caused by the presence of multiple specific channels
allowing entry of these drugs into the periplasmic space, with the main pathway utilizing the
CarO porin.131 The native function of these proteins is the uptake of basic amino acids, as
was observed for OprD in £ aeruginosa. Loss of CarO and other putative entry points such
as OprD/OccAB1 and Omp33/36, results in reduced susceptibility to carbapenems.131. 132

2.3.4. Drug efflux—Bacteria produce a variety of efflux pumps that allow extrusion of
toxic substances outside the cell, together with roles in virulence and biofilm formation.
Many of these systems possess a wide substrate range, and can contribute to antibiotic
resistance by pumping the drugs away from their targets133-135 (Figure 2). Although Gram-
negative bacteria express multiple families of efflux pumps with varying architectures and
mechanisms, the main contributors to reduced antibiotic susceptibility are those belonging to
the Resistance Nodulation Division (RND) family.136 These are tripartite systems spanning
the inner membrane, periplasm and outer membrane, and allowing removal of compounds
from both the bacterial cytoplasm and periplasm.

The archetypal RND system is the AcrAB-TolC efflux pump from £. coli, consisting on
the AcrB transporter located on the inner membrane, the TolC outer membrane channel,
and the periplasmic adaptor protein AcrA linking both together.137 The system is powered
by the proton motive force across the inner membrane. RND systems show a high degree
of conservation, and homologues of AcrB are present in numerous Gram-negative bacteria,
such as P, aeruginosa (MexB), A. baumannii (AdeB) and N. gonorrhoeae (MtrD).134
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Overexpression of efflux pumps has been implicated in decreased susceptibility to
antibiotics, often linked to MDR phenotypes. As such, increased production of the AdeABC
system in A. baumannii has been linked to increased resistance to -lactams among

other antibiotics, 138 139 and the AcrAB-TolC pump has also been implicated in reduced
susceptibility to B-lactams in K. pneumoniae.4%- 141 Coupled with the low permeability

of its outer membrane, P, geruginosa can produce multiple drug efflux systems such

as MexAB-OprM, MexXY-OprA, MexCD-OprJ and MexEF-OprN, contributing to MDR
phenotypes in this organism, including p-lactam resistance.127: 142

3. PB-Lactamases: Classification and substrate profile

3.1. Ambler classification. Classes A, B, C, D

The Ambler classification system, also called the molecular classification system, divides
B-lactamases into four classes on the basis of their primary sequence.143 144 Ambler classes
A, C and D are Serine-B-lactamases (SBLs), as all involve the action of an essential serine
residue which is responsible of the nucleophilic attack on the p-lactam carbonyl to form

an acyl-enzyme intermediate that is later deacylated by the action of a water molecule
(Figure 3).145-148 These three classes of SBLs differ mechanistically in the identity and
interactions of the general base of the reaction.b: 17. 149-151 AJthough their sequences are
very divergent, all SBL classes have evolved from the transpeptidase domain of PBPs (the
targets of B-lactam antibiotics) approximately three billions of years ago.152 This evolution
resulted in a drastic substrate change: while DD peptidases cannot hydrolyze p-lactams,
B-lactamases are unable to turnover D-Ala-D-Ala terminating peptides. In contrast to these
transpeptidases, SBLs have evolved the ability to hydrolyze B-lactams by accelerating the
deacylation step, destroying the covalent adduct with the antibiotic that would otherwise
inactivate the protein (Figure 4). SBLs possess a highly conserved apa fold%3 that is
shared with PBP transpeptidase and D,D-carboxypeptidase domains, p-lactam sensors such
as BlaR1, and even some serine proteases.154-158

Ambler class B enzymes are Metallo-p-Lactamases (MBLs), that can bind 1 or 2 zinc

ions in their active sites, and use a hydroxide ion as a nucleophile for the ring opening of
their substrates, without forming a covalently bound intermediate (Figure 3).19: 21 23,159
MBLs do not share any sequence nor structural homology with SBLs, and their evolutionary
origins are unclear (see below).

Class A—Enzymes belonging to class A are, together with those from class D, the

ones that display the largest diversity in their substrate spectra.b: 17: 149, 160 The first
B-lactamases to acquire clinical relevance were class A proteins from staphylococci, such

as PC-1/Blaz from S. aureus, whose prevalence rapidly increased after the therapeutic
introduction of penicillin. Such resistance was in fact observed as early as 1942.161 These
are narrow-spectrum penicillinases, and although they are plasmid-encoded they have not
spread from the host in which they were initially detected. Other functionally similar Gram-
positive enzymes such as the chromosomal Bl from Bacillus cereus and other species

from the genus were used in pioneering 7 vitro studies of lactamases.162 The initial
transmissible plasmid-borne lactamases also belong to class A, arising and becoming widely
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disseminated in Gram-negative bacteria. These were the TEM-1163 and SHV-1 enzymes, 164
the latter found to be derived from a chromosomal SBL from K. pneumoniae, with activity
against aminopenicillins (such as ampicillin) and early cephalosporins. The introduction of
extended-spectrum oxyiminocephalosporins and B-lactamase inhibitors led to the selection
of variants of these enzymes with a widened substrate spectrum or resistance to inhibitors,
giving rise to the Extended Spectrum B-Lactamases (ESBLS) and Inhibitor Resistant TEM
enzymes (IRTs), respectively.160 A limited number of substitutions, even 2 or 3, are able to
elicit these evolutionary advantages. More recently, other families of enzymes became the
dominant class A plasmid-borne ESBLs, such as CTX-M lactamases,16°: 166 widespread in
E. coli, and GES, prevalent in Enterobacterales, 2. aeruginosaand A. baumannii 18’

A small number of class A lactamases have carbapenemase activity.”> 160. 168 The most
clinically significant of these is the KPC family of plasmid-mediated enzymes, which has
spread worldwide and are the dominant carbapenemases in the US. Although originating in
K. pneumoniae, KPC enzymes have also been found in numerous Enterobacterales and £~
aeruginosa. 169 Their substrate spectrum is not limited to carbapenems, as they can hydrolyze
penicillins, cephalosporins and aztreonam. Other carbapenemases from class A include
certain GES enzymes,170 and the chromosomal proteins IMI/Nmc-A171 and SME172 from
Enterobacter spp. and Serratia marcescens, respectively.

The expression of class A enzymes is regulated in various organisms. The Staphylococcus
aureus B-lactamase BlaZ/PC1 is under the regulation of the BlaR/Blal system, and is
inducible by the presence of B-lactams.1”3 In Gram-negative organisms, the chromosomal
B-lactamases from Proteus vulgaris1’ NmcA from Enterobacter cloacae'™ and PenA from
Burkholderia spp.178 are regulated by AmpR homologs (see Section 7.2). The mobilized
IMI-2 enzyme is codified in a plasmid together with this regulation system.177

Owing to the diversity of class A lactamases, with distant members possessing 30% or lower
sequence identity, a standard numbering scheme termed ABL was created to assign common
residue numbers to structurally equivalent positions.1’® This helps comparing functionally
important positions among enzymes in spite of insertions or deletions altering the actual
residue numbers in each enzyme. In this review we will use the consensus ABL numbering
scheme to refer to the catalytic residues.

SBLs catalyze the hydrolysis of B-lactams via the nucleophilic attack of a serine side chain
hydroxyl group on the substrate carbonyl group. The catalytic serine (Ser70 in class A
SBLs) is located in a cleft in the interface of the a and a/p halves of the protein and

must be deprotonated by a general base prior to the attack.1’ Two residues have been
suggested for this role: Glu166179: 180 and Lys73181 182 (the |atter present in a conserved
SXXK motif together with Ser70). A vast amount of experimental and computational
studies have shown that Lys73 is neutral 181 183-186 ths confirming its role as general

base in the activation of the catalytic Ser residue. After the nucleophilic attack, a negatively
charged tetrahedral intermediate is formed, which is stabilized by a positively charged cavity
termed the oxyanion hole.247 This species leads to the accumulation of an acyl-enzyme
intermediate.145-147 After ring opening, the former p-lactam amide nitrogen is protonated
by Ser130, and a water molecule activated by Glu166 hydrolyzes the acyl-enzyme complex,
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releasing the substrate and regenerating the active site. Glul166 is part of the Q-loop, located
at the entrance of the active site that plays a key role in defining substrate selectivity.150 This
extended loop is shared with class C and D SBLs.187

Class B—The Ambler class B enzymes (or metallo-p-lactamases) are the main focus of
this review article, and their features will be covered in the rest of this article in deeper
detail.

Class C—The E. colichromosomal class C enzyme was the very first -lactamase to be
reported, in 1940 (with the organism originally referred to as Bacillus coli).188 Decades
later its coding gene was identified and the enzyme was named AmpC.81: 189 Additional
class C enzymes are similarly encoded in the chromosomes of many Enterobacterales,
Pseudomonas spp., Acinetobacter spp., and other Gram-negative bacteria.8LAlthough these
native lactamases are generically referred to as AmpC, specific names referring to the
organism are preferred, such as the ADC (Acinetobacter-derived cephalosporinase), and
PDC enzymes from Acinetobacter and Pseudomonas, respectively.16 Plasmid-borne class C
enzymes have also been identified, including the FOX, CMY, MIR and DHA families.81: 190
There are chromosomally-encoded variants of these enzymes, representing possible origins
for the mobilized forms. A standard residue numbering scheme (termed SANC)19 has
recently been proposed for class C proteins.

The catalytic mechanism of class C enzymes is not fully understood. While possessing

a similar S$84-X-X-K57 catalytic motif, these SBLs lack the conserved Glu166 of class A
enzymes. Thus, the identity of the general base for enzyme acylation and deacylation is not
clear. A conserved Tyr150 may carry out this role,192 but experimental evidence contradicts
its capability to exist in the tyrosinate form.193 Alternatively, Lys67 may act as a general
base in acylation,194 as supported by high resolution crystal structures'9® by Shoichet and
hybrid QM/MM simulations.19 Class A and C B-lactamases have evolved from different
peptidase ancestor enzymes,187 and this is reflected in their different mechanisms.

Production of the intrinsic enzymes is typically regulated, and their expression is induced

in presence of B-lactam antibiotics, commonly via the AmpR system®! (see Section 7.2).
There is however variability in AmpC regulation among different bacterial hosts, and £. coli
lacks AmpR and cannot produce its chromosomic enzyme at clinically significant levels in
the absence of promoter mutations, 127 while 2. aeruginosa possesses multiple homologs of
the AmpD amidase.198 Either loss of AmpD or mutations on AmpR lead to B-lactamase
overexpression or constitutive expression, increasing antibiotic resistance.199

Class C lactamases are mainly cephalosporinases, with hydrolysis rates for some of these
substrates high enough for the process to be diffusion-limited.2%0 They also possess

the ability to degrade benzylpenicillin and other penicillins, while the hydrolysis of
cephamycins, oxyiminocephalosporins, carbapenems and aztreonam is very slow. However,
most of these poor substrates are bound with sub-micromolar affinities,1 which can allow
the enzymes to confer reduced susceptibility when overexpressed and in combination with
porin deletion and/or drug efflux systems.
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Class D—Class D enzymes are known as OXA'’s, since they were initially identified

by their capacity to hydrolyze oxacillin.29%: 202 Although the first discovered enzymes

were plasmid-borne narrow-spectrum penicillinases, this group is highly heterogeneous
both from the functional and sequence homology point of view. Indeed, oxacillin

hydrolysis is not a common feature of all class D enzymes, and the hundreds of

currently known OXAs show a large degree of variability in their substrate spectrum.

Some of them maintain a narrow spectrum while others possess ESBL characteristics,

and some OXA enzymes are clinically relevant carbapenemases. As a result, several
“subfamilies” of OXA lactamases are recognized, with particular substrate spectrum and
host distribution.291-203 OXA-51 and related enzymes are ubiquitous in Acinetobacter
baumannii, where they are chromosomally-encoded. Despite being poor carbapenemases,
overexpression of these proteins can confer reduced susceptibility to these drugs. Other
OXA families prevalent among Acinetobacter spp. are more efficient carbapenemases, being
either native or acquired enzymes.203 These include the families of OXA-23, OXA-24/40,
OXA-58 and OXA-143. Class D carbapenemases, mainly from the OXA-48 family, are

also a significant cause of carbapenem resistance among Enterobacterales. OXA-48-like
enzymes are especially widespread among K. pneumoniae.20* Many of these Carbapenem-
hydrolyzing class D p-lactamase (CHDL) families present relatively modest hydrolysis
rates for carbapenems, and tend to act in coordination with other resistance mechanisms
such as efflux pumps to provide high levels of resistance. Several ESBLs from the OXA
group are plasmid-borne enzymes derived from the narrow spectrum OXA-10 by a small
number of point mutations, including OXA-11, OXA-13 and OXA-28.203 They provide
resistance to £ aeruginosa towards the antipseudomonal cephalosporin ceftazidime and
other extended spectrum cephalosporins. OXA-2-like ESBLs such as OXA-15 and OXA-32
have also been identified in this organism, while OXA-21 (from this group) was observed in
A. baumannii. Class D lactamases have also been reported in Gram-positive organisms, as
intrinsic enzymes in isolates from the Bacillusand Clostridioides genera. Similarly to what
was previously mentioned for class A and C enzymes, there is a standard numbering scheme
for class D B-lactamases, termed DBL.20°

As elegantly demonstrated by the Mobashery group, the catalytic activity of class D
enzymes is made possible by an unusual post-translational modification, in which the active-
site lysine (equivalent to Lys73 and Lys67 in class A and class C enzymes, respectively)

is N-carboxylated.296: 207 This process, facilitated by a highly hydrophobic site that

lowers the lysine side chain pKa, allows it to act as a general base during catalysis. The
carboxylation reaction is spontaneous and reversible, and thus an adequate pH (>=7) and
levels of bicarbonate in the reaction medium are required to obtain optimal enzyme activity.
Intriguingly, Vakulenko et a/. have reported that enzymes considered to be narrow spectrum,
such as OXA-2 and OXA-10, possess similar carbapenem-hydrolysis parameters /n vitro
when compared to CHDLS such as OXA-23, OXA-24/40 and OXA-48.298 Furthermore,

the former are able to confer clinically significant levels of carbapenem resistance when
expressed in A. baumannii, but not in £. colior P, aeruginosa. Thus, the established
functional classifications within class D may need to be re-evaluated, given the large
influence of the bacterial host on the observed phenotype, and the lack of adequate
supplementation of bicarbonate in the reaction medium being a potential source of
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contradictions among different publications on the reported kinetic parameters of these
enzymes.

Functional classification

An alternative system of classification of p-lactamases based on their activity profile

and susceptibility to inhibitors was proposed by Bush, Jacoby and Medeiros.20% 210 This
functional classification denotes three major groups by the numbers 1 to 3, with subdivisions
within each group identified by one or more letters (e.g. 2a). The emphasis on the

enzyme’s substrate profile and effective inhibitors is intended to aid physicians and clinical
microbiologists, informing suitable therapeutic options upon molecular identification the
resistance mechanism. In many cases, the groups are defined in terms of relative hydrolytic
activity versus key substrates such as benzylpenicillin or early cephalosporins, due to the
initial limitations in obtaining pure preparations of the proteins for determination of true
catalytic parameters.

In spite of the different criteria used for each scheme, there is a significant alignment

of the functional groupings and the Ambler classification. Group 1 corresponds

to cephalosporinases that present a preference for cephalosporin substrates over
benzylpenicillin, and is composed of all class C enzymes. Meanwhile, group 2 is composed
by the Ambler class A and D p-lactamases, and is divided into several subclasses owing

to the large heterogeneities in their substrate and inhibition profiles. Of these, class D
lactamases exclusively compose subgroup 2d and its subdivisions, while the rest of the
subgroups are made up of class A enzymes. Of particular clinical importance are enzymes
from groups 2be, containing Extended Spectrum B-Lactamases (ESBLsS) such as CTX-M
and PER, and group 2f, which includes the class A carbapenemases such as KPC and

GES. Group 3 contains the class B enzymes, i.e., metallo-p-lactamases. Two subgroups are
defined: 3a contains the wide substrate spectrum MBLS, encompassing Ambler subclasses
B1 and B3, while 3b is composed by MBLs which only efficiently degrade carbapenems,
corresponding to Ambler subclass B2.

3.3. B-Lactamase databases

The widespread access and decreasing costs of DNA sequencing technologies have allowed
B-lactamase detection at the molecular level, with direct identification of the coding gene,
to accompany the traditional phenotypic and PCR-based assays used to assess the causes of
antibiotic resistance. This has also allowed an increased ability to detect new p-lactamases
and novel clinical variants of previously identified ones. Many of the main enzyme families
now possess hundreds of known alleles. Therefore, it is crucial to possess adequate tools to
access and interpret this growing corpus of biological sequence information. While most of
these data are routinely deposited by authors in general databases such as NCBI’s GenBank,
there is a need for specialized, curated repositories to guide the work of both clinical and
research laboratories.

The main online database serving the p-lactamase community was maintained for many
years by Karen Bush, George Jacoby and Timothy Palzkill at the Lahey Clinic website
(originally hosted at http://www.lahey.org/Studies/, now at http://externalwebapps.lahey.org/
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studies/). In addition to tracking known B-lactamase sequences, the database managers
assigned the corresponding numbers to newly reported alleles. Starting from 2015,

this task has been taken up by NCBI personnel, with allele submission guidelines
available at https://www.nchi.nlm.nih.gov/pathogens/submit-beta-lactamase/. Agreement on
a centralized authority to assess reports of new B-lactamases and assign variant numbers
is of great importance to avoid the confusions caused by variants with duplicated names
or missing sequence information. Additional databases are focused on specific classes
and families of enzymes, including LACED?1! (http://www.laced.uni-stuttgart.de/) which
compiles information class A and B lactamases, and the Institute Pasteur database which
contains mainly data from OKP, LEN and OXY lactamases from Klebsiella (https://
bigsdb.pasteur.fr/klebsiella/klebsiella.html)

More recently, the Beta Lactamase Data Base (BLDB, http://www.bldb.eu/) was established
by Bogdan lorga, Thierry Nass and collaborators, covering all p-lactamase classes and
providing a wider range of information compared to previously developed repositories.212
In addition to references to the corresponding nucleotide and amino acid sequence of each
lactamase, the database provides data regarding their origin organism, publication of first
description, sub-family (if any), available structures and existence of engineered mutants.
Information on the kinetic parameters of antibiotic hydrolysis is also available for a subset
of the proteins, as are pre-calculated sequence alignments and phylogenetic trees of each
B-lactamase class and enzyme family.

An analysis of the information contained in BLBD reveals the staggering amount of -
lactamases that have been identified to date. As of this writing (January 2021), the site
reports a total of 6789 enzymes, with 1589 of them belonging to molecular class A, 710

to class B, 3475 to class C and 1015 class D. However, this tally includes cases such

as lactamases which are duplicated due to being assigned more than one name, reported
enzymes with missing sequences or allele numbers which were assigned but with no known
sequence. By our own analysis of the database entries, the number of unique protein
sequences is slightly lower at 6330, of which 1283, 676, 3415 and 956 belong to classes

A, B, C and D, respectively.

Lack of standardized naming conventions, such as to what should constitute a new family of
B-lactamases, have led to disparities such as OXA-1 and OXA-2 sharing a similar (or even
lower) sequence identity to that observed between different MBL families, such as NDM
and VIM. The identification with different numbers for alleles separated by as little as a
single amino acid substitution has also been a point of contention in comparison to practices
in the study of other resistance mechanisms, although it may be justified by massive

impact that a few substitutions may have in properties such as the substrate spectrum of

a p-lactamase.

Apart from enzymes which are identified by unique names, a cursory search of the NCBI
GenBank database using BLAST will reveal numerous homologous proteins for many of
them, corresponding generally to sequences obtained from environmental bacteria that were
either isolated or observed through metagenomic analyses. This reveals a vast reservoir of
additional p-lactamases existing beyond the clinically relevant enzymes of the present, but
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with the potential to be mobilized from their currently innocuous context into pathogenic
bacteria.

B1, B2, B3 — folding, evolution, superfamily, active sites,

4.1. General overview

MBLs are Zn(lI1)-dependent metalloproteins, which belong to class B in the Ambler
molecular classification and group 3 of the functional classification system. MBLs are
unique by their unsually broad substrate spectrum, being able to hydrolyze penicillins,
cephalosporins and carbapenems and even p-lactam-based SBL inhibitors such as clavulanic
acid and sulbactam, i.e., all classes of bicyclic p-lactams.14 17,1921, 23 Only 30 of MBLs
(a particular subclass) are exclusive carbapenemases. This makes MBL unique by the fact
that all of them can efficiently hydrolyze carbapenems, thus representing a challenge for the
clinical use of these antibiotics. Only monobactams are universally spared from hydrolysis
by these versatile hydrolases. In contrast to SBLs, there are no clinically useful inhibitors for
MBLs yet. As a result, the resistance conferred by these enzymes cannot be countered at this
time. However, a varied set of promising compounds which abolish their activity have been
identified, some of them currently under clinical trials (see Section 6).

According to the BLDB database,?2 710 MBLs have been reported (January 2021), that
are classified into three subclasses: B1 (509), B2 (22) and B3 (179), and there are in total
380 structures deposited in the PDB, encompassing native and mutant enzymes, as well
as adducts with inhibitors and other ligands such as significant species of the catalytic
mechanism.

MBLs consist of a single globular domain with a highly conserved structure despite the

low sequence homology among different members of this protein family (Figure 7). Their
characteristic ap/Ba tertiary structure is also shared with a set of proteins widely distributed
among the three domains of the tree of life, able to catalyze various functions unrelated

to antibiotic resistance. These proteins define the so-called MBL superfamily,20: 213-216 5
diverse group of proteins, mostly metallohydrolases (see section 4.9). Since the first solved
structure of this superfamily was Bcll, the metallo-B-lactamase from B. cereus by Carfi,
Dideberg and coworkers,217 it is known as the MBL fold. The large similarities in the

linear succession of the secondary structure elements between the two ap halves of these
proteins suggest the possibility that they were the result of an ancestral gene duplication
event, although no candidate for the initial gene has been identified and there is no sequence
homology between the two halves.

The low degree of primary structure conservation within MBLs (with sequence homologies
as low as 10% between the most distant enzymes) makes it difficult to compare different
proteins (Figure 9). This led to the need of a standard numbering scheme for these enzymes,
called BBL numbering (Figure 6). This consensus numbering was obtained from a structural
alignment of a set of representative MBLs.218. 219 |t allows the identification of structurally
conserved residues by assigning them a common residue number, regardless of their actual
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position in each MBL sequence, and is usually employed when discussing the structural
features of these enzymes. There are still papers being published nowadays that do not
follow the BBL numbering, generating confusion in the literature. This section, and all the
current review, uses the most recent BBL numbering scheme?19 to indicate residue positions
within MBLs. It should be noted that there are certain discrepancies in the numbering
between the first published report?® and the most recent description of the BBL scheme,
and that some residues are still usually described in the literature using the numbers
assigned in the former. To avoid confusion, the older numbering will also be indicated

when necessary. Nevertheless, given that a large number of new MBLs have been discovered
since the latest update of the BBL scheme in 2004, it imperious to revise this consensus
numbering and foment its use in future publications.

The active site of MBLs is placed between two p-sheets that define the boundaries of the
two halves of the protein (Figure 7). One or two zinc ions, responsible for substrate binding
and catalysis, are coordinated in this position by a set of ligands located in different loops
that define the active site. All MBLs contain a characteristic H/N116-X117-H118-X119-D120-
H/X1,1 metal binding motif in the N-terminal half of the protein that provides three or

four zinc ligands, and is conserved also in members of the MBL superfamily. Other two
loops located in the C-terminal half provide two extra metal ligands. Differences among
MBLs have led to the definition of three MBL subclasses: B1, B2 and B3 (Figure 7).220
This classification is primarily based on sequence homology, but each subclass is also
characterized by a conserved set of metal ligands and occupancies of the two metal binding
sites, as well as a defined substrate spectrum. A recent phylogenetic analysis by Kristiansson
and co-workers proposed the further subdivision of subclass B1 and subclass B3 MBLs into
a set of generally monophyletic groups, which will be discussed in Section 9.221

Evolutionarily, B3 enzymes form a separate clade from B1 and B2 MBLs, and are more
closely related to members of the MBL superfamily devoid of lactamase activity than to B1
and B2 MBLs.222 Hall and Barlow have concluded that the B-lactamase activity has evolved
independently within each subclass223 (see Section 4.8). Based on this divergence, Hall,
Bush and Frere had a debate about whether the Ambler classification of MBLs should be
reconsidered or not.224 225 Here we will present general features distinguishing B1, B2 and
B3 enzymes, and particular details will be discussed in more detail in Section 4.7.

Zn(11) ions are essential for the ability of MBLs to confer resistance, being responsible of
substrate binding and catalysis. B1 MBLs possess two metal binding sites, known as the
Znl and Zn2 sites. The Zn1 ion is coordinated to residues His116, His118 and His196
(also known as 3H site), while Zn2 is bound to Asp120, Cys221, His263 (DCH site) and

a water molecule (Figure 8). A bridging hydroxide completes the coordination sphere of
both sites. As a result, the Zn1 site adopts a tetrahedral coordination geometry, while the
Zn2 is trigonal bipiramidal. Some crystal structures have revealed the presence of additional
water ligands in either site, but this represents the canonical binuclear site of B1 MBLs.
The Zn-Zn distance ranges from 3.5 to 3.9 A in the resting state.226-229 This ligand set is
highly conserved within B1 enzymes (with only one exception, the enzyme SPS-1230), and
mutation of the coordinating residues generally leads to variants in which in general both
the catalytic parameters and the zinc binding features are impaired.231-237 The assignment
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of a hydroxide character to the bridging ligand is derived from the short Zn1-OH bond
length (1.9 A)226 and the lack of an acid pKa influencing the pH dependence of substrate
hydrolysis238 (see discussion in Section 5). Instead, the Zn2-OH distance is 2.2 - 2.5 A,
revealing a stronger interaction of this ligand with the Zn1 site (Figure 8). The essentiality
and functional roles of the two metal binding sites have been matter of intense debate in the
literature. The consensus picture is that Zn1 positions the nucleophilic hydroxide while Zn2
acts in substrate binding by coordinating the C3/C4 carboxylate present in the non-p-lactam
ring of the antibiotic, and stabilizing an anionic intermediate.23%-242 Zn1 has been suggested
to polarize the p-lactam carbonyl, but this role has also been attributed to active-site residues
such as Asn233.226, 227, 243, 244 These aspects will be discussed in detail in Section 5. The
active site in B1 MBLs is a shallow groove flanked by two loops, generally termed L3 and
L10 (corresponding to BBL positions ca. 59-67 and 223-241, respectively). As a result,

B1 enzymes can accommodate and hydrolyze penicillins, cephalosporins and carbapenems.
Subclass B1 encompasses most clinically relevant MBLs, including the widely disseminated
plasmid-borne enzymes of the NDM, VIM and IMP families. The enzyme SPS-1 from
Sediminispirochaeta smaragdinae is a notable exception within B1 enzymes, since His116
is replaced by a glycine residue and the resulting vacant coordination position of the Zn1
site is occupied by a water molecule, demonstrating a degree of plasticity in the metal

ligand site (Figure 8). SPS-1 can hydrolyze carbapenems and certain cephalosporins but not
penicillins.230

Proteins belonging to the B2 subclass are evolutionarily related to B1 enzymes, but possess
key differences in metal coordination and the active-site topology. Crystal structures are
available for only two B2 enzymes: CphA245 and Sfh-1,246 the latter being the only

one corresponding to the resting state form of a native B2 MBL. These MBLs are
monometallic, with only the Zn2 position (at the DCH site) occupied in the catalytically
active form (Figure 8). This is due to a reduced metal affinity in the Zn1 site caused

by the substitution of His116 by an asparagine residue. Metal binding to the Zn1 site
inhibits the hydrolytic capabilities of these enzymes, confirming that they are active as the
mononuclear species.24”- 248 The metal site in the resting state form is tetrahedral, with an
apical water ligand completing the coordination geometry at 2.24 A from the Zn(1l) ion,
suggesting that this ligand might not be the attacking nucleophile (see below). B2 MBLs are
exclusive carbapenemases, while hydrolysis of other beta-lactam substrates is undetectable
or irrelevant to elicit resistance when expressed in bacteria. This substrate selectivity has
been attributed to a narrower active site compared to B1 and B3 MBLSs, despite second
sphere residues also play a role in shaping the substrate profile of B2 enzymes (see Section
4.7.2). Instead of being flanked by two loops, the entrance of the active site is defined by an
elongated and kinked a.3 helix that allows that restricts substrate access.24% 249 Overall, the
active site is deeper and narrower than in B1 and B3 enzymes.245. 246

MBLs from subclass B3 are broad spectrum and have two metal binding sites, like B1
MBLs. The structure of L1 from S. maltophilia was the first B3 structure available, and
still represents the model for B3 enzymes.2°0 While Zn1 ligands are similar to those in B1
enzymes (3H site), there is no Cys ligand at the Zn2 site (in contrast to B1 and B2 MBLS).
Cys221 is substituted by a residue which does not participate in metal binding, and which
varies among different B3 enzymes. Instead, residue His121 (present in the metal binding
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domain and next to the conserved D120) coordinates this metal ion, leading to a modified
ligand geometry for the Zn2 site (DHH site), which is rotated ca. 80° with respect to the one
in B1 sites?20 (Figure 8). There are some exceptions to this ligand configuration, as GOB
enzymes possess a glutamine in position 116, and have been shown to be active both in
bimetallic forms and as mono-zinc enzymes, with only the Zn2 site occupied, similarly to
B2 MBLs.251-254 The active site in B3 enzymes is also flanked by two loops that are more
extended than those from B1 lactamases (Figure 7). The B3 enzyme L1 is a tetramer,255: 256
an exception since all other MBLs are monomeric proteins. In the case of L1, mutations that
prevent formation of the tetrameric form lead to impaired catalytic activity.257

4.2. Zn(ll) binding: Does it take two to tango?

Abraham and Newton reported in 1956 an unusual hydrolytic activity of Bacillus cereus
569/H cultures against cephalosporin C.11 In 1962 they informed that the penicillinase
activity fell rapidly to 15 % of its original value after incubation at 60 °C, while 90 %

of the cephalosporinase activity was retained, concluding that “culture fluids of strains of
B. cereus contain a cephalosporinase which may be a -lactamase”.12 Protein preparations
showed a loss of cephalosporinase activity, while retaining part of the penicillinase activity.
Based on this, Sabath and Abraham concluded in 1966 that this new cephalosporinase
required a cofactor that was lost during the purification.13 Upon identifying the inactivation
of this activity by addition of EDTA, they showed that this enzyme was a Zn(l1)-dependent
cephalosporinase. The characterization of this enzyme as a broad spectrum lactamase led
to the name B-lactamase 11,262 as the organism also produced two additional lactamases:
B-lactamase | and B-lactamase 111 (both SBLS). This enzyme, then renamed as Bcll, is an
extracellular protein, as is p-lactamase I. Another highly similar MBL was reported in strain
5/B/6 of this organism.2%3 Since this host is not a clinical pathogen, Bcll was regarded

as a biochemical curiosity without clinical impact for almost three decades. These studies
were fundational to the field and were exploited when MBLs became a clinical threat. The
carbapenemase activity of MBLs was recognized much later, since thienamycin (the first
known carbapenem) was discovered in 1976.44

In 1970, Kuwabara purified and obtained obtained the first crystals of Bcll.254 Pioneering
biochemical and spectroscopic studies allowed Davies and Abraham in 1974 to identify the
presence of two metal binding sites, and a Cys as metal ligand in a must-read paper for

the field.265 Metal substitution experiments were crucial to obtain the first glympses into
the enzyme active site. They also observed that metal binding to the apo (metal-depleted)
enzyme elicited conformational changes. Later, a series of NMR experiments revealed that
3 His residues were involved in one metal binding site, and a fourth His could bind the zinc
at the second site.266-269 These studies paved the way for a series of elegant pioneering
mechanistic studies by Stephen G. Waley and coworkers in Oxford in the mid-1980s that set
the bases for the elucidation of the chemical mechanism of MBLs that was finally defined
along the next 30 years.270. 271 There were many controversies on the mechanism that will
be discussed in Section 5.

A big step ahead in the study of MBLs was the simultaneous report of the amino acid?72
and gene?’3 sequences of Bcll, that confirmed the lack of evolutionary link with SBLs.
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Expression of Bcll (an extracellular protein) in £. coliresulted in an efficient processing

of the signal peptide and secretion as a single product retained into the periplasm.273

Thus, despite its origin, Bcll has been frequently expressed in Gram negative bacteria as a
control for MBL-mediated resistance, and even for directed evolution studies in £.coli2"*
Gene cloning enabled the first mutagenesis studies of Bcll, that identified His11827° and
Asp120276 as critical for function. This evidence led to the initial suggestion of Asp120 as a
possible general base for catalysis.

The first crystal structure of Bcll was obtained in 1987 for the Cd(ll) derivative at 3.5
A.277 This resolution did not allow assessing in detail the metal coordination environment,
but it suggested the possible binding of a second metal-ion equivalent and the involvement
of Asp120 as a metal ligand. A new era in the study of MBLs started in 1995 when

Carfi, Dideberg and coworkers reported the structure of Bell at 2.5 A with a single

Zn(11) in the active site,217 bound to three His residues and a solvent molecule with a
tetrahedral geometry, i.e., resembling the active site of carbonic anhydrase. The subsequent
crystal structure of the Bacteroides fragilis enzyme CcrA/CfiA reported in 1996 by
Concha, Herzberg and coworkers showed for the first time the binuclear Zn(ll) site of

B1 MBLs.227: 228 |n 1998, two crystal structures of Bcll soaked in a buffer with higher
Zn(I1) concentration by the Sutton and Dideberg groups?28: 278 and a spectroscopic study
from the Vila lab?”® confirmed that Bcll could host a binuclear site identical to the one
reported for CcrA. The same year, Spencer and coworkers informed the structure of the
tetrameric B3 enzyme L1 from S. maltophilia.?® The first structure of a B2 lactamase
(CphA from Aeromonas hydrophila) with a single Zn(I1) ion was reported in 2005 by Garau,
Dideberg and coworkers,24> although not in the free form. Indeed, the first structure of the
mono-Zn(l1) site of a B2 enzyme in the unbound form was available in 2011 for Sth-1 from
S. fonticola, which was solved by the Spencer lab.246

The discussion of the metal-ion stoichiometry required for catalysis in B1 and B3 enzymes
has been a central issue in the field of MBL structure-function analysis (see also Section

5). In the case of B1 enzymes, most crystal structures of the mono-Zn(Il) variants show

the metal ion localized at the 3H site, and Cys221 is oxidized to different degrees:

sulfinic acid in Bcll,280 sulfenic acid in SPM-1281 and sulfonic acid in VIM-2.282 Different
authors?80. 281 have concluded that Cys oxidation is the consequence of dissociation of Zn2.
This suggests that Zn2 is more labile to dissociation than Zn1, but this is contradictory

with the affinity constants (see below). The absence of Zn2 and Cys oxidation disrupts the
active-site hydrogen bond network and elicits changes in the position of the putative Zn2
ligands. The structure of mono-Zn(l1) NDM-1,283 shows a Zn1 ion with large B factors
bound to His116 and His118, but beyond binding distance to the third His ligand of the

3H site (3.2 A), and lacking a bound water. This raises the question whether this site can
effectively bind and hydrolyze substrates. The structure of mono-Zn(I1) L1,260 instead shows
that the absence of the Zn2 ion does not elicit any distortion in the metal site. However,

even the structure of apo-L1 shows an ordered active site, with the metal ligands adopting
almost the same position than in the bi-Zn(I1) enzyme,260: 284 which is not the case for
apo-Bcll,278 showing a disorded active site. In the case of B1 enzymes it seems unlikely that
these structures can represent an active species, based on the disorder elicited by the absence
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of the Zn2 that removes some structural features essential for substrate binding (Section 4.4)
and catalysis (Section 5).

In solution, there is a completely different scenario, since there is contradictory evidence
regarding the metal binding affinities and the cooperativity of binding of the two metal-
ion equivalents. As a result, different laboratories have conflicting evidence regarding the
possibility of having in solution mono-Zn(I1) species with the metal ion localized in only
one site. Addition of substoichiometric Zn(ll), Cd(II) or Co(ll) to Bcll do not lead to
sequential binding of both sites, and different spectroscopies have revealed a mixture of
population of mononuclear and binuclear sites, some of them in fast equilibrium.285-290

The Crowder group has reported the sequential binding of Zn(I1) to several MBLs monitored
by EXAFS spectroscopy, linked to the report of activity for the mono-Zn(ll) variants of
Bla2,291 L1292 and NDM-1293 with the metal ion localized at the 3H site. These reports

are consistent with the crystal structures of mono-Zn(I1) L1 and NDM-1. However, the

zinc binding constants for the first and second equivalent to L1 are very similar and

would make it not possible to isolate the monometallated variant (2.6 and 5.7 nM).290, 294
Metal binding experiments suggest a different view, since various studies have indicated the
presence of positive cooperativity for Zn(I1) binding in enzymes such as Bcll,285-287, 295-297
CcrA298 and IMP-1,2%9 which would lead to formation of binuclear species even under
substoichiometric metal concentrations. Wommer and coworkers also reported that substrate
binding results in a significant increase in the Zn(l1) binding affinity in several MBLs,2%9

a finding that is consistent with slower k,zvalues when external ligands are bound to the
enzymes.

In spite of contradictory /n vitro evidence and the presence of activity in mono-metallic
forms of various enzymes, there is a general consensus supporting that the physiologically
relevant forms of the B1 and B3 enzymes are bimetallic.3%0 Inhibitor design to B1 and

B3 enzymes has been focused to inhibit the binuclear species. In the case of Bcll, it was
shown that impairing the binding affinity of the Zn2 site resulted in low resistance levels to
antibiotics unless there is excess Zn(ll) in the external milieu,3% indicating that the active
species in the periplasm is the binuclear form.

4.3. MBLs have unique metal sites

MBL sites present some unique coordination chemistry features. The Zn1 site in B1 and B3
enzymes resembles the one of carbonic anhydrase, with a tetrahedral HisgWat ligand set.30
However, there are some differences. First, the pKa of the Zn(11)-bound water is much lower
in MBLs than in carbonic anhydrase.302 303 Second, two His ligands are in a His-X-His
sequence in both enzymes, but these His are bound to the zinc through their Ne2 in carbonic
anhydrase, while in MBLSs, the coordinating N atoms are Ne2 (H116) and N&1 (H118). This
is unusual, since N&1 ligation entails more steric requirements than Ne2 ligation, and N&1
coordination is generally favored for His ligands distant in the protein sequence.304

The binuclear site is also unusual in featuring Zn1-Zn2 distances (3.5 to 3.9 A) longer
than in most binuclear zinc hydrolases and by the lack of a protein ligand bridging the two
metal ions. Metallohydrolases usually feature one or two carboxylate residues binding the
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two metal ions in a p-fashion.305: 396 |n principle, this configuration would enable a larger
flexibility to the MBL sites, a fact that is compatible with their broad spectrum substrates,
that requires the accommodation of ligands with different geometries. This hypotheses has
been substantiated by the observation of even longer Zn-Zn distances during turnover (up to
4.6 A).307

The presence of a cysteine residue in a catalytic zinc site (in B1 and B2 MBLS) is rare308: 309
and especially so in oxidizing environments such as the periplasm and extracellular medium
under aerobic growth. Analysis of the Bcll C221D mutant, in which this residue was
replaced by the conserved aspartate present in superfamily enzymes, demonstrated that

the presence of cysteine in this position significantly boosts the affinity towards Zn(11).300
While the mutant enzyme showed similar catalytic efficiency /n vitro under Zn(I1)-replete
conditions, its capability to confer resistance without metal-ion supplementation was highly
impaired. Similarly, IMP-1 mutant C221D possesses reduced Zn(lI1) binding affinity, but

its activity was restored by addition of excess Zn(l1) to the assay media.233 310 Thus,

the unusual presence of this residue as a metal ligand is an adaptation that helps MBLs
constitute their active species under conditions of low Zn(I1) availability, such as those that
would be experienced by bacterial pathogens in infection sites (see Section 10).311. 312

In general, substitutions in any of the metal ligands leads to both reduced Zn(ll) binding

and impaired catalytic efficiency, as has been observed for replacement of the Cys or His
residues.231-237, 313, 314 However, the most drastic effects in activity have been observed
upon mutagenesis studies of Asp120, present in all MBL subclasses.231: 276, 315-318

4.4. Substrate binding to MBLs

Trapping substrate binding to enzymes is usually challenging. In the case of MBLs,
countless undocumented efforts have been devoted to trap an intact substrate molecule

in the active site of these enzymes to obtain a structural description of the Michaelis
complex (ES) of a p-lactam bound to an MBL (a model of an intact cephalosporin substrate
bound to NDM-1 is displayed in Figure 10-a). Different strategies have been attempted
using poorly active metal derivatives, mutants of essential residues (mostly, Asp120)
combined to substrates hydrolyzed with low k.,:and low Ky, values. There is a report

of faropenem bound to Cd(11)-NDM-1,319 but a closer analysis®20 led to the conclusion that
the refined electron density could not be described by an intact substrate molecule. The
closest experimental structural picture to an ES complex is the adduct of a cyclobutanone
synthesized by Dmitrienko complexed to SPM-1 reported by the Spencer and Schofield
groups.243 The structure shows the hydrated form of the cyclobutanone in the active site,
with a tetrahedral C6 with two oxygen atoms (Figure 10-b), mimicking the transition

state generated upon the nucleophilic attack. These oxygen atoms are not bound to Zn1,
suggesting that this species was formed in solution and not within the active site. The
carboxylate interacts with Zn2 and Lys224. This is the most common pattern of substrate
binding, but others will be analyzed when discussing the features of each protein family
(Section 4.7).

Substrate binding has been monitored by stopped-flow tryptophan fluorescence under
pseudo-first order conditions, revealing conformational changes in the active site coupled
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to substrate binding.322 This strategy has been employed to study substrate binding to L1,322
Bcl1239 and Imi$S,323 enabling measurement of the binding constant Kg, and individual
kinetic constants. However, substrate binding in the literature is mostly analyzed by
comparing the Michaelis constant, K3, that includes other parameters. In the case of
penicillin and cephalosporin binding to L1 and Bcll, the main complex that accumulates
retains the intact amide bond (except for the particular case of nitrocefin, discussed below).
This approach also allowed assessing the movement of a loop flanking the active site in

L1 is kinetically linked to the formation of a reaction intermediate.324 Imipenem binding to
Bcll experiences a conformational rearrangement during turnover, with the accumulation of
two intermediates (Figure 11).23% The time course of carbapenem binding to the B2 enzyme
ImiS also showed two phases, revealing that this particular behavior of carbapenems in the
active site during turnover is not exclusive of B1 enzymes.323 This can be related to the
finding of two intermediate species in the hydrolysis of carbapanems by MBLs.241

Fluorescence experiments also demonstrated that apo-Bcll (demetallated) is not able to bind
B-lactam substrates (Figure 11). The X-ray structures of apo-MBLs show that the active site
becomes disordered when the metal ions are removed, but the enzyme is folded and stable.
Therefore, substrate binding in B1 MBLs is driven by electrostatic interactions with the
metal ions. A crystal structure of apo-L1 virtually identical to that of the bi-Zn(Il) species
was not able to bind any ligand /n cristallo, extending these results to B3 lactamases.284 This
is unusual, since the metal ions in zinc enzymes are mainly responsible of the chemistry
while substrate recognition depends on the presence of specific patches in the active site:

for example, apo-carboxypeptidase A is able to bind peptide substrates through hydrophobic
interactions.32> These results are in line with the lack of an optimized substrate recognition
patch and the shape of the active site of broad spectrum B1 and B3 MBLs.

Substrate binding is steered by the electrostatic interaction of the carboxylate group of the
B-lactam with the metal site. Docking experiments,227: 326, 327 5 el as the different crystal
structures of products and intermediates?2% 328, 329 reveal that binding of the invariant
carboxylate group (at C3 in penicillins and carbapenems and C4 in cephalosporins) to Zn2
orients the p-lactam ring close to the nucleophilic hydroxide (Figure 10). Other conserved
active-site residues also contribute to substrate binding. Lys224, present in most B1 and B2
MBLs, establishes H-bond interactions with the carboxylate group of the substrate, and a
similar role is fulfilled by Arg228 in many VIM family enzymes, which lack this residue
(see Section 4.7.1.2). In the B3 enzyme L1, there are no positively charged residues in

this position, and the carboxylate interacts with S221 and S225 (223 in the older BBL
numbering).250: 330 Meanwhile, Asn233 (B1 and B2) or Tyr229 (B3) contact the p-lactam
carbonyl, at least in some cases, and may assist in its polarization prior to the nucleophilic
attack. Both of these positions are situated in the active-site loop L10, which constitutes

one of the walls of the active site. These minimalistic binding features enable the active

site of broad spectrum MBLs to bind and hydrolyze efficiently a wide variety of bicyclic
compounds, some of them decorated with bulky substituents. Despite the metal ions are
essential for substrate binding, the active-site residues present in positions 224, 228, 221 and
225 play a key role in adequately steering the carboxylate group. Indeed, as elegantly shown
by Meyer and coworkers,33! different B-lactam substrates bind a bi-Zn(11) model complex
unproductively, with the carboxylate making a p-nt:n?! bridging interaction with the two
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Zn(I1) ions (Figure 12). This result highlights the relevance of the active-site architecture for
the adequate positioning of the substrate.

Loop L3 in B1 enzymes and an analogous loop in B3 MBLs conform the other wall
flanking the active site, and these loops are also crucial for substrate binding (Figure 14).
The L3 loop extends between B-strands 3 and 4, and spans residues ca. 59 to 67 in BBL
numbering, while its functional equivalent in B3 enzymes (loop a3-$7) spans BBL residues
ca. 148 to 164. The loop acts as a flexible flap, allowing it to close over substrates and
inhibitors upon their binding to the Zn(Il) ions. Motions and conformational changes of this
segment have been experimentally correlated with enzyme catalysis, and various positions
along it establish hydrophobic contacts with the substrate. A conserved hydrophobic amino
acid (mostly aromatic) is usually found at the tip of the loop in position 64, being Trp

for CcrA and IMP-1, Phe for NDM-1, although it is Ala and amenable to substitution
without great impact in antibiotic hydrolysis in VIM-2.332 Residues 61 and 67 at the base
of the loop, together with the nearby residue at position 87 (generally Trp or Phe), form

a hydrophobic patch that interacts with substrate R1 substituents. Mutagenesis experiments
have shown that substitution or deletion of amino acids in this loop can impact catalytic
parameters or influence the substrate preference of the enzyme.232. 333-336 Eyrthermore,
engineering the L3 loop of VIM-2 or IMP-1 in the scaffold of NDM-1 resulted in changes
in the accumulation of a reaction intermediate in the catalytic mechanism evidenced by
pre-steady-state kinetics,337 as was previously shown for mutations in this region within
Bell and IMP-1.333 More detailed experiments are discussed in Section 4.7.

Despite this ability to bind and hydrolyze many substrates, it is surprising to note that the
simpler, smaller monobactams are hydrolyzed by MBLs with very low turnover numbers
and thus, MBLs are unable to confer resistance to monobactams in bacteria. The best
reported performance of an MBL towards aztreonam is that of NDM-1 (kg4 ~ 0.014 571, Ky,
of 9 mM).338 While all bicyclic B-lactams possess a carboxylate group in the C3/C4 position
which binds to the Zn2 site, monobactams have a sulfonate group (Figure 1). Aztreonam
binding to Bcl133% and NDM-1338 is weak and, according to NMR experiments, it binds

Zn2 through the sulfonate group in a non-productive fashion, since the p-lactam ring is
located far from the nucleophile (Figure 13).33% Computational studies suggest an alternative
non-productive binding of aztreonam to NDM-1 in which the sulfonate moiety replaces the
bridging hydroxide between the two Zn(11) ions.340 A minimalistic 2-azetidinone with a
carboxylate group was also refractory to hydrolysis by Bcll. We conclude that the bicyclic
scaffolds of penicillins, cephalosporins and carbapenem are required for productive binding
to all MBLs. It has been speculated that the non-null activity of NDM-1 toward aztreonam
could evolve towards more efficient variants,338 as observed for TEM-1. We speculate

that in the case of broad spectrum B1 and B3, a productive binding of a mononuclear
B-lactam may require an active-site restriction that would result in an activity tradeoff
compromising the catalytic efficiency toward bicyclic substrates. In this sense, the combined
use of aztreonam with other p-lactams may be successful for the treatment of infectious
caused by MBL producers.

Finally, Schofield, Brem and coworkers also reported the hydrolytic activity of several
MBLs against the DBO inhibitor avibactam.338 However, as the authors themselves indicate,
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the reported catalytic parameters are imprecise due to the low turnover numbers. No data
about how this drug binds MBLs are available. The clinical impact of these findings,
particularly in future evolutionary events, remains to be addressed.

4.5. Active-site Flexibility

Substrate binding to MBL active sites occurs primarily through coordination of conserved
elements of B-lactam antibiotics to the Zn(I1) ions. This alteration of the metal coordination
sphere is reflected in an increased Zn-Zn distance in binuclear MBLs during catalysis and
when bound to products or inhibitors, as observed in crystal structures and by spectroscopic
techniques such as EXAFS (see Section 5). This rearrangement is enabled by the lack

of a residue bridging both zinc ions and is coupled to the flexibility of the loops that
provide the metal ligands. Residues belonging to the L7 loop (Figure 14), containing

the main metal binding motif Hy16XH118XD120, Were observed to present alternate
conformations in a series of Bcll structures with varying metal content and oxidation state
of Cys221.341 B1 MBLs possess two near-universally conserved Gly residues preceding
the Zn, ligand Cys221, originating the subclass-characteristic motif Gy19G220Co21 (the
only known exception so far being the recently discovered environmental MBL ANA-1,
with Ala219). These two contiguous glycine residues endow Cys221 with a considerable
flexibility, and allow B1 enzymes to accommaodate disparate substrates for hydrolysis. In
this regard, Cys221 was observed to present dual conformations in structures of Bcll,
possibly reflecting a displacement of the ligand when the Zn, site is vacant given its partial
metal occupancy.34! Meanwhile, B2 MBLs possess a corresponding G219N229Ca27 motif,
which would restrict the conformational flexibility of Cys221 and may partially account for
the carbapenemase-only nature of these p-lactamases. Indeed, engineering a B1 motif in
B2 enzyme CphA via the N220G mutation (in combination with the N116H substitution)
resulted in an expanded substrate spectrum, supporting this hypothesis.342

The flexibility of active-site loops helps in accommodating the diverse chemical structures
present in B-lactam substrate side chains, contributing to their broad substrate spectrum. The
L3 loop in B1 MBLs (Figure 14) has been characterized in numerous studies to undergo
conformational changes upon binding of substrates and inhibitors, as it would act as a flap
closing over the active site and contacting the substrate substituents. The flexibility of this
region is revealed by the either high B factors or lack of electron density observed for it

in crystal structures. NMR studies have characterized flexibility in the pico- to nanosecond
timescale in the loop that are quenched upon binding of ligands to the active site,343: 344

in agreement with this often disordered segment becoming visible in ligand-bound crystal
structures. Solution NMR structures of Bcll have indicated an altered conformation of

the loop with respect to that observed in crystals, and also a shift in the region upon
binding of R-thiomandelic acid to the active site, displaying a hinge-like motion to contact
this inhibitor.34® This displacement was observed together with conformational changes in
the loop containing the main metal binding motif and helix a2, and displacement of the
Zn(11) ions with respect to the free protein. Results obtained by rapid freeze quench (RFQ)
followed by double electron electron resonance (DEER) in a doubly spin labelled NDM-1
enzyme can be accounted for by a closing motion of this loop over the active site during
catalysis, in the millisecond timescale.34¢ The link between loop mobility and substrate
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hydrolysis is also illustrated by a Bcll mutant with expanded substrate spectrum, which

was shown by NMR relaxation experiments to possess increased dynamics of the active-site
environment in the catalytically relevant micro- to millisecond timescale with respect to the
wild type protein.347 The altered sites map mainly to active-site loops (L3, L7, L10), and are
caused by second sphere mutations G262S (next to ligand H263) and N70S (base of L3).

SPM-1, although belonging to subclass B1, possesses a much shorter L3 loop and an
extended a3 helix, features reminiscent of B2 MBLs. This segment can adopt two different
conformations (“open” and “closed™) as observed in structures obtained under different
crystallization conditions, either extending away from or bordering the active site (Figure
15).281, 348 The mobility of this segment of the protein was studied in solution by 1°F
NMR, revealing that the a-helix is sampling two distinct conformations in slow exchange in
solution.348 However, when the 19F label was introduced in a different, contiguous position
in a3, observations indicated either a single conformation or rapid exchange.34° When the
19F probe was introduced in the L3 loop, a single resonance was observed. Binding of
B-lactams caused a shift in resonances for the 19F label located in loop L3 but not in a3,
implying a larger role in substrate binding for the former.

An exception to these observations for L3 loop motion in B1 enzymes was encountered in

a RFQ-DEER characterization of spin-labeled CcrA.350 This study revealed a movement

of ca. 9 A of this loop away from the active site upon binding of the chromogenic
cephalosporin chromacef. This study was not further deepened later, but it could suggest the
existence of distinct behaviors for the loop in different MBLs or depending on the substrate.

The extended a3 helix in B2 MBLs (Figure 14) has been proposed to carry out a

similar functionality to loop L3 in B1 enzymes. An analysis combining RFQ with electron
paramagnetic resonance (EPR) of Zn(I1)- and Co(ll)-bound ImiS, containing a spin label
within the aforementioned helix, revealed motions of this segment during catalysis.3>

B3 MBLs also have a protruding loop bordering their active site (a3-B7 loop, Figure 14)
that is posited to participate in substrate binding and catalysis. Stopped-flow studies with
a mutant of the L1 enzyme containing a Trp residue in this loop displayed variations in
fluorescence that were in synchrony with substrate binding and the formation of a reaction
intermediate, and support the existence of loop motion during the catalytic cycle.324

All in all, these observations suggest that the motions of extended loops and helical
segments flanking the MBL active site play a key role in the hydrolytic capabilities of these
enzymes. Additionally, they illustrate the importance of complementing the high-resolution
static images provided by X-ray crystallography with the dynamic information afforded by
spectroscopic techiniques in deciphering the function of MBLs and other proteins.

4.6. Second-shell residues

A conserved network of H-bonds has been identified in the active-site floor of B1 enzymes,
which connects metal ligands (His116, Asp120, Cys221) with each other, via residues
known as second-shell residues (including positions 69,70, 84, 115, 121 and 262) (Figure
16).281 As in other metalloenzymes, these second-shell residues act to both fine-tune
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the orientations and polarize the residues directly coordinating the Zn(I1) ions.352. 353

The highly conserved Asp84 (also present in superfamily members) takes part in this
network, and is found to assume a conformation outside of the Ramachandran-allowed
zones in crystal structures, probably indicating an important role in maintaining the protein
folding. Asp84 is also conserved in some B3 enzymes, such as L1, AIM and THIN-B.

This residue interacts with the positively charged Arg/Lys121 present in most B1 MBLs
(although it is replaced by serine in IMP and cysteine in CcrA enzymes, respectively)
(Figure 16). Gly/Ser262 is also an important second sphere residue, generally interacting
with Arg/Lys121, and capable of influencing metal binding and substrate selectivity in B1
lactamases. A G262S substitution in a Bcll mutant was shown to increase the catalytic
efficiency of the enzyme towards a poorly hydrolyzed substrate, expanding the catalytic
spectrum in exchange for lowered Zn(l1l) affinity, although this could be offset by another
second-shell substitution (N70S).274: 354, 355 Similarly, the opposite mutation (S262G) has
been associated with a narrowing of the substrate spectrum but with increased hydrolysis of
newer carbapenems in the transition of IMP-1 to IMP-6, possibly as a result of evolutionary
adaptation towards the use of these antibiotics.356-358 A series of experiments analyzing the
specific role of second-shell ligands, either generated by mutagenesis or present in natural
allelic variants, will be discussed for each MBL family in Section 4.7.

Representative MBLs. Main enzymes families of each subclass

This section intends to cover the features of the most important MBLs, analyzing the natural
allelic variants observed in the clinics, and the impact of these mutations in the catalytic
efficiency, stability and resistance profile. Also the unique features of each protein family
and the level of divergence is discussed.

The comparison of activity data reported in the literature of different MBLs (either from
different families or within allelic variants) is highly challenging due to different reasons.
First, experiments to measure kinetic data are not always performed under similar conditions
(buffer, temperature, pH, ionic strength, added Zn(I1)). Measurement of the metal content of
the enzyme is of critical importance, to assess the amount of active enzyme and to check

for potential mismetallation. Second, k.4 Vvalues refer to the amount of folded and active
enzyme, a value that in the case of MBLs depends on the amount of properly metallated
enzyme. Some authors correct the measured k4 value based on the Zn/MBL ratio. In this
review, we will compare activity data performed in conditions as close as possible. Changes
in the kinetic parameters of at least one order of magnitude will be considered as relevant.

The comparative analysis of resistance data (MIC values) is even more difficult, since
different expression vectors are used with widely different promoter strengths or plasmid
copy numbers, with or without the addition of molecules inducing expression. Also, the
bacterial strains used not only differ from the clinical ones, resulting in different genetic
bakcgrounds, but it is very likely that most groups utilize £.col/ strains to measure MIC
values even for proteins for which £. coliis not the natural host. Finally, it is advisable
to quantitate the periplasmic levels of the enzymes in the bacterial periplasm in order to
analyze the impact of mutations in expression, activity and stability /n vivo. This concern
also applies to the comparison of any other microbiological data.
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In the following discussions of the most relevant MBLs, substitutions present in natural
alleles will be indicated in parentheses with respect to a certain reference variant of the
enzyme. For example, VIM-4 (VIM-1 S228R) indicates that VIM-4 differs from VIM-1 by
the S228R substitution. Meanwhile, lab-generated mutants will be referenced as the name
of the base enzyme followed by the corresponding mutations (e.g. VIM-13 R228S indicates
a mutant in which Arg228 of VIM-13 was replaced by Ser and no other residues were
modified).

4.7.1. Subclass B1—The B1 subclass contains the first MBL to be discovered, the
chromosomally-encoded Bcll enzyme from Bacillus cereus 569/H/9, which was first
regarded as an outlier. Its finding was linked to the initial idea that MBLs were not
clinically relevant. This notion was dispelled upon the finding of two Bacteroides fragilis
isolates resistant to cephamycins and imipenem in 1986,3%9 B-lactam compounds used for
the treatment of this anaerobic pathogen. This resistance (unusual at that time) was due

to the chromosomal expression of an MBL, originally named CfiA, and later CcrA (for
carbapenem and cephamycin resistance),360 that presented high homology with Bcll in the
purported active-site residues. At that time, the imipenemase activity of a B1 MBL from
Myroides odoratus (formerly Flavobacterium odoratum),36! characterized as TUS-1 two
decades later,362 and the B3 enzyme L1 had also been reported.363

The whole scenario changed upon the report of the first plasmid-borne MBL, the IMP-1
(Imipenemase) enzyme, identified in 1991.364 The rise of genes coding for these resistance
determinants associated with plasmids and other mobile genetic elements allowed for a
dramatically increased spread potential amongst different pathogens, and paved the way
for MBLs to become a threat to the clinical efficacy of p-lactam antibiotics. Subclass B1
contains most of the clinically relevant and plasmid-encoded MBLs. Among them, the
most frequently isolated MBLs worldwide belong to the NDM, VIM and IMP families of
plasmid-associated lactamases.16: 7> Other acquired MBLSs (either plasmid-borne or located
within other mobile genetic elements) within this subclass are SPM-1,36% of great local
importance in Brazil, DIM-1,366 FIM-1,36” HMB-1,368 TMB-1,369 KHM-1,370 and the
GIM371 and SIM enzyme families.372

In addition to the already mentioned Bcll, CcrA/CfiA and TUS-1, this subclass

contains various other native chromosomal enzymes such as Bla2 (Bacillus anthracis),3"3
BlaB (Elizabethkingia meningoseptica),3™* IND (Chryseobacterium indologenes),3"®
JOHN-1 (Flavobacterium johnsoniae),3"® MUS-1 (Myroides odoratimimus),3’” EBR-1
(Empedobacter brevis)3’® and CGB-1 (Chryseobacterium gleurn).362

4.7.1.1. 1MP family: IMP-1, the first transferable MBL, was reported the literature in
1991 after being identified in a clinical isolate of £ aeruginosa obtained in Japan in
1988.16. 364 The gene was located in a conjugative plasmid, and the enzyme was afterwards
also detected in isolates of S. marcescens and other Enterobacterales.37° The discovery of
IMP-1, soon followed by other plasmid-borne class B lactamases, determined the transition
of MBLs from an enzymological curiosity to a clinical threat. With 80 natural variants
detected so far, IMP enzymes have not experienced a wide geographical dissemination as
other carbapenemases such as VIM, NDM or KPC. However, they represent a persistent
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cause of carbapenem resistance in Japan and Southeast Asia, and have also began spreading
in the Middle East and Australia.1® Overall, IMP variants present 77%-99.6% of sequence
identity, giving rise to a diffuse dendogram (Figure 17) that suggests a polyphyletic origin
of IMPs,380 contrasting with the VIM group. IMP alleles differ by up to 54 amino acids,

as in the IMP-53/IMP-46 pair. Amino acid substitutions are located primarily in the peptide
leader sequences, second coordination sphere and positions distant from the active site, and
active-site loops to a lesser degree (Figure 18).

In terms of substrate-profile and protein structure, IMP enzymes generally behave as typical
broad-spectrum MBLs, with some exceptions (see below). IMP-1 exhibits average A/ Ky
values of ~10° — 10 M~1s71 for penicillins, ~106-107 M~1s71 for cephalosporins and ~10°
M1~ for carbapenems; the slightly lower preference for penicillins stems from higher
Ky values compared to the other substrates. Apart from monobactams, IMP enzymes are
unable to hydrolyze temocillin (k../ Ky values < 102 M~1s71), and generally confer low
resistance levels (if any) against piperacillin even though recombinant enzymes exhibit
catalytic efficiencies of ~104 — 108 M~1s71 for this antibiotic.233. 381-389

Studies conducted with the IMP family, mainly IMP-1, provided key insights into the

mode of binding of B-lactam antibiotics to the active sites of MBLSs. Residues from the

L3 and L10 loops as well as from the second-shell sphere were shown to be critical for

the recognition and hydrolysis of substrates (Figure 19). Among early studies, Palzkill and
coworkers performed pioneering codon randomization experiments on IMP-1 that shed light
into the role of several residues near the active-site cleft.23% 335 The selection criterion

was based on the ability of the randomized mutants to confer resistance towards ampicillin,
cefotaxime, imipenem and cephaloridine, showing that the requirements for some residues
are highly substrate-dependent. Residues directly involved in metal binding were unable

to tolerate amino acid substitutions. Site-directed mutagenesis of His116, His118, Cys221
or His263 provoked a marked decrease in catalytic efficiencies due to a drop in enzyme
metal binding affinities. Under Zn(ll) supplementation, catalytic efficiencies were partially
or completely restored.233 Saturation mutagenesis at Cys221 revealed strict limitations upon
substituting this position due in large part to a loss in IMP-1 stability, suggesting that
residue Cys221 contributes to enzyme stability by binding to Zn2.310 IMP-1 C221D and
C221G mutants were the only mutants capable of conferring resistance in £. coli. The
discovery of glycine as a functional residue 777 vivo was surprising, since it cannot serve as
a zinc ligand. However, purified C221G mutant bound 1 equivalent of Zn(ll), and catalytic
efficiencies as well as MIC values were strongly dependent on the amount of exogenous
Zn(11), indicating that binding of Zn2 requires excess Zn(ll). The absence of C221G in
natural variants of IMP-1 thus reflects how conditions of Zn(ll) limitation encountered
during bacterial infections excludes substitutions impairing metal-binding affinities (see
Section 10). In the case of Asp120, D120A and D120E substitutions provoked a remarkable
reduction in enzyme activity without affecting the overall structure nor the metal content of
the enzymes.39 The fact that the activity of these IMP-1 mutants was not recovered in the
presence of an excess of Zn(ll) ion indicated that Asp120 is important for the hydrolysis

of p-lactams. According to pre-steady state Kinetic studies, the rate-determining step for

the IMP-1-catalyzed reaction of nitrocefin proceeded without significant accumulation of
an anionic intermediate, unlike other MBLs.29% 390 Thjs suggested that Asp120 is not
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the proton donor to the anionic intermediate. Instead, based on pH-dependence activity
experiments and the crystallographic structure of D120E mutant, it was proposed that the
critical role of Asp120 is to orientate the bridging H,O/OH- for nucleophilic attack without
affecting its pKa, while also aiding in positioning the Zn(I1) ions and His2633% (see Section
5 for a more detailed explanation on the catalytic mechanism of MBLS).

4.7.1.1.1. Substrate binding and turnover in IMP enzymes. Mutagenesis studies and
computational simulations, as well as crystal structures of IMP-1 in complex with

a mercaptocarboxylate inhibitor (similar in structure to benzylpenicillin) and IMP-13
associated to different hydrolyzed carbapenems, identified several residues involved in
substrate binding. These are principally located in the second-shell sphere, L3 and L10
loops.

4.7.1.1.1.1. Second-shell residues. One position that gained considerable attention during
the 2000s is second-shell residue 262. With key contributions from Oelschlaeger and
coworkers, residue 262 was shown to fine-tune the substrate profile of IMP enzymes without
a direct interaction with substrates nor affecting metal binding. Along the IMP family,
position 262 is occupied by a Ser (80%, including IMP-1) or Gly (19%, including IMP-3
and IMP-6) residue, with the exception of IMP-80 that harbors an Ala. The effect of
ubiquitous substitutions, such as S262G or V67F (see below), inside the IMP family are
more easily tracked when analyzing IMP variants by a network approach instead of classical
phylogenetic trees.391

In general, S262G substitution provokes a reduction in catalytic efficiencies towards
penicillins (benzylpenicillin and ampicillin), cephalosporins with a pyridinium moiety at
the C3 position (cephaloridine and ceftazidime) and carbapenems with positively charged
group at the C2 position (imipenem).356-358. 392 These changes were reflected in MIC
values.357. 358, 392 |nstead, for cephalosporins with an acetoxy group at C3 (cephalotin,
cefotaxime and cefoxitin) and carbapenems with a neutral group at C2 (meropenem,
panipenem and doripenem), the S262G substitution either does not affect or slightly
improve the catalytic efficiencies (carbapenems). For this group of substrates, the S262G
substitution was shown to markedly increase MIC values of meropenem in IMP-6, and
even further in IMP-25 (IMP-1 S262G G235S), suggesting that this mutation (requiring

a single-nucleotide change) is an adaptation towards newer carbapenems, in detriment of
penicillinase activity.37: 392 |n this case, variations in meropenem MICs correlate with
changes in kgz-and not ./ Kps Which are similar, suggesting that MBLs would be saturated
at the MIC conditions given that K, values are very low in all cases.3%7 In addition,
pre-steady state kinetic studies showed that S262G and G235S substitutions in IMP-25
affect the energetic barriers and kinetic constants of B-lactam hydrolysis, stabilizing the
anionic intermediate for meropenem393 (see Section 5). According to these studies, two
possible scenarios have been proposed. On one side, IMP-6 might be an ancestor of IMP-1,
and in this context, the role of mutation G262S would have been to broaden the substrate
profile. On the other side, if IMP-1 is an ancestor of IMP-6, the effect of mutation S262G
would have been to improve the activity towards newer carbapenems at the expense of

the penicillinase activity. These hypotheses heavily rely on assumptions of the evolutionary
timeline of these enzymes that cannot be verified.3%1 Finally, position 262 seems to act
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independently of the presence of other substitutions, as similar effects were observed
when comparing IMP-7 vs IMP-51 (IMP-7 $S262G)3% and IMP-11 vs. IMP-68 (IMP-11
$262G),38 j.e., a drop in MIC values of imipenem, ceftazidime and cephaloridine, and
an increase in MIC values of newer carbapenems. In the same vein, Crowder, Bonomo
and coworkers have recently demonstrated that the IMP-1-group (comprising 20 variants,
see Figure 17) is evolving in response to the structural differences introduced by the
carbapenems meropenem and ertapenem.39° Alleles harboring the S262G and/or V67F
(see next) substitutions exhibited higher MICs toward newer carbapems, in detriment of
penicillins and imipenem, being IMP-78 (IMP-1 S262G/V67F) the variant exhibiting the
most prominent effects. These studies evidence a lack of significant epistatic effects between
residue 262 and other positions in the protein presenting substitutions. In the case of Bcll,
strong epistatic interactions between positions 262 and 70 were observed.3>® However, in
the IMP family this position (His70) is strictly conserved, suggesting that it is already
optimized.

Based on computational simulations, the remote effect of residue 262 was described by

a “domino effect” involving the substituent at C3 or C2, His263 and position 262, that
influences the stability of reaction intermediates.3% Codon randomization studies indeed
indicated that the sequence requirements at Ser262 are very stringent among mutants
selected for resistance to type Il substrates, while different amino acid types were observed
among mutants selected for cefotaxime resistance.33® In the same vein, site-directed
mutagenesis analysis at position 262 and second-shell residues proximal to it showed that
the hydrogen bond network below the active site indeed plays a crucial role in determining
substrate specificities.3%6: 397. 398 Molecular dynamics simulations suggested that apart from
the domino effect, the hydrogen bond network below the active site affects the conformation
of L3 loop involved in substrate binding.3%°

Less investigated second-shell residues include position 119, within the metal-binding
motif, which is mostly Ser as in IMP-1, Gly in 11 alleles and Asp in IMP-46. The

structures of IMP-13 in complex with hydrolyzed carbapenems showed that Ser119 is able
to form hydrogen-bond interactions with the substrate substituent at C6 or C7, or C7/C8
carboxylate upon C-N cleavage.#%0 Substitutions in Ser119, either by Ser or Asp, are always
accompanied by the S115T mutation, suggesting synergy between both positions. Zhang et.
al. identified epistatic effects between these two second-shell positions: S115T suppresses
the thermal stability and expression defect introduced by S119G.401

4.7.1.1.1.2. L10loop: Initial randomization studies identified the L10 loop of IMP-1
(residues 222-238) as a region involved in binding and/or turnover of carbapenems and
penicillins, to a minor degree.23% 335 Residue Lys224, present at the N-terminal edge of

the L10 loop, is highly conserved in B1 and B2 MBLs except for VIMs (see Section
4.7.1.2). This residue is invariant across the entire IMP family. As observed for other
MBLs, in the IMP family Lys224 interacts, together with Zn2, with the C3/C4 carboxylate
present in penicillins, cephalosporins and carbapenems, with displacement of the apical
water coordinated to Zn2 in the native structures.382: 400, 402 Thjs stands as one of the major
interactions involved in substrate binding and positioning into the active site. Accordingly,
substitution of Lys224 by Arg, Ala or Glu in IMP-1 impaired the catalytic efficiency of the
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enzyme towards benzylpenicillin, cephalosporins and imipenem, due to marked increases in
Ky values, especially in the case of K224E.493 These mutants rendered enzymes with 1.2
equivalents of Zn(11) ions per molecule, indicating that the identity of the residue in position
224 also affects metal binding. Codon randomization studies revealed that although Lys224
is critical for the hydrolysis of ampicillin, imipenem and cefotaxime, GIn224 was observed
at equal frequency among mutants selected for cephaloridine resistance.33® This is because
K224Q exhibits a large increase in k.4 for cephalosporins that partly compensates for the
reduced binding, so that the catalytic efficiency is reduced only slightly compared to that

of the wild type enzyme. In this way, it has been proposed that position 224 also affects
catalysis.

Asn233 located in the L10 loop is highly conserved among B1 and B2 MBLs. Different
roles, or not role at all, have been proposed for this residue, including substrate binding
through interaction with carbonyl oxygen of substrate p-lactam ring or participation in

the catalytic mechanism.23 This reside is widely conserved across the IMP family, except

in alleles 14, 31, 32, 35, 46, 48, 54, 59 and 65, which harbor a N233Y substitution,

and IMP-55 with Lys233. Initial mutagenesis studies on IMP-1 suggested that Asn233

is essential only for imipenem hydrolysis.235 310,403 |MP-1 mutants such as N233A,
N233Y, N233D or N233S in general exhibited catalytic efficiencies and/or MICs that were
similar or even higher than those of wild type IMP-1 for penicillins and cephalosporins.

For imipenem, instead, substitution of Asn233 generated marked increases in K, with a

> ten-fold decrease in catalytic efficiencies. Later studies performed over a collection of
IMP-1 mutants encoding each of the 19 possible amino acid substitutions at position 233,
indicated that although the sequence requirements at this position is more stringent for
resistance to ampicillin or imipenem compared to cephalosporins, most substituted enzymes
were able to provide a high level of resistance towards a broad range of p-lactams.*% As
before, variations in in catalytic efficiencies were mainly governed by Ky, suggesting that
position 233 is involved in penicillin/carbapenem binding and/or initial steps of the catalytic
mechanism by interaction with reaction intermediates. In this sense, docking studies guided
by the structure of IMP-1 in complex with mercaptocarboxylate inhibitor suggested that the
side chain of Asn233 interact with the carbonyl oxygen of benzylpenicillin.382 Comparison
between the crystal structures of IMP-13 alone and bound to hydrolyzed carbapenems
indicated that Asn233 moves closer to the active site in order to hydrogen-bond the C7/C8
carboxylate generated upon C-N cleavage, suggesting that Asn233 is able to stabilize
reaction intermediates.*%0 Furthermore, Asn233 was shown to interact with Trp64 from

L3 loop, which is involved in strong m-sulfur interactions with the sulfur atom present in the
linker region of all carbapenems, thereby contributing to the position of the core scaffold of
these substrates. In line with mutagenesis studies, molecular dynamics simulations showed
that these interactions are absent for cephalotin.492 Finally, given that imipenem hydrolysis
imposes the most stringent sequence requirements on IMP-1 position 233, it has been
proposed that naturally occurring molecules, such as thienamycin, that inspired the design of
synthetic carbapenems, may have driven the conservation of asparagine at position 233.404

Other residues from L10 loop that shape the substrate profile of IMP-1 include Pro225,
Gly232 and Asp236. Codon randomization studies revealed that Asp236, whose side-chain
forms a hydrogen bond with the zinc ligand His118, is essential for conferring resistance
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against ampicillin or imipenem but not for cephalosporins,335: 382, 400, 405, 406 prg225

is required for resistance against imipenem, cephaloridine and ampicillin but not for
cefotaxime, while Gly232 is essential for imipenem and cephaloridine but not for ampicillin
or cefotaxime.33% Asp236, Pro225 and Gly232 are invariant across the entire IMP family.

The identity of position 235 (Gly in 67 alleles, Asp in 12 alleles and Ser in IMP-25)

was shown to modulate the resistance towards meropenem.357 Apart from an increase

in meropenem k5:and MICs in IMP-25 (IMP-6 G235S) compared to IMP-6, G235S
substitution moderately affected MICs and &,/ Ky, of cephalosporins, and increased MIC
values of ampicillin although catalytic efficiencies were slightly reduced. It has been
proposed that Ser235 exerts its effect by hydrogen-bonding with Asn233.

4.7.1.1.1.3. L3loop: The L3 loop, encompassing residues 60-67, is mobile and adopts
different conformations across the IMP family. Its conformation is highly sensitive to
substrate/inhibitor binding, giving insight into its role in substrate binding. Several residues
from this loop, or proximal to it, were investigated in their role in substrate binding and
turnover.

The crystal structure of IMP-1 bound to mercaptocarboxylate inhibitor provided the first
clues regarding the role of L3 loop in substrate binding.382 In this case, inhibitor binding
triggers conformational change of L3 that closes over the active site and interacts with the
inhibitor through Trp64, placed at the tip of the loop (Figure 20). This observation led to the
general proposal suggesting that L3 loop closes over the active site upon substrate binding.
In addition, a hydrophobic pocket delineated by residues Val61, Val67 and Phe87 was
identified at the base of the loop. This pocket was hypothesized to accommodate the phenyl
(in substituent at C6) and axial methyl groups of benzylpenicillin (Figure 21-a).333: 382
Recent crystal structures of IMP-13 in complex with hydrolyzed carbapenems confirmed
this hypothesis, since L3 closes over the active site upon substrate binding, forming a
tunnel-like structure of hydrophobic nature (Figure 21-b).400

In IMP-1, either deletion of the entire L3 loop (including Val61, Trp64 and Val67) or
replacement of Trp64 by Ala, albeit to a minor extent, resulted in marked increments in
values of Kj, for most substrates, as well as a decreased affinity for inhibitors.333 Regarding
the catalytic efficiencies, L3 affected principally penicillins and cephalosporins, with minor
effects over imipenem. In the case of nitrocefin and cefoxitin, in which Ky, is similar to K,
it was shown that Trp64 is involved in substrate binding. Accordingly, IMP-13 structures
and NMR studies revealed that Trp64 located at the tip of the loop bridges the gap between
the loop backbone and the active-site residues, forming a closed tunnel that is accompanied
by a loss in L3 flexibility.#00 The sulfur atom present in the linker region of substituents at
C2 of all carbapenems created strong m-sulfur interactions with the aromatic ring of Trp64,
thereby contributing to the position of the core scaffold of all carbapenem substrates (Figure
21-c). In the case of imipenem, multiple conformations of substituent at C2 were observed,
indicating that the orientation for the m-sulfur interaction is not always optimal. In addition,
Trp64 showed interactions with the pyrroline methyl group present in all carbapenems
other than imipenem. The lack of this interaction could lead to a reduction in binding
interactions to the loop and may contribute to the observed higher K}, for imipenem (ca.

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 36

50 uM compared to low UM or high nM for meropenem and ertapenem, respectively) and

a greater flexibility of L3, as concluded from MD calculations, which would aid in product
release.384 400 This explains the higher &, values observed for imipenem compared to other
carbapenems. The interactions observed in IMP-13 may extend to other alleles. Indeed,

the catalytic efficiencies of IMP-13 towards carbapenems are similar to those of IMP-1.384
The substrate profile of IMP-13, however, exhibits some particularities, the most prominent
being the &,/ Ky, of ticarcillin, which is 3 orders of magnitude higher than that of IMP-1.
This variation may be the result of one or several substitutions, as mature IMP-13 and IMP-1
differ by 31 residues.

Trp64 is strictly conserved across the entire IMP family. However, substitution of Trp64

by residues such as Phe, Ser or Asn result in functional mutants.333 In the case of
cephalosporins, in which IMP-1 exhibits low Ky, values, either deletion of L3 loop or W64A
substitution increased the values of k4 towards these antibiotics, suggesting that L3 loop
favors binding of cephalosporins but in an suboptimal orientation for hydrolysis.333

Codon randomization of IMP-1 showed that positions 61, 67 and 87 from the hydrophobic
pocket tolerate a variety of mutations depending on the antibacterial used for selection.333
However, there was a bias towards hydrophobic amino acids among the functional mutants,
with the most stringent sequence requirements observed for ampicillin hydrolysis (wild-
type residues Val67 and Phe87 were present in 90% of the mutants, and there was a

strict requirement for hydrophobic residues at position 61). In the case of residue 67,

the most common residue along the IMP family is Val (present in 53 alleles, including
IMP-1) followed by Phe (17 alleles), lle (in 5 alleles) and Ala (3 alleles). The effect

of these substitutions was studied in IMP-10 (IMP-1 V67F), IMP-1 V671 and IMP-1
V67A.336. 407 Al variants exhibited significantly higher catalytic efficiencies than IMP-1
toward cephalosporins and carbapenems with neutral R groups (cephalothin, cefotaxime,
meropenem and doripenem). IMP-1 and the two mutants IMP-1 V67A and IMP-1 V671
showed comparable catalytic efficiencies toward p-lactams with positively charged R2
groups (ceftazidime and imipenem), while those of IMP-10 were 2—6 times higher. In

the case of penicillins, the situation was opposite: IMP-1 was the most efficient enzyme,
closely followed by IMP-1-V671, while IMP-1-V67A and IMP-10 were significantly

less efficient.336. 408 |n this way, the most common substitution VV67F may reflect an
adaptation towards carbapenems, especially the newer ones (meropenem and doripenem),
at the expense of penicillins. Indeed, this was the case in MIC values. The rationale

for this observation may be that antibiotics with positively charged R2 groups interact

less favorably with hydrophobic residues. With Phe67, instead, there would be favorable
pi-cation interactions. A similar effect was observed when comparing IMP-44 (IMP-11
V67F) with IMP-11, both alleles exhibiting several substitutions with respect to IMP-1 (91%
sequence identity).#9% MICs of doripenem and meropenem were each 4-fold higher for £
coliexpressing IMP-43 than E. coli expressing IMP-7. In the case of penicillins, although
the V67F substitution generated a 6-7 fold drop in catalytic efficiencies, variations in
MICs were moderate or null, indicating that the action of this substitution may be partially
affected by the presence of other substitutions. Similarly, in the case of carbapenems,
catalytic efficiencies did not correlate with MICs, except for meropenem. In variant IMP-26,
exhibiting 95.5% sequence identity with IMP-1, the presence of V67F substitution was
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associated with a preference of the enzyme for meropenem (MIC and catalytic efficiency)
and doripenem (MIC) compared to imipenem, even though there is no allelic variant of
IMP-26 differing exclusively in position 67 for comparison.#10

Residue 87 is occupied by Phe in 64 IMP alleles followed by lle (9 alleles), Ser (2 alleles),
Val (2 alleles) and Thr (IMP-48). Mutational analysis in IMP-18 (harboring 11e87) revealed
that this position affects the hydrolysis of penicillins and several cephalosporins.4%8 In
agreement with codon randomization studies performed in IMP-1, the mutant IMP-18 187F
showed &, Kys values for ampicillin, benzylpenicillin and ceftazidime 5-fold, 7-fold and
4-fold, respectively, higher than those of wild-type IMP-18.386. 406 Similarly, £. coli cells
expressing the single mutant IMP-1 F87V exhibited lower MIC values for amoxicillin

and ceftazidime, and similar or slightly lower MIC values for carbapenems, compared

to IMP-1.407 The catalytic efficiencies followed a similar trend; IMP-1 F87V exhibited
>ten-fold drop in &5/ Ky values of benzylpenicillin, ceftazidime and doripenem while not
affecting those of imipenem, meropenem and panipenem. Both studies showed that values
of Ky, are lower for most substrates when Phe87 is present, suggesting the presence of
favorable hydrophobic interactions between the aromatic ring of Phe and the substituent at
C6 or C7 of the substrates. As discussed before, the identity of the residues comprising

the hydrophobic pocket is very stringent for penicillins.33> However, Gly87 was the most
frequent residue selected in functional mutants conferring resistance against cefotaxime. It is
possible that removal of bulky side chains at position 87 leaves more space for the bulky R1
substituent of cefotaxime.

Substitutions at both positions 67 and 87 have been identified in five IMP alleles. The
combination V67F/F87S, evaluated in the pair IMP-44 (IMP-11 V67F/F87S) vs. IMP-11,
was shown to increase the catalytic efficiencies and MICs of all carbapenems while

being detrimental for penicillins.4%° Similarly, IMP-40 (IMP-1 VV67F/F87S) was the variant
presenting the lowest ability to confer resistance against penicillins of the IMP-1-group,
together with IMP-78 (IMP-1 V67F/S262G), while exhibiting increased resistance towards
all carbapenems compared to IMP-1, especially for ertapenem.3% On the other hand, £.

coli expressing IMP-70 (IMP-1 V67F/F87V) exhibited a 2-fold increment in MIC values

of meropenem and doripenem, a drop in MIC values of penicillins and cephalosporins, and
similar resistance levels against impenem and panipenem when compared to cells expressing
IMP-1.407 Comparison between the catalytic efficiencies of IMP-70 (IMP-1 V67F/F87V),
IMP-10 (IMP-1 V67F), IMP-1 F87V and IMP-1 suggests that the effects of positions 67 and
87 are additive instead of epistatic, as would be expected considering the spatial closeness
of these residues in the enzyme structure. While IMP-70 and IMP-10 showed slightly higher
hydrolytic activities than IMP-1 against meropenem, IMP-70 exhibited similar enzyme
activities against doripenem, imipenem and panipenem. In this way, the F67V substitution,
but not F87V, would govern the increment in meropenem hydrolysis observed in IMP-70. It
is possible that residue 87 plays some role in enzyme stability as observed for VIM-2.332

In the case of position 61, Val is strictly conserved in the entire IMP family except for
alleles IMP-31 (lle61) and IMP-35 (Asp61). The roles of Val61 and Val67 in substrate
binding were envisaged in the crystal structures of IMP-13 in complex with hydrolyzed
carbapenems.4%0 Compared to the resting enzyme, the largest active-site-facing changes seen
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in the L3 loop occur between residues Val61 and Val67, with these two residues moving
towards the carbapenems to form hydrophobic interactions, especially in the case of newer
carbapenems. The residues located in the middle of the L3 loop, Val61 and Trp64, show
more significant changes, moving approximately 9-10 A in order to cover the substrate
during catalysis, thereby forming an a tunnel-like structure of hydrophobic nature above the
active site.

Other residues were shown to affect L3 loop conformation (Figure 22). Comparison of

the structures of IMP-1 and IMP-2 or IMP-13 indicated that the amino acid substitution

at position 68 on one of the p-strands forming the base of L3 loop (Pro in IMP-1 versus

Ser in IMP-2 or Thr in IMP-13) may be a staple factor affecting the flexibility of the
loop.382. 400, 405 \Whjle in IMP-1 L3 adopts an open and disordered conformation, in IMP-2
it forms a closed conformation in which the side chain of Trp64 is oriented so as to cover the
active site.49° Catalytic efficiencies of IMP-2 are overall similar to those by IMP-1, except
for ampicillin, in which A/ Kysvalue is 23-fold lower.#1! These differences, however,
might be consequence of several substitutions (IMP-2 differs from IMP-1 by 36 residues).
In the case of IMP-13 (harboring Thr68), structures were obtained with L3 in a open (PDB
6R79) or closed (PDB 6R78) conformation.*%° In the open conformation, although the

tip of the loop is further out of the active site, the p-strand of the loop at this position

is closer to the active site compared to IMP-1. It is noteworthy that the position of the

tip of L3 loop in IMP-13 may be distorted due to interactions with another molecule of

the cell unit in the crystal structure. Even in the case of IMP-1, different crystallization
conditions or buffer molecules bound to the active site seems to affect the orientation of
Trp64.382. 412 Another allelic variant harboring Thr68 is IMP-18.386 The crystal structure of
this enzyme revealed that the conformation of the L3 loop slides sideways into a different
direction (over susbtituents at C6 or C7 of the substrates) with respect to the open or closed
conformations observed in IMP-1.496 However, as with IMP-13, the L3 loop is engaged

in interactions with the active site of a different molecule in the cell unit. IMP-18 has

the particularity of exhibiting low catalytic efficiencies towards carbapenems other than
imipenem (~103 and ~10* M~1s1 for meropenem and ertapenem respectively),386 although
this may be the outcome of multiple susbtitutions (IMP-18 differs from IMP-1 by 48
residues). Notwithstanding, mutagenesis analysis of IMP-18 indicated that residue 68 has a
key effect on the catalytic efficiency of many substrates, especially meropenem; the T68P
substitution resulted in a > ten-fold increase in A,/ Ky, value for this substrate.4%6 IMP-18
also harbors a N62K substitution compared to IMP-1. However, this position exerted only
moderate effects on enzyme activity. All in all, It is likely that the Pro32 to Thr/Ser mutation
leads to a more flexible loop, as a result of the more constrained dihedral angles of proline.

Oelschlaeger and co-workers evaluated the role of position 59 located in one of the B-strands
forming the L3 loop.#13 Residue 59 is Glu in the entire IMP family except for IMP-30

and IMP-55 alleles, in which a Lys is present. IMP-30, which deviates from IMP-1

by the single mutation E59K, presented similar kinetics parameters to IMP-1, with the
exception of ceftazidime, for which catalytic efficiency and £. coli MIC were six-fold and
two-fold higher, respectively, compared to IMP-1. This allele possesses the highest catalytic
efficiency towards ceftazidime of all described IMP variants, and also compared to VIM
variants,*14 SPM-141% and NDM-1.416 /n silico simulations inferred that in IMP-30 Lys59
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stabilizes an enzyme-ceftazidime complex during the catalytic cycle through an interaction
with the negatively charged R1 group of ceftazidime, while in IMP-1 the R1 carboxylate
occasionally forms a salt bridge with Lys150a.413

Finally, residues Gly65 and Gly63 were shown to be essential for resistance against all
substrates, except ampicillin for Gly63.33° Indeed, substitutions at these positions are rarely
found across the IMP family, and these include G65S, G65N or G63R. Given that Gly65 and
Gly63 contribute to the formation of the p-hairpin turn at the tip of L3 loop, it is possible
that these residues are involved in structure stability and/or function of the enzyme.335

4.7.1.1.2. Other characterized IMP alleles: Several biochemical characterizations and
resistance level profiles are available for many other clinical IMP alleles. In these

cases, however, variations in substrate profiles are difficult to assign to particular amino

acid substitutions given that these variants either exhibit multiple substitutions or there

are no closely related alleles existing or characterized for comparison. These include
IMP-2,411 [MP-13384 and IMP-18386 variants already discussed, and IMP-12,383 |MP-16,385
IMP-27,417 IMP-28,418 IMP-29,387 IMP-31,388 |MP-33*1° and IMP-55.420

IMP-16 is atypical in that is unable to hydrolyze cefoxitin.385 In addition, penicillins are
poorer substrates than carbapenems and cephalosporins. This variant differs from IMP-74,
yet uncharacterized, by a V67F substitution, and from IMP-1 by 30 residues in the mature
protein.

IMP-27 lacks hydrolytic activity against piperacillin and exhibits low (~104 M~1s71)
catalytic efficiency for ceftazidime, which explains the susceptibility towards these
antibiotics of the 2. mirabilis isolate harboring blap.o7.41" Furthermore, as explained in
Section 9, blap-27 is the only IMP gene identified in a class 2 integron.

IMP-28 showed overall lower MICs and catalytic efficiencies compared to IMP-1, except for
cefotaxime.#18 The latter was characterized by a systematic drop in k. values. However,
there is no information regarding the metal content of the enzyme (affecting 4,5 or the
reaction media used in the assays.

IMP-29 exhibits catalytic efficiencies that are slightly higher (2—7-fold for penicillins) or
lower (1-2 orders of magnitude for cephalosporins, 1 order of magnitude for imipenem,
and <1 order of magnitude for meropenem and ertapenem) compared to IMP-1.387 Mature
IMP-29 differs by 24 residues from IMP-1. It is noteworthy that IMP-29 was able to confer
resistance to £. coliagainst ceftazidime (MIC of 16 mg/ml) even though the catalytic
efficiency of this antibiotic was ~103 M~1s71,

IMP-31 showed overall lower catalytic efficiencies for all substrates compared to IMP-1,
attributed to lower A, values (up to 50-fold) except for cefotaxime.388 Accordingly,
blap-31-expressing E. coli showed generally lower MICs of all tested p-lactam antibiotics.
As with IMP-28, however, no information regarding the metal content of the enzyme

was reported. blap-31 and blap-3s, its closest relative (97% sequence identity), were
identified in class I integrons displaying a similar array of gene cassettes. In fact, these
variants were found in isolates from adjacent geographical regions in Western Europe.
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Finally, IMP-33 displays five amino acid substitutions compared to its closest relative
IMP-13: A38S, A39S, E109K, 1223V, and M302L.419 In spite of these substitutions, MIC
values of E. coli expressing IMP-33 were similar to those of IMP-13, with < 2-fold
variations.

4.7.1.1.3. Concluding remarks and future perspectives: The studies on the IMP family
were seminal to expand the knowledge of the role of active-site loops and second sphere
residues in the activity profile of these enzymes. Substitutions in several of these positions,
alone or combined, are quite frequent in the IMP family and generally result in an
improvement of the enzyme activity towards newer carbapenems in detriment of penicillins
(and imipenem in many cases). There are still several residues that exhibit a high frequency
of substitution in clinical alleles and are located at distant positions from the active site.
Although many of them are expected to affect the protein fold, further studies are required
to assess the role of these distant mutations. Recent studies on the IMP-1-subgroup revealed
that carbapenem hydrolysis (instead of zinc limitation) is the major force driving the
evolution of this cluster.3% This agrees with the fact that IMP-1 displays moderate /n
vivotolerance to Zn(I1) deprivation,2 and higher metal-binding affinities compared to
VIM-2 and NDM-1,3% suggesting that this enzyme is partially tailored to resist conditions
of nutritional immunity. However, given the great heterogeneity of the IMP family, further
studies are required to test this hypothesis in the remaining IMP groups.

4.7.1.2. VIM family: VIM-1 was identified in 1999 in a clinical strain of P aeruginosa
from Verona, Italy by Rossolini, Amicosante and coworkers.#22 Soon after, VIM-2 was
discovered in an isolate of the same bacterium, originally detected in France in 1996 by
Nordmann, Poirel and Naas.#23 To date 71 clinical alleles of the enzyme have been reported
(although sequences are available for only 69 of them, as VIM-21 and VIM-22 have been
assigned but no sequence can be found for either), forming a monophyletic group divided
into five clusters (Figure 23). The two larger ones are centered on VIM-1/VIM-4 (with
VIM-4 possessing a S228R substitution with respect to VIM-1424 and VIM-2, respectively.
A large number of VIM alleles differ from these core enzymes by one or two point
mutations, while VIM-1 and VIM-2 present 25 substitutions with respect to each other.
Meanwhile, two smaller groups exist around VIM-5 and VIM-13,425 hoth associated to

the VIM-1/VIM-4 group, with the VIM-13 cluster being more divergent. Alleles among all
these 4 clusters share = 89% sequence identity. Finally, there is an additional more divergent
enzyme, VIM-7,%26 with ca. 75 % sequence identity to other VIM family members and with
two recently identified related alleles (VIM-61 and VIM-69).

The most frequently encountered allele is VIM-2 followed by VIM-1, with a marked host
preference between them, as VIM-1 is prevalently found in Enterobacterales while VIM-2 is
almost exclusively present in 2 aeruginosa isolates.*27-429 This differential host selectivity
has been attributed to the efficiency of the signal peptide processing upon export to the
periplasm in different bacterial hosts#30 (see Section 9).

Early studies on VIM-1 and VIM-2 by Docquier and Rossolini identified these enzymes
as broad spectrum MBLs with no clear preference among penicillins, cephalosporins or
carbapenems, with most substrates presenting catalytic efficiencies on the order of 10° to
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106 M1 571431 These enzymes presented some particularities in their hydrolysis kinetics
which are generally conserved among VIM enzymes, including a combination of very tight
affinity towards carbapenems (K, values often below 10 uM) and smallturnover numbers
(around 10 s~1) compared to other MBLs that usually present considerably larger values
for both parameters. Additionally, cephalosporins with bulky C3 substituents, especially
ceftazidime and cefepime, are usually poor substrates of VIM enzymes, with catalytic
efficiencies mostly on the order of 10* M1 s™1. Active-site mutations, however, can
improve hydrolysis of these substrates (see below). Finally, although temocillin, a penicillin
containing a C6-methoxy group, is also a poor substrate of both VIM-1 and VIM-2 with
Kead Kpyvalues around 2 x 104 M1 572 it is hydrolyzed at a much higher efficiency than
that observed for IMP-1 (< 1 x 102 M1 s71),431, 432

VIM enzymes show variability in the identity of residues 224 and 228, both located in

loop L10. In particular, VIM lactamases lack residue Lys224, responsible of interacting
with the C3/C4 carboxylate group from bicyclic g-lactams in most B1 and B2 enzymes.
This residue is replaced by a tyrosine in VIM-2, and the crystallographic structure of this
enzyme suggests that Arg228 (instead of Tyr224) could play a role equivalent to Lys224.282
However, this residue in position 228 is not conserved across VIM MBLs, since 68%
possess arginine at this position, while 7% and 23% present leucine and serine residues,
respectively, and one allele (VIM-70) has a glycine residue. Regarding position 224, the
proportion of VIM variants that possess a histidine, tyrosine and leucine residue is 39%,
46% and 13%, respectively, while VIM-52 is the only VIM allele identified so far that
contains arginine. The crystal structure of VIM-1 (possessing His224 and Ser228) revealed
that a water molecule forming a hydrogen bond with the backbone carbonyl from Cys221
could fulfill this role in this variant.25% Indeed, a water molecule was noted to be present in
this position in numerous available crystal structures of VIM enzymes (Figure 25), and its
conserved interactions with the substrate C3/C4 carboxyl group (Figure 26) were proposed
to play a role in buffering the interplay of the different residues present in positions 224 and
228 within this MBL family, as a structural module providing an anchoring position for the
carboxylate group from the substrate.259

The tolerance of VIM-2 to mutations was explored by Chen, Tokuriki and coworkers by
deep mutational scanning.237 Interestingly, this work does not only identified essential
residues for activity, but also for stability and peptide signal processing, despite the work
was performed in E. coli, a non-frequent host for VIM-2.

The substrate spectrum and kinetics of VIM enzymes is largely controlled by the identity

of residues at a small number of key positions, mostly in the L10 loop, regardless of

their position in the phylogenetic tree. In particular, the largest variation among alleles

is generally observed for the hydrolysis of cephalosporins with bulky C2/C3 substituents,
especially ceftazidime and (to a lower degree) cefepime (see below). Their hydrolysis is
often improved in VIM variants in which Arg228 is replaced by serine or leucine residues,
leading to a larger active-site cavity enabling the accommodation of large substituents. On
the other hand, this can impair hydrolysis of other substrates that benefit from the interaction
of Arg228 with their C3/C4 carboxylate. Position 224 was also observed to be of great
relevance in influencing substrate preference (see below). While Tyr224 in VIM-2 was
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proposed to contribute to tight substrate binding, it is replaced by histidine or leucine in
other alleles.

Although the substitution of Arg228 is considered to increase ceftazidime hydrolysis
ostensibly due to changes in the active site that allow it to better accommodate the
substituents of this substrate, it should be noted that VIM-2 displays a Ky, value for
ceftazidime 10-fold lower than VIM-1 (containing Ser228). This is compensated by a lower
Kea, Which leads to similar .,/ Ky for both enzymes.#31 VIM-1 also has a k,4/ Ky value
for penicillin G two orders of magnitude lower than that of VIM-2 and VIM-4 (VIM-1
S228R), and similarly large differences are also observed for ampicillin among VIM-1

and VIM-2.431. 433 Thys, the interaction with Arg228 may aid in better binding of these
substrates. In general, the presence of Arg228 led to a similar substrate profile in VIM-4 to
that of VIM-2, as the enzyme also presented higher catalytic efficiencies for cephalosporins
and carbapenems than VIM-1, and similar to those of VIM-2.433

The interplay of positions 224 and 228 on substrate spectrum can be further illustrated by
VIM-13, which possesses 19 substitutions with respect to VIM-1, among them S228R and
H224L.434 \VIM-13 confers considerably lower resistance towards ceftazidime and cefepime
than VIM-1, by 5 and 4 binary dilutions, respectively. Bou and coworkers constructed
VIM-13 single and double mutants introducing the residues present at positions 224 and 228
in VIM-1.435 VVIM-13 R228S was able to confer increased resistance towards ceftazidime,
matching that of VIM-1, but it did not markedly increase cefepime MICs, while the L224H
substitution did not have a significant impact on the resistance against either antibiotic.
However, the combination of both mutations was synergistic, and VIM-13 R228S L224H
presented nearly identical resistance levels to VIM-1 despite the remaining 17 mutations
with respect to this enzyme.*35 Similarly, VIM-19 (VIM-1 N215K S228R) was found to
confer considerably lower resistance towards ceftazidime and cefepime with respect to
VIM-1 but showed higher MICs towards carbapenems.*36 This correlates with a 10-fold
reduction in k 5/ Ky, for ceftazidime and cefepime for VIM-19 with respect to VIM-1,
together a 6-fold increase in the catalytic efficiency towards carbapenems, and 8- to 100-fold
increases in this parameter for cefotaxime, benzylpenicillin and piperacillin. The R228L
substitution differentiates VIM-24 from VIM-2, resulting in an increase of ceftazidime

and cefepime MICs in VIM-24, while the resistance levels for other antibiotics were
generally unaltered, as shown by Mojica, Bonomo and coworkers.#37 This was accompanied
by increases in k. Kpsin VIM-24 vs. VIM-2 by 6-fold and 3-fold for ceftazidime and
cefepime, respectively, together with similar reductions in catalytic efficiency in substrates
with kgad K> 108 M~1 571, Surprisingly, codon randomization at this position identified
additional mutations, such as R228Q and R228M, that not only led to even higher resistance
to ceftazidime and cefepime but also higher MICs for all other p-lactams, although currently
no such substitutions have been observed in natural VIM alleles.*3” In contrast, VIM-23
(VIM-2 R228S) was reported to confer lower resistance than VIM-2 for ceftazidime,
cefepime, cefotaxime and ertapenem by 2 binary dilutions, although smaller reductions
were also observed for other B-lactams,38 and subsequent studies have observed MICs

for ceftazidime to be increased in this allele.#25 439 Meanwhile, VIM-60 (VIM-2 R228L
H254R; note that position 254 was 252 in the older BBL numbering) led to greater
resistance than VIM-2 for most antibiotics when both enzymes were expressed in the same
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background, while in contrast &,/ K, values for both enzymes were generally within 2-fold
of each other.#40 The largest increases in k4 Ky for VIM-60 vs. VIM-2 were 3- to 7- fold
increments in catalytic efficiency for the 4-generation cephalosporins (cefepime, cefozopran
and cefpirome) for which = 4-fold higher MICs had been observed in cells producing
VIM-60.

Loop L3 and residue Trp87 (located at the base of this loop) have been proposed

to be involved in substrate binding in various MBLs. However, saturation mutagenesis
experiments in VIM-2 by Docquier et al. showed that positions 61, 65 (64 in the older
BBL numbering scheme) and 67 in this loop can tolerate substitutions without impacting
the capability of the enzyme to confer resistance.332 In particular, substitution A65W led
to minor changes in kinetic parameters with no impact in the resistance profile while the
reciprocal mutation in IMP-1 was shown to greatly increase Kj,for most substrates. In
contrast, Trp87 was not amenable to substitution in VIM-2, with mutations greatly reducing
the resistance conferred due to an impaired protein stability with a limited impact on
catalysis.332 These results show that the contribution of loop L3 to enzyme function and
substrate recognition cannot be generalized for all B1 MBLs.

The highly divergent VIM-7 is better at hydrolyzing penicillins than either VIM-1 or
VIM-2 and also possesses higher k../ Ky, for carbapenems than VIM-1, with comparatively
lower catalytic efficiencies towards cephalosporins, as shown by Samuelsen, Spencer and
coworkers. Meanwhile, cefepime and ceftazidime are very poor substrates (kg7 Kps~1 %
10* M~1 s71) of VIM-7.414 Among a large number of mutations with respect to VIM-2

(68 substitutions and a deletion of 1 residue close to the N-terminus of the signal peptide),
VIM-7 presents the Y218F and Y224H substitutions within the L10 loop and a cluster of
mutations within loop L3. Mutants reverting said changes in L10 were analyzed, and the
F218Y substitution was found to increase the catalytic efficiencies for most substrates, with
keaf Ky values at least 1 order of magnitude higher for cephalosporins and penicillins with
respect to VIM-7 mainly due to larger hydrolysis rates.#4! This can be accounted for by

the presence of additional H-bonds established by the Tyr218 side chain in the mutant with
Asn70 at the base of the L3 loop, the conserved Asp84 and Arg121 (also observed for

this residue in VIM-2 and VIM-4), as shown by the structure solved by Samuelsen, Leiros,
Spencer and others.442 The H224Y substitution was also found to increase the catalytic
efficiency of VIM-7, but mainly towards imipenem and the cephalosporins cefepime,
ceftazidime and cefoxitin.**! The Tyr224 side chain was observed in the crystal structure of
the mutant to establish H-bonds with the Ala231 backbone oxygen and with the side chain
of Zn(I1) ligand His196 via a water molecule. This mutant presented an altered conformation
of the Arg228 present in VIM-7, resulting in a more open active site which could better
accommodate the ceftazidime C3 side chain.441

Meanwhile, the presence of the same substitution found at position 218 in VIM-7 was
observed within the context of VIM-15 (VIM-2 Y218F) to lead to considerably higher
catalytic efficiencies than VIM-2, with 10- to 40-fold higher ../ Kjs values for most
substrates. However, differences in resistance of strains expressing both enzymes were
minor, with the largest change being a 4-fold higher cefotaxime MIC for cells producing
VIM-15.443 Regarding substitutions at position 224, VIM-26 (VIM-1 H224L) was found
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to generally confer lower resistance towards p-lactams than VIM-1, coupled with lower
catalytic activity toward cephalosporins but higher ./ Ky, values vs penicillins.#44 The
crystal structure of the enzyme revealed that the combination of Leu224 and Ser228

led to a larger and electrically neutral cavity to bind C2/C3 substituents of p-lactam
substrates. The related variant VIM-39 (VIM-1 T33A H224L) was reported to present
significantly improved catalytic efficiencies with respect to VIM-1, with > 10-fold increases
in Kk Ky for most substrates, and smaller increments with respect to VIM-26. However,
while VIM-39 conferred higher resistance levels than VIM-26, MICs for cells producing
the former enzyme were very close to those expressing VIM-1, and thus generally did

not correlate with the differences observed in catalytic performance.*4> A substitution at
position 224 is also present in VIM-31 (VIM-2 Y224H H254R), which was found to confer
slightly lower resistance levels than VVIM-2, including a 4-fold reduction in ceftazidime
MICs.#46 A general reduction in catalytic efficiencies was also observed for this variant vs.
VIM-2, due to a combination of lower & ,;and higher Ky, values. A 7-fold increase in Ky
was observed for ceftazidime, indicating a role for Tyr224 in binding of this substrate, as
had previously been suggested based on the 10-fold higher K}, for ceftazidime in VIM-1
(containing His224) with respect to VIM-2. The crystal structure of this variant revealed
narrower active-site conformation with altered positions for the L3 and L10 loops with
respect to VIM-2, and similar to that of VIM-4 (also containing His224).447 Arg228 was
observed to interact with the side chain of His224 in VIM-31, which may restrict the
flexibility of this residue and could hamper its interaction with the substrate.

Variant VIM-6 (VIM-2 Q59R N165S) displayed >10-fold increases in catalytic efficiency
towards penicillins with respect to VIM-2, along with other 4- to 7-fold increases for
various cephalosporins and imipenem, with many A/ Ky, values on the order of 10’ M1
s~1.448 This enzyme was subsequently observed to confer substantially higher levels of
resistance towards ceftazidime compared to VIM-2.425. 439 |n contrast, variant VIM-11
(VIM-2 N165S) presented similar kinetic parameters to VIM-2, with 2- to 4-fold increases
in ko4 Ky, for cephalosporins with bulky C3 substituents (cefepime, ceftazidime, cefpirome)
that were not correlated in the resistance conferred by this variant, although there were
indications of lower levels of VIM-11 in periplasmic extracts that could reflect lower
expression of the enzyme than VIM-2.449

These observations were complemented and expanded by a characterization of VIM variants
by Galéan and coworkers.#25 A phylogenetic analysis suggested that VIM-1 has arisen from
VIM-4 (via the R228S substitution) and identified positions under selective pressure both

in the VIM-1/VIM-4 and VIM-2 clusters. The strongest evidence of selective pressure

was found for residues 57, 59, 224 and 228, followed by positions 165, 215, and 254,

and a lower degree of evidence for position 218. Characterization of resistance conferred

by simple and double combinations of natural mutations at these positions within VVIM-2
showed that simple mutants tended to increase ceftazidime MICs, particularly via the R228S
and R228L substitutions, and this was generally accompanied a by a decrease in resistance
to ertapenem and piperacillin/tazobactam. Meanwhile, double mutants that included the
R228S substitution almost universally led to a global decrease in resistance, and in contrast
those containing the R228L mutation led to further increases in ceftazidime resistance

while alleviating the antagonism for hydrolysis of other antibiotics. A similar pattern was
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observed within the VIM-1/VIM-4 group, with the R228S and N165S mutations greatly
increasing MICs towards ceftazidime (and cefepime), while double mutants including these
substitutions additionally improved resistance towards cefotaxime and to carbapenems to a
lesser degree. All in all, this led to the proposal that ceftazidime would be the main driving
force for diversification and selection of mutations within VIM alleles, also supported by
in vitro evolution experiments. Interestingly, double mutants leading to large increases in
carbapenem MICs were detected within both VIM clusters, but of these only VIM-27
(VIM-4 A57S R228S) was observed to occur in nature, in spite of the individual mutations
being present in clinical alleles, which would suggest a lower impact of carbapenems in
selective pressure within this MBL family. On the other hand, Papagiannitsis and coworkers
reported that VIM-27 conferred lower imipenem resistance than VIM-1, from which it
differs only by the A57S substitution.20

It must be noted however that such differences in catalytic efficiencies and substrate
preferences have not been observed in all studies, and that there may be other factors

under selection within VIM alleles. A comparison of the kinetic parameters of VIM-1,
VIM-2, VIM-5 (VIM-1 A130K, H224L, E225A, S228R, K291T) and VIM-38 (VIM-5
A316V) by Schofield and coworkers revealed minor (within 2-fold) differences in kzz/ Ky
for ceftazidime and other B-lactams.*®1 Instead, this study revealed considerable different
inhibition profiles and thermostabilities of these enzymes, with Tm values ranging from
60°C to 83°C. These changes could reflect different active-site structures and an altered
propensity for /in vivo proteolysis and/or aggregation, but this has not been tested. A study of
variants within the VIM-1/VIM-4 and VIM-2 clusters by Crowder et a/. did find appreciable
differences in ceftazidime resistance among alleles, and also identified significant variations
regarding the impact of limiting Zn(11) conditions.#3° Various alleles showed a greatly
increased capability to confer resistance upon metal starvation (see Section 10), particularly
VIM-20 (VIM-2 H254R), VIM-28 (VIM-4 H224L), VIM-37 (VIM-4 A57S) and VIM-59
(VIM-1 H254R). The H254R substitution (H229R in VIM-2 residue numbers) in VIM-20
did not appreciably alter its kinetic parameters nor the resistance it conferred under standard
test conditions versus VIM-2, but the increased resistance under metal depletion was found
instead to be correlated with the formation of salt bridge between this arginine residue with
E188 in the crystal structure of the enzyme, which led to greater thermostability of the
purified protein and /n vivo stability under upon Zn(I1) limitation. A similar salt bridge could
potentially form in VIM-59 and explain its better tolerance to Zn(l1) starvation.#3° Thus,

as also observed for allelic variants of NDM,52 the ability of VIM enzymes to endure and
confer resistance under metal starvation seems to be a characteristic under selective pressure.

VIM-12 is a chimeric variant with a sequence corresponding to VIM-1 but with about 45
residues of its C-terminus replaced by those of VIM-2, and could have originated from

a recombination event of these two alleles.>3 According to the described proportions of
each variant contained in the chimera, VIM-12 is phylogenetically closer to VIM-1 (8
substitutions) than to VIM-2 (17 substitutions). Although the active-site positions of the
enzyme are those of VIM-1, including L10 residues (His224, Ser228), it was reported to
possess a very restricted substrate spectrum: only penicillin G was hydrolyzed efficiently,
while imipenem was very poorly degraded, and no hydrolysis of meropenem or ceftazidime
was observed. The structural bases of these observations are unknown. Another unusual
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VIM variant, differing from VIM-2 by 8 substitutions and a C-terminal extension, was
reported as VIM-48,4%4 but its sequence does not correspond to allele VVIM-48 as identified
in BLDB and it does not currently appear in this database. These mutations lead to 2 to
4-fold increases in resistance to some B-lactams, but do not result in significant changes in
the enzyme Kinetics.

In summary, positions within the L10 loop, particularly 224 and 228 are key determinants
of the catalytic profile of VIM enzymes. Evidence points to selective pressure to grant
higher resistance towards ceftazidime having driven the diversification of VIM alleles, but
further studies will be required to ascertain the intriguing roles posited in recent studies for
optimization in stability and tolerance to Zn(lIl) deficient conditions in the evolution of these
enzymes.

4.7.1.3.  SPM-1: First reported in Brazil in 2002 by Gales, Walsh and coworkers,*>°
SPM-1 (S&o Paulo MBL) is noteworthy among acquired lactamases in that it has been
isolated almost exclusively in P aeruginosa, and is associated to one specific clone
(ST277).456. 457 Fyrthermore, it has not had significant geographic expansion beyond this
country despite representing an important clinical carbapenemase there.16: 457-459 There
have been only isolated reports of the enzyme in the rest of the world, and only in one
instance it has been observed to be produced by a different organism, namely one reported
isolate of Acinetobacter baumannii*0. Although SPM-1 was originally described to be
codified in a plasmid,#>° subsequent studies observed the b/asppm-1 gene to be located
within mobile genetic elements in the chromosome of the corresponding £ aeruginosa
isolates, 461, 462

SPM-1 is a broad spectrum MBL, with some preference towards cephalosporins.41> The
structure of the enzyme is unusual, in that it lacks the conserved Asp84 and has a much
shorter L3 loop, possessing instead a 24-residue insertion in helix a3 that leads to an
extended helical segment bordering the active site in a manner similar to B2 enzymes
(Figure 14). Deletion of this extension of a3 impairs the catalytic activity of SPM-1
between three- and 32-fold, i.e., less than deletion of the L3 loop in other B1 enzymes.281
Different crystallization conditions trapped a closed conformation of the a3 region that is
more reminiscent of the conformation present in B2 enzymes348 (Figure 15). The open
conformation featured an active site with an oxidized Cys221 and a vacant Zn2 site,

while the enzyme with the closed conformation possessed a canonical binuclear B1 center.
MS and NMR data further supported the mobile nature of these structural elements in
solution.348. 349 The fact that SPM-1 contains features from both B1 and B2 subclasses
allowed the design of a chimeric protein in which the insertion sequence present in the
exclusive B2 carbapenemases replaced the 24-residue insertion in SPM-1.463 This resulted
in a selective cephalosporinase, confirming that this section of the active site can tune the
substrate spectrum of MBLs.

SPM-1 also posseses a particular H-bond network below the active site, since it is disrupted
by the presence of residues S84 and G121 at the second coordination sphere, instead of

the typical D84/R121 pair present in most B1 enzymes?28! (Figure 16). This combination of
residues has been shown to optimize the Zn(l1) binding abilities and the resistance profile
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of SPM-1 against anti-pseudomonal cephalosporins, while sacrificing the catalytic efficiency
against substrates towards which the pathogen is naturally resistant.464 This is a unique
example of host adaptability in MBLs by means of second-shell residues.#64

Two recently described MBLs from environmental bacteria, PAN-146% and SPS-1,230
possess high sequence identity to SPM-1, including the distinct insertion leading to the
extended a3 helix. The crystal structure of SPS-1 reveals the close similarity to SPM-1.230
This suggests the existence of a larger set of MBLs with similar structural characteristics to
SPM-1.

4.7.1.4. NDM family: The New Delhi Metallo-beta-lactamase (NDM-1) was first reported
in literature in 2009 by Walsh, Toleman and coworkers.#16 It was identified in isolates of
Kilebsiella pneumoniae and Escherichia colifrom a Swedish patient, who was transferred
home after multiple hospitalizations in India due to bacterial infections. Retrospective
studies have detected the presence of the coding gene in Enterobacterales isolated in the
region in 2006 and 2007, indicating a period of silent dissemination before its discovery.66

Among clinical MBLs, NDM-1 showed upon its discovery the greatest similarity to VIM-2,
(32% sequence identity). More recently, the B1 MBL FIM-1 shows higher homology (40%
identity).367 Several MBLs from environmental sources, such as MYX-1 from Myxococcus
xanthus, ANA-1 from Anaeromyxobacter sp.,*®" and especially EIBla2 from Erythrobacter
litoralis,*58 also display high homology to NDM-1, with 32%, 33% and 55% sequence
identity, respectively.

NDM-1 has been detected in a wide variety of bacterial hosts, but most clinical

isolates producing the enzyme correspond to Enterobacterales (especially £. coliand K.
pneumoniaé), P. aeruginosaand A. baumannii*8%-471 The coding gene has been found
mainly within plasmids belonging to different incompatibility groups, and its global
dispersion is not associated to any particular clone, plasmid or genetic structure.#’2

The immediate genetic environment of the b/aypm-1 gene usually contains an ISAba125
sequence in the 5” direction, either complete or truncated, and the bleomycin resistance gene
bleyg in the 3’ direction 472 473

A feature that distinguishes NDM-1 from all other MBLs of clinical importance is the
presence of a bacterial lipidation signal (termed lipobox) within the signal peptide of

the protein. This sequence was identified on the basis of a bioinformatic analysis of the
NDM-1 signal peptide,*”* and the membrane localization of the enzyme was experimentally
confirmed in two independent studies.#21- 474 This sequence is recognized by a widely
conserved protein lipidation system, and directs the protein to the inner bilayer of the
outer membrane in Gram negative bacteria instead of resulting in a soluble periplasmic
protein as other MBLs (see Section 8.1). A recent report has challenged these findings,
suggesting that NDM-1 is a soluble periplasmic enzyme with a suboptimal signal peptide
inefficiently processed by signal peptidase 1.47° This study, however, did not include cell
fractioning experiments to analyze the localization of the enzyme or the ratios of soluble
and membrane-bound fractions. The lipidated form of NDM-1 has not been characterized
biochemically, but processing of the enzyme in £. coliwas found to be impaired by
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globomycin,*2! a specific lipoprotein biogenesis inhibitor (see Section 8.1), confirming

the post-translational modification. A recent study has characterized the conformation

of NDM-1 in contact with the membrane surface, and also found residual binding to
membranes of a soluble mutant of the enzyme, as a result of a membrane-interaction surface
in the protein.476

The presence of ISAba125 upstream of NDM-1 was analyzed in detail by Toleman, Spencer
and Walsh, who found that the intervening 100 bp region between this insertion sequence
and the MBL gene was conserved among a set of NDM-1 genetic environment sequences,
and that this segment together with the first 19 bases of b/aypm-1 aligned perfectly with

the N-terminus and upstream sequence of an a4phA6 gene from Acinetobacter baumanii*’’
These findings suggested that NDM-1 is a chimera, with its first 6 amino acids being derived
from the aminoglycoside resistance protein AphA6 by an in-frame fusion of the 40hA6
gene with that of a shorter precursor MBL (the sequence of this protein would correspond
to that starting from Met7 in the current NDM-1). Furthermore, various lines of evidence
point to this event having occurred in Acinetobacter, among them the strong association of
this bacterium and 1SAba125 sequences. This putative precursor protein also possesses a
lipidation signal, as determined by the bioinformatic tool LipoP.4”

So far, 29 natural alleles of this enzyme have been reported. NDM variants share a higher
degree of sequence identity than that observed for other MBL enzyme families, as they
differ in most cases by only 1 to 3 point mutations (Table 2, Figure 27). The most divergent
members are NDM-10 (with 5 amino acid substitutions) and NDM-18 (which contains

a duplication of a 5-residue stretch close to its N-terminus). The lipidation signal in the
leader peptide is conserved in all alleles identified so far, but at the moment the membrane
localization has been experimentally confirmed only for alleles NDM-1 to NDM-16.452

The substitutions observed in NDM variants occur outside the active site, and do not
correspond to residues involved in substrate recognition or from the second coordination
sphere (Figure 28), in contrast to the most common mutations reported in the IMP or

VIM families. As a result, NDM variants do not show clear differences in substrate
preferences.#52 478, 479 However, various alleles have been informed to confer higher
resistance levels than NDM-1, in particular towards carbapenems (see below). Remarkably,
resistance levels for strains expressing NDM variants were observed by different groups

to be higher when the enzyme was expressed using its native promoter (derived from
ISAba125) rather than a promoter from the expression plasmid, most noticeably against
carbapenems.478. 480-483 The causes of this phenomenon are not known.

The most frequently mutated position within NDM variants is, by far, residue 150a (residue
154 in the enzyme sequence), with the M150aL substitution being present in 12 alleles and
an additional allele containing the M150aV substitution (Figure 29, Table 2). The greatest
reported resistance corresponds to variants containing the V82L, M150aL or D126G/N
substitutions.

Both NDM-5 (NDM-1 V82L M150aL) and the related variant NDM-17 (NDM-1 V82L
M150aL E177K) were reported to confer 2- to 8-fold higher resistance towards carbapenems
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than NDM-1.480. 483 £ ¢o/j cells producing NDM-21 (NDM-1 G63S V82L M150aL)
presented similar carbapenems MICs compared to those expressing NDM-5, and thus would
also confer higher resistance to these p-lactams than NDM-1, but no direct comparison to
this latter enzyme is available.*8* NDM-20 (NDM-1 V82L, M150aL, R311H) conferred
4-fold higher resistance than NDM-1 towards ertapenem and ceftazidime, while the
resistance against imipenem and most other substrates was unaltered.*8> NDM-24 (NDM-1
V82L) presented a 4-fold increase in ertapenem MIC with respect to NDM-1 despite this
conservative replacement, with minor or no changes for other substrates.486

Variant NDM-7 (NDM-1 D126N M150aL) presented increased MICs by = 2-fold only

for various carbapenems vs. NDM-1,%81 while another report found identical MICs

for carbapenems for cells expressing NDM-7 vs. those producing NDM-4 (NDM-1
M150aL).487 Increases in MICs for certain cephalosporins were also later reported for
strains expressing NDM-5 and NDM-7 vs. NDM-1,%88 and both NDM-7 and the related
triple mutant NDM-19 (NDM-1 D126N M150aL A248V) were reported to confer resistance
levels that were 2—4 binary dilutions higher than NDM-1 for cefepime and various
carbapenems.#89 While NDM-19 was observed to confer similar resistance levels than
NDM-7 under standard conditions, MICs for cells expressing the former enzyme were
higher in Zn(I1)-depleted media. Meanwhile, NDM-4 (NDM-1 M150aL) was found to
increase MICs for imipenem and ertapenem by 2-fold with respect to NDM-1,4%0 and an
about 4-fold increment in meropenem and imipenem MICs was also observed for NDM-14
(NDM-1 D126G) while values for other B-lactams were outside the measured range.482

On the other hand, only minor differences in MICs vs. were reported for cells producing
NDM-1 vs. those expressing variants NDM-3 (NDM-1 D89N),4°1 NDM-8 (NDM-1

D126G M150aL),%92 NDM-12 (NDM-1 M150aL G235D)*93 and NDM-13 (NDM-1 D89N
M150aL).4%4 The more divergent variant NDM-10 (NDM-1 R26S G30D G63S A68T
G207R) was observed to be present in a K. pneumoniae isolate presenting high levels of
resistance towards p-lactams, although this bacterium possessed various SBLs in addition to
the enzyme and no comparison was performed with NDM-1 in an isogenic background.49°
Curiously, subsequent studies have indicated that this variant confers significantly lower
resistance than NDM-1.452. 479 These findings cannot account for the selection of this
variant in a clinical environment.

Regarding the /n vitro enzyme kinetics, NDM-1 displays a wide substrate spectrum,

like most B1 MBLs, with catalytic efficiencies on the order of 10°-10% M~1 571 for
penicillins, cephalosporins and carbapenems.*16: 478 Studies comparing B-lactam hydrolysis
by NDM-1 with the subsequent alleles revealed very similar kinetic parameters.4”8 Only
slight differences for catalytic efficiencies vs. NDM-1 (< 2-fold variations in k,/ Ky, for all
or most substrates) were observed for NDM-3,491 NDM-4,4%0 NDM-8,492 NDM-9 (NDM-1
E149K),49%6 NDM-13 (NDM-1 D89N M150aL)*%* and NDM-14 (NDM-1 D126G).482
Although NDM-12 (NDM-1 M150aL G235D) presented slightly lower k../ Ky, values for
most B-lactams compared to NDM-1, it displayed =10-fold reductions in this parameter

for cefoxitin, cefradine and moxalactam, accompanied by a a 4-fold reduction in MICs

for cefoxitin.493 However, it should be noted that changes in resistance were not always
correlated with determined kinetic parameters, since &,/ Ky values for carbapenems
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were found to be very similar between NDM-14 and NDM-1,#82 and the same situation

was reported for NDM-4 and NDM-14% in spite both enzymes were reported to confer
greater resistance to these B-lactams. A similar phenomenon was observed for NDM-24.486
Conversely, a report comparing the first 8 NDM alleles found increases in resistance towards
carbapenems for NDM-4, NDM-5, NDM-6 and NDM-7, despite the kinetic parameters
across the variants were very similar for all tested B-lactams.*82

In contrast to the previously described observations regarding MIC levels, two studies
comparing alleles NDM-1 to NDM-1652 and NDM-1 to NDM-1747° found no major
differences in resistance conferred by these enzymes, except for the particular case of
NDM-10 (that will not be discussed further). Kinetic parameters for variants NDM-1
through NDM-17 were also reported to be very similar, generally with only 2- to 3-fold
variations in kzand Ky, and with NDM-1 displaying the largest A,/ Ky, values for all
substrates tested: ampicillin, chromacef and meropenem.4”® However, significant differences
in resistance among alleles were observed in MIC assays in a Zn(I1)-depleted extracellular
milieu, elicited by the addition of metal chelators (either EDTA or dipicolinic acid — DPA)
(Figure 30). Most variants were able to confer higher resistance than NDM-1 under such
conditions.#%2: 479 Indeed, strains expressing various alleles were able to outcompete those
producing NDM-1 when grown together in presence of B-lactams and metal chelators.>2
Furthermore, the difference in resistance under low Zn(1l) was found to be larger for

double and triple mutants than those containing a single substitution. The accumulation

of mutations within NDM alleles progressively improves their tolerance to conditions
mimicking the environment encountered by the enzyme in infection sites, as a result of
metal chelation by the vertebrate innate immune system (see Section 10.2). In particular, the
most frequent mutation among NDM alleles, M150aL, was observed to increase the Zn(ll)
affinity of the enzyme, 52 497 while no such effect was observed for substitution M150aV
(present only in NDM-11). The presence of a Leu residue in this position was reported to act
as a buttress for His118, which may explain its effects over Zn(lIl) binding despite not being
located directly in the active-site cavity.#3” NDM variants were also reported to be active

in mono-Zn(11) forms, and the M150aL substitution to increase catalytic activity of these
mononuclear enzymes.4”® Meanwhile, substitution A248V was observed to increase the in
vivo stability of the enzyme towards proteolysis.#>2 Increases in thermostability have also
been found for most NDM alleles in comparison with NDM-1.478. 479

In vitro mutagenesis studies have provided additional information regarding the structural
determinants for enzyme function in NDM-1. A saturation mutagenesis study of NDM-1
targeting 31 positions around the active site followed by selection using ampicillin,
cefotaxime or imipenem was carried out by Palzkill and coworkers, in order to evaluate
important positions for hydrolysis of each B-lactam class. A group of residues were found to
be critical for hydrolysis of all substrates, as the WT amino acid was always predominantly
selected independently of the antibiotic.236 These include all Zn(11) ligands and conserved
residues Asp84 and Asp199, in agreement with previous studies.498: 499 Another set of
residues were found to be context-dependent, in which the selected residue varied according
to the antibiotic used: Trp87, Lys121, Gly195, Thr197, Gly220, Lys224, Gly232, Asn233,
Gly262.236 Mutations on these positions mostly affected imipenem resistance. A previous
report had also found substrate dependent impact on catalysis and resistance of certain
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substitutions at positions 87, 224 and 233, along with residues in the L3 loop.5%° Based

the previously mentioned results, the triple mutant NDM-1 K224R G232A N233Q was
constructed, which displayed a nearly 600-fold and 250-fold reductions in imipenem

and meropenem A,/ Ky, values, respectively. Meanwhile the activity for ampicillin was
maintained and a 50-fold reduction was observed for cefotaxime. The crystal structure of
this mutant showed an altered L10 loop, with the GIn233 side chain oriented out of the
active site and replaced instead with that of Leu234, while Ala232 protruding into the active
site could cause steric clashes on the C2/C3 substituents of the substrate.23¢ In concordance
with previous observations for IMP-1 and AIM-1, the hydrolysis of carbapenems in wide-
spectrum MBLs appears to have more stringent active-site structure requirements than that
of other p-lactams.

The role of loop L3 within NDM-1 was explored in several works. Replacement of the
native loop for those present in VIM-2 and IMP-1 resulted in different conformations,
revealing that the sequence of the loop rather than the protein scaffold determine the

spatial arrangement of the loop (Figure 31). It was also shown that the more closed
conformations of the loop elicited a larger accumulation of the reaction intermediate.337
Removal of different residues from the loop or substitution of hydrophobic side chains by
polar or charged residues lead to higher K}, values although effects were not uniform for all
substrates tested.01 In the case of imipenem, Ky, increases in these artificial loop variants
were partially compensated by increments in k., but this did not occur for ampicillin, while
Ky values with the chromogenic cephalosporin CENTA were actually lower in some L3
deletion mutants. Additionally, enzyme inhibition for both WT NDM-1 and most mutants
was observed at high concentrations of CENTA. In contrast, deletion of residues 149-150a
(i.e. comprising the positions of mutations M150aL/V and E149K observed in natural
alleles) led to decreases in both k5 and Kj,. All in all, modifications at both these positions
still resulted in active enzymes, and the reductions observed in A,/ Ky were <10-fold. This
suggests that while the L3 loop seems to contribute to substrate binding in NDM-1, it is not
essential for enzyme functionality. Meanwhile, substitution of W87, located next to the base
of the loop, resulted in lower capability to confer resistance and stability in mutant NDM-1
W87A.502

Residue GIn119, located between the Zn(Il) ligands His118 and Asp120, is highly tolerant
to mutation in NDM-1. A set of six mutants with diverse substitutions (Q119C/F/E/Y/V/K)
displayed either similar or higher &,/ Ky, compared to WT NDM-1 for many substrates.503
In particular, 9- to 70-fold increases in A5/ Kyswere observed for various substrates
(benzylpenicillin, carbenicillin, meropenem, cefotaxime, ceftazidime, cefepime) in mutant
NDM-1 Q119K with respect to the WT while the hydrolysis of others was less affected.
Increases in kqd Kps= 10-fold were observed for several p-lactams due to substitutions
Q119E, Q119V and Q119Y, with the latter displaying a 90-fold higher &,/ K3, for
ceftazidime than WT NDM-1. In contrast the Q119D substitution had been previously
reported to severely reduce catalytic activity of NDM-1, possibly due to impaired
positioning of the adjacent Zn(ll) ligands.300 504

While other B1 MBLs present a Trp at position 244, NDM-1 possesses a Tyr residue
at this site (Tyr229 in NDM primary sequence numbering), the same as observed for
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B2 and B3 MBLs. The Tyr side chain was observed to establish an H-bond with the
backbone of Leu222 in NDM-1, adjacent to Zn2 ligand Cys221. Although reintroducing
the Trp observed in other B1 enzymes led to up to 7-fold greater .,/ Kysvalues in

mutant NDM-1 Y244W with respect to WT NDM-1, this variant conferred lower p-lactam
resistance levels.55 Meanwhile, replacement of Leu222 (Leu209 in NDM primary sequence
numbering) via the L222F mutation caused to nearly 100-fold reductions in k.4 values vs.
NDM-1 for all substrates tested, leading 70- to 100-fold lower &,/ Kj,for cephalosporins
and carbapenems, although Zn(I1) binding was not impaired. The impact on A,/ Ky, for
cephalosporins was less drastic, with only 3 to 5-fold lower values than NDM-1, due to
compensation by smaller Kj,values.5% However, the combination of both mutations in
NDM-1 L222F Y244W restored catalytic activity with respect to NDM-1 L222F, with
similar kg4 Kyy values to WT NDM-1.507

In summary, multiple lines of evidence point to mutations found within NDM allelic variants
as having adaptive roles, instead of being merely the result of genetic drift. Further studies
are necessary, however, to fully characterize the impact of these mutations, in particular
regarding the capability of NDM variants to confer resistance vs. NDM-1. Future analyses
characterizing a large number of NDM alleles are required to resolve the differences among
different studies with respect to the kinetic parameters and the resistance capabilities of
these enzymes.

4.7.2. Subclass B2—The B2 subclass is a small group within MBLs initially reported
by Rossolini and coworkers, but with a marked distinction from all other class B -
lactamases since they are strict carbapenemases%8-511 which are active with only one
metal ion bound, in the Zn2 (DCH) site, 245 246 with a high binding affinity.510 Indeed,

the affinity of CphA towards Zn(Il) is in the low pM range, being the strongest reported
affinity among all MBLs.%10 Meanwhile, the low affinity binding of a second Zn(l1) ion
leads to non-competitive enzyme inhibition.247- 248 Most of the known B2 proteins belong
to the CphA family of enzymes from aquatic bacterium Aeromonas hydrophylz1? and other
species from the genus.1® CphA has been characterized in detailed by Amicosante, Galleni
and coworkers.234 247, 313,513,514 |jyiS 3 related B2 enzyme from Aeromonas veronii used
as a model in numerous Jn vitro studies by the Crowder lab,323: 351, 515,516 possesses a 96%
identity to CphA and is classified as a CphA allele in the BLDB database (CphA11). Other
members are Sfhl from Serratia fonticola,®" the recently described PFM family,518 from
Pseudomonas spp., and YEM-1 from Yersinia mollaretti>® Notably, this last enzyme has
been recently reported to possess an even more restricted substrate spectrum: it efficiently
hydrolyzes imipenem but binds various other carbapenems with very high K;,51° The low
affinity towards these substrates was shown to be partially alleviated by the introduction of
the Y67V substitution, targeted to this residue of the active-site wall 519

B2 MBLs also possess high homology among them (>55% sequence identity, see Figure 9),
in contrast to B1 and B3 subclasses. All B2 enzymes are chromosomally encoded. This fact,
together with the fact that their carriers are environmental bacteria and not primary human
pathogens, determines that B2 B-lactamases lack clinical relevance at the moment. However,
an increase in clinical isolates of carbapenem resistant Aeromonas spp. producing CphA has
been reported.16
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The restricted substrate spectrum of B2 MBLs has been attributed at least in part from the
fact that the active-site cavity is more occluded compared to the more versatile B1 and
B3 MBLs24% 249 (Figure 32). This is due to the presence of an extended a3 helix, thus
reducing the range of substrate side chains that can be accommodated. This a3 helix is
followed by an unusual proline-rich loop that was mutated to test its role in the substrate
profile. However, individual and additive mutations of some of these Pro residues to Ala
resulted in a destabilization of the protein, without broadening the substrate specificity.>14
Instead, the combination of mutations N116H N220G was shown to greatly expand the
catalytic efficiency of CphA against various cephalosporins and penicillins, albeit at the
cost of reduced imipenem hydrolysis.342 These mutants did not alter the active-site access,
suggesting that second sphere residues also determine the restricted substrate profile in
B2 MBLs. The effect was not observed for the N220G single mutant, and only to a

minor extent in the case of the N116H mutant. Both substitutions mimic features of B1
enzymes: the first restores the missing ligand in the Zn1 site, while the second replaces
the Go19N220Co21 motif typical of subclass B2 by the G219G229Co21 Sequence present in
subclass B1 and related to active-site dynamics.341 The N220G mutation was shown to
increase flexibility of the polypeptide backbone around the Cys221 ligand, leading to the
presence of dual conformation for the Zn2 site in the corresponding crystal structure, one
of them corresponding to the WT position of the metal ion and another 1.5 A apart.245
As a result of combining the two substitutions, the enzyme binds the second Zn(Il) with
increased affinity and is activated rather than inhibited by it. All in all, this suggests that
the differences in substrate spectrum between B1 and B2 enzymes are also determined by
subtler structural variations apart from the narrower active-site architecture.

4.7.3. Subclass B3—The B3 subclass of MBLs is much more divergent than the two
other groups, with a lower degree of sequence identity among its members compared

to other subclasses. It mostly consists of chromosomic MBLs, which include the L1
(Stenotrophomonas maltophilia) >2° GOB (Elizabethkingia meningoseptica)®?! and BJP
(Bradyrhizobium spp.)®22 enzyme families, FEZ-1 (Fluoribacter gormanii),>23 the closely
related CAU-1 and MIblb enzymes (Caulobacter crescentus, also known as Caulobacter
vibroides),>2% 525 THIN-B (Janthinobacterium lividum),>26 POM (Pseudomonas otitidis),>
CAR-1 (Pectobacterium atrosepticurm),>?® SPR-1 (Serratia proteomaculans),>?° PEDO-1
and 2 (Pedobacter spp.),>3° and the Erythrobacter spp. enzymes EAM-1, ECM-1, EFM-1,
ELM-1 and EVM-1.231 Additional B3 MBLs with confirmed activity have also been
identified from metagenomic screenings, with yet unknown bacterial hosts. These include
the enzymes Rm3 from soil exposed to industrial effluents,?32 533 MEMA-1 from
agricultural soil>34 and various LRA enzymes from Alaskan soil 23

Similar to B1 MBLs, subclass B3 enzymes generally possess a wide substrate spectrum
and can degrade penicillins, cephalosporins and carbapenems. There are, however, some
exceptions. CAR-1 was reported to degrade cephalosporins and penicillins, but with
almost no hydrolytic activity towards carbapenems.528 LRA-8 degraded penicillins and
carbapenems but not the cephalosporins cefuroxime and cephalothin, although it did
hydrolyze the chromogenic cephalosporin nitrocefin.?36 SPR-1 was found to efficiently
degrade only penicillins, with very poor hydrolysis of cephalosporins and carbapenems.52°
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Mbl1b, despite showing a wide substrate spectrum, displayed substrate inhibition kinetics
with various cephalosporins and penicillins, while it hidrolyzed imipenem, meropenem

and nitrocefin with simple Michaelis-Menten kinetics.>24 This inhibition behavior was not
observed for the highly homologous enzyme CAU-1, despite it did display low affinities for
most B-lactams assayed, with K, values generally above 300 uM. This intringuing features
have not been rationalized on structural bases.

4.7.3.1. L1 family: The S. maltophiliachromosomic enzyme L1 was among the first
MBLs to be discovered, only second to Bell. L1 was identified in 1982 by Mitsuhashi

and coworkers in clinical strains of the organism (then termed Pseudomonas maltophilia),
together with the class A cephalosporinase L2.363 The enzyme was inhibited by EDTA
and reactivated by various divalent metal ions, suggesting the discovery of a novel MBL.
This first report also noted the inducible expression of both enzymes (see Section 7.2),

its unique tetrameric nature, and highlighted its capability to hydrolyze imipenem, when
this pioneering carbapenem antibiotic was still not available for general clinical use. A
subsequent study by Waley et al. confirmed that L1 was an MBL, and found that none of the
Cys residues in the protein was required for activity nor bound to Zn(ll), thus suggesting a
different metal coordination compared to Bcll.537

Stenotrophomonas maltophilia is an emergent opportunistic human pathogen causing
difficult-to-treat infections, which primarily affects inmunocompromised patients and those
suffering from cystic fibrosis.>38 In addition to the resistance towards carbapenems and other
B-lactams conferred by the tandem of L1 and L2, it possesses intrinsic aminoglycoside and
quinolone resistance enzymes together with multiple drug efflux pumps, which make it a
multi-drug resistant organism.>39 This illustrates the fact that clinically relevant MBLs do
exist outside the B1 subclass, although attention is usually focused on this group due to its
widespread enzymes associated to mobile genetic elements.

The determination of the full amino acid sequence of L1 in 1994 revealed a large divergence
with respect to the available sequences of Bcll and CphA,>20 which suggested the need for
further subdivisions within the Ambler class B enzymes. This was further supported by the
novel metal coordination geometry and other unique features observed upon resolution of its
crystal structure in 1998 by Spencer et a/2%9 Zn2 was found to be ligated to Asp120, His121
and His263 due to the replacement of Cys221 by a Ser, which only indirectly interacts with
the metal ion through a hydrogen bond interaction with the apical water ligand. This leads
to a rotation of 76° of the plane of the equatorial ligands with respect to that of B1 and

B2 MBLs, while Zn1 maintains the canonical MBL ligands His116, His118 and His196.

A set of second-shell residues aid in orienting the Zn(l1) ligands, via hydrogen bonds

(either directly or mediated by a water molecule) or aromatic interactions. These include
Trp38, Asp67, Asp84, Aspl53, Phel56, Asp220, Ser221 and Ser225 (223 in the older BBL
numbering).2°0 While Asp84 is not conserved in B3 enzymes as is in B1 MBLs, this residue
was also found to be outside the allowed Ramachandran regions in L1 and to participate in
stabilizing interactions of the protein structure.2%0

The active site of the enzyme is delimited by two extended loops subtended between a.3-p7
and between B12-a5. While the latter is equivalent in position to the L10 loop in B1 and
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B2 enzymes, the former stems from a different segment of the primary structure to loop

L3, but it is also endowed with significant mobility and participates in substrate binding
and catalysis324 540 (see Section 4.5). Ser221 and Ser225 from loop L10 (loop B12-a5)
assist substrate binding by interacting with the C3/C4 carboxylate similarly to Lys224 in B1
enzymes, while residues from the a3-B7 loop (Phel56, 11e162) and extended N-terminus
(Tyr33, 32 in the older BBL numbering) form a hydrophobic patch to accommodate the
C6/C7 substituent.330 However, these interactions are not critical, as replacement of Ser225
(and other B12-a.5 loop positions) or mutations in the mentioned a3-p7 loop residues only
had a relatively mild effect on catalytic parameters.>40

An intramolecular disulfide bridge exists in L1 between Cys256 and Cys296 (290 in the
older BBL numbering) that connects the a.5-B12 loop to the C-terminal alpha helix,2%0
which was later also observed to be present in FEZ-1, SMB-1 and AIM-1 (this enzyme
features two additional disulfides: Cys33-Cys67 and Cys208-Cys213).541-543 BJp-1 also
forms an internal disulfide bridge but at a different position, involving residues Cys200 and
Cys220,261 while GOB lacks a disulfide bridge as it only contains 1 Cys residue, buried
within its protein structure.2* LRA-12 also lacks a disulfide bridge despite possessing 2 Cys
residues.>** This feature has not been observed in MBLs from the other two subclasses. The
structure of L1 also revealed an extended N-terminal loop involved in inter-subunit contacts
during oligomerization, which also participates in substrate binding.2%0: 330

Tetramerization of L1 depends mainly on hydrophobic interactions among the different
chains.250 Met175 plays a key role in this association. This residue from chain A fits into
a hydrophobic cavity in subunit B formed by Leu150d, Pro213, Tyr237 and Pro238 (these
are Leul54, Pro213, Tyr236 and Pro237 in the older BBL numbering, respectively) and
viceversa (the same pattern of contacts also exists for chains C and D). This interaction

is essential for the formation of the quaternary structure of L1, as the introduction of

the M175D mutation resulted in a monomeric enzyme with greatly impaired substrate
binding and hydrolysis.25” Additional contacts between the A and B (and C and D) subunits
are made by residues in the C-terminus of helix a3 with their counterparts in the other
chain. Finally, the aforementioned extended N-terminus participates in hydrophobic and
electrostatic interactions between chains A and C (and B and D), with two leucine residues
(Leu27 and Leu30 — Leu26 and Leu29 in the older BBL numbering, respectively) from
this segment binding to hydrophobic cavities on the surface of the other chain. Deletion of
the N-terminal extension still resulted in a tetrameric enzyme, although it affected Zn(ll)
content, substrate binding and hydrolysis.2>7 However, the WT enzyme presents negative
cooperativity for nitrocefin hydrolysis, which was abolished by mutations in this protein
stretch, confirming that the N-terminus is indeed involved in intersubunit interactions.2>’

There currently are 118 reported alleles of L1 (named L1-1 to L1-118).545: 546 The marked
sequence variations in L1 enzymes among S. maltophilia isolates were highlighted by

Walsh et af.,>46 which together with a previous report>*7 identified the existence of a

total of 5 aleles of L1, named L1-a through L1-e (now named L1-1 to L1-5). Substantial
variations in catalytic parameters were observed for L1-e with respect to L1-a, with the
former presenting a reduction of around 2 orders of magnitude in &,/ Ky, for both imipenem
and nitrocefin. While the coding genes for both L1 and L2 were reported to be present in
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a large plasmid-like elements,46 the sequenced genome of the organism later revealed that
both genes are located within the chromosome.>*8 Mojica, Bonomo and coworkers reported
a comprehensive analysis of L1 and L2 sequences among a large collection of S. maltophilia
clinical isolates from the USA identifying a large number of new alleles of both proteins,
with variants of the L1 enzyme presenting 99% to 78% sequence identity.>*> Frequent
substitutions were observed in the second sphere position Asp68 and within the a.3-p7

and B12-a5 loops that surround the active site, which may affect substrate preferences and
catalytic parameters. Meanwhile, key positions involved in tetramerization were unaltered,
confirming that this oligomeric state is critical for enzyme functionality. The requirement for
tetramerization, unique for L1, as well as this recently reported variability of mutants, claims
for a detailed study.

4.7.3.2. Other notable B3 enzymes: The B3 subclass includes other clinically

important enzymes. The opportunistic pathogen Elizabethkingia meningoseptica (formerly
Flavobacterium meningosepticum and Chryseobacterium meningosepticum) is unique since
it possesses two different chromosomal MBLs. These are the subclass B3 GOB enzyme

and the B1 enzyme BlaB, in addition to the class A SBL CME.521 Multiple alleles of the
enzymes have been reported, and variants have also been identified in other Elizabethkingia
species as well.>*9 Although infections by £. meningoseptica and other bacteria from the
genus are rare, they are emergent pathogens that can cause life-threatening infections.%0
BlaB has been shown to be the main determinant of carbapenem resistance of this bacterium
due to its higher levels of expression with respect to GOB.551

GOB enzymes present a different metal ligand set compared to other B3 enzymes, with a
H116Q substitution, resembling the H116N mutation of B2 MBLs. However, this does not
impair metal binding, since di-Zn(11) GOB-1 and GOB-18 are fully active enzymes.253. 254
The coordination position normally occupied by the His116 side chain was shown to be
taken up by the GIn116 side chain amide nitrogen in the GOB-18 crystal structure25

(see Figure 8).Expression of GOB enzymes as periplasmic proteins in £. coli, results in
di-Zn(11) enzymes. Instead, when GOB is expressed and purified from the cytoplasm an
inactive Fe(l11)-bound form is isolated, but it can be reconstituted giving rise to an active
mono-Zn(I1) species.25! Notably, the PEDO-1 and PEDO-2 enzymes and other recently
reported B3 MBLs from metagenomic studies such as LRA12, LRA17 and LRA19 also
possess a GIn116 residue.

Although most B3 MBLs are chromosomally encoded, some new members of the subclass
are contained in mobile genetic elements, with evidences of horizontal gene transfer.
LMB-1, first identified in a clinical isolate of Enterobacter cloacae from Austria, was
reported to be plasmid-borne and has been recently been found in a Citrobacter freundii
isolate in Argentina.%2- 553 AIM-1, although reported to be located in the chromosome

of P aeruginosa isolates, was found associated to a mobile genetic element.>>* and was
recently described in a K. pneumoniae strain.>>® Codon randomization in different active-
site positions of AIM-1 revealed that the conserved Ser221 is relevant for resistance
against several antibiotics, while other active positions (excluding metal ligands) show some
tolerance to mutations and possible routes for activity enhancement. In particular, mutation
F119M was shown to increase resistance to cefoxitin.>®6 SMB-1 was similarly observed to
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be contained in the chromosome within a gene module allowing for potential horizontal
gene transfer.>%” This emergence of mobilized enzymes belonging to subclass B3 is a
serious concern, alerting of a possible spread of these MBLs to pathogenic and opportunistic
bacteria.

In addition to the distinct coordination sphere observed for GOB enzymes, an additional
variant to the B3 Zn(ll) ligands was observed for the enzyme SPR-1 from Serratia
proteomaculans.5?° Although the protein presented 33% sequence identity with L1, three
substitutions in the Zn binding positions (H118R, H121Q and H263K) lead to a very
unusual putative coordination sphere. The crystal structure of SPR-1 has not been obtained
yet, precluding confirmation of the identified Zn ligands and their mode of binding to these
metal ions. Both Arg and Lys residues are uncommon metal ligands, and Asn262 as was
proposed by the authors as a potential alternative ligand to Lys263. The purified protein
presented only one Zn(l1), but assays suggested that an additional metal ion is incorporated
upon substrate binding.

The diversity of B3 MBLs and variability in metal coordination has been recently
highlighted by a study analyzing the presence of homologous proteins in a collection of
bacterial genomes.5%8 Such enzymes were observed in 1.2 % of all genomes examined, with
a total of 1449 homologues. Most of them possessed the canonical HHH Zn1 and DHH

Zn2 sites, but 162 have a GOB-like QHH/DHH ligand set, and 47 present the HRH/DQK
motif observed in SPR-1. A crystal structure obtained for the CSR-1 enzyme, belonging to
the latter group, displayed no Zn(ll) ions in its active site, suggesting a markedly reduced
metal affinity caused by this set of ligands. Additionally, a group of 90 putative B3 MBLs
presented a novel coordination sphere composition, with the residues EHH and DHH in their
Znl and Zn2 sites, respectively.

The diversity of B3 enzymes and their closer relatedness to members of the superfamily,
make this subclass highly appealing for further research. The interest in B3 lactamases is
further spurred by the finding of a large number L1 variants in S. maltophilia, an emerging
opportunistic pathogen affecting cystic fibrosis patients, and the finding of B3 MBLs coded
in plasmids.

4.8. MBL Phylogeny and evolutionary origin

The division of MBLs into three separate subclasses reflects the characteristic active-site
structures and substrate spectrum of each group but it does not accurately recapitulate
their phylogeny. As mentioned before, all MBLs share a common ap/pa fold with

an heterogeneous set of proteins from all three domains of life, constituting the MBL
superfamily (see Section 4.9). The origin of the superfamily would therefore correspond to
an ancestral protein existing before the divergence of the Eukarya, Archaea and Eubacteria
domains.

B1 and B2 enzymes, despite active site and susbtrate profile differences, constitute a
phylogenetic group distinct from the more divergent B3 subclass?22 (Figure 33). While they
are grouped into a single class, the divergence among B1+B2 and B3 enzymes is similar

to that among A, C and D SBLs. Analysis of phylogenetic relations with non-g-lactamase
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members of the MBL superfamily suggests that p-lactamase activity arose separately in the
B1+B2 and B3 enzymes.223 Thus, these two groups of MBLs are descendants of different
ancestral proteins devoid of B-lactamase activity. The origin of the B1+B2 group was gauged
at around 1000 million years ago, while B3 MBLs would be more ancient, with an estimated
origin at 2200 million years ago.223 A later study aiming to reconstruct the most recent
common ancestor (MRCA) of MBLs generally supports the hypothesis of a dual acquisition
of B-lactamase activity within the superfamily.55° Therefore, at the moment it is considered
unlikely all MBL subclasses are the result of divergent evolution from a common precursor
with B-lactamase activity.

4.9. MBL superfamily

The crystal structure of Bell led to the definition of the MBL fold.217 In the subsequent
years, a large number of proteins of varied functions were identified with structural
homology and conserved sequence motifs shared with MBLs, which were annotated as
members of the MBL superfamily. This is an ancestral group of proteins widely distributed
among the three domains of life, carrying out a large variety of roles,20: 213-216 gnq
possesses as today more than 100,000 identified members on the Pfam database (clan
Metallo-HOrase, CL0381). Among proteins assigned to the superfamily in Pfam, 78.8%
belong to Bacteria, 16.3% to Eukarya, and 4.9% to Archaea.

Proteins belonging to the MBL superfamily display a wide repertoire of roles in their

host organisms.20: 213. 214 \ost of these proteins are metallohydrolases (like MBLSs) acting
on diverse substrates, able to target from small substrates to large nucleic acid polymers.
Meanwhile, other enzymes belonging to the superfamily act as oxidoreductases.

Despite the high sequence divergence, all proteins in the superfamily share the ap/Ba
folding with a conserved localization for the metal binding site. Many of these proteins
possess additional domains associated to their specific function.?13. 216 |n spite of

their sequence heterogeneity, superfamily proteins share several structurally conserved
features.213: 214 The characteristic metal binding stretch Hq1g-X-H-X-D-Hy54, identical

to that present in B3 MBLs is present in most superfamily members, together with the
additional metal ligands H196 and H263. A characteristic that distinguishes most binuclear
sites in the superfamily from antibiotic-degrading MBLSs is the presence of the conserved
aspartate residue D221 acting as a bridging ligand between the two metal sites. This is a
major structural difference with respect to MBLs, which contain in this position the metal
ligand Cys221 (subclasses B1 and B2) or a non-coordinating residue (subclass B3). Finally,
the nearly ubiquitous D84 (BBL numbering is used to refer to the positions), which similarly
to MBLs is found in non-Ramanchandran allowed conformations in superfamily protein
crystal structures suggesting its importance in maintaining the domain fold.

The identity and number of metal ions bound to the active site also varies, with most
proteins having binuclear sites. Many superfamily proteins bind Zn(Il) ions, including most
hydrolases such as the alkylsulfatase SdsA1,%50 the MPH methylparathion hydrolase,61
the NAPE-hydrolyzing phospholipase D,%%2 isothiocyanate hydrolases such as SaxA,>63
and lactonases such as the quorum-quenching N-acyl homoserine lactone hydrolases

AiiA from Bacillus thuringiensis®®* and AiiB from Agrobacterium tumefaciens.5%> Many
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MBL superfamily enzymes acting in nucleic acids processing are also Zn(l1)-dependent
enzymes. These include the tRNAse Z proteins (acting in the cleavage of 3’ sequences
of tRNA precursors),%6: 567 RNase J (prokaryotic enzymes acting on mRNA processing
and degradation),?8 enzymes involved in DNA interstrand crosslink repair or V/(D)J
recombination (such SNM1A, SNM1B and SNM1C),216. 569 and the cleavage and
polyadenylation specificity factor (CPSF) protein CPSF73 (acting in 3’ processing of
polyadenylated mRNA precursors).570 The mRNA processing protein CPSF100 contains
an MBL superfamily domain and can form heterodimers with CPSF73, but it lacks metal
binding capacity due to loss of part of its ligand residues.?16

Other superfamily members possess a binuclear iron site, including the phosphorylcholine
esterase Pce®’1 and the redox enzymes from the flavodiiron proteins (FDPSs) group such

as rubredoxin:oxygen oxidoreductase (ROO) from Desulfovibrio gigas®’? and E. colinitric
oxide reductase FIRd.>’3 Meanwhile, persulfide dioxygenases (PDO) such as human ETHE1
bind a single iron ion and catalyze the detoxification of hydrogen sulfide, converting

the persulfide formed by non-enzymatic reaction of H,S and glutathione to sulfite using
molecular oxygen as an electron acceptor.>’4 Homologs of this enzyme have been reported
in plants and bacteria.>”> PqgB is a superfamily protein participating in the biosynthesis
pathway for the redox cofactor PQQ (pyrroloquinoline quinone) in bacteria. Although it was
initially believed to act as a transporter for PQQ,>’6 PqqB was recently shown to possess
Fe-dependent hydroxylase activity and proposed to carry out a hitherto uncharacterized

step in the production of this cofactor.>”’ Another Fe-dependent protein is the diiron
B-hydroxilase CmlIA, which catalyzes a key step in the synthesis of chloramphenicol.578
Manganese-dependent enzymes also exist within the superfamily, such as the mononuclear
lactonase UlaG, which participates in L-ascorbate metabolism in Enterobacteria,>’° and

the phosphodiesterase PhnP, which binds two Mn(lIl) ions in its active site and acts in
organophosphonate catabolism in £, co/j.580. 581

Some proteins in this superfamily display an outstanding plasticity regarding their metal-ion
requirements. Glyoxalase 11 is widely distributed across both bacteria and eukaryotes, and
acts in tandem with glyoxalase | and glutathione to detoxify 2-oxo-aldehydes such as the
glycolysis and lipid metabolism sideproduct methylglyoxal.?82 Glyoxalase 11 from various
sources has been purified with varying levels of Zn(I1), Mn(l1) and Fe(11)/Fe(l11),583. 584
and the Salmonella Typhimurium enzyme (GloB) has been shown to have similar levels of
activity with all three ions bound to its binuclear active site.58 In contrast, £, co/itRNase Z
ZipD/ElaC was reported to lack endonuclease activity when its Zn(lI1) ions were replaced by
Fe(l1).586

Many proteins in the superfamily are still uncharacterized or their functions are not

yet fully understood. Out of the 18 MBL superfamily proteins identified in the human
genome, the functions of 5 are still unknown (HAGHL, MBLAC1, MBLAC2, PNKD,
CMAHP), and at least one of these proteins (PNKD) is involved in human genetic
disease.216 The previously uncharacterized LACTB2 has been recently shown to act as
a mitocondrial endoribonuclease.58” Recent studies have identified MBLAC1 as a likely
ortholog of Caenorhabditis elegans protein Swip-10, which is involved in regulation of
glutamate-dependent neuron excitability.3® Interestingly, although its native substrate is
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unknown, MBLAC is expressed in brain tissue and was shown to bind the cephalosporin
ceftriaxone.3® Thus, it could constitute the molecular target responsible for the reported
effects on nervous system function by this antibiotic, which acts to increase expression

of the glutamate transporter GLU-1, and could be applicable to the treatment of various
neurodegenerative diseases. Proteins playing key roles in natural bacterial competence such
as ComeC in Bacillus subtilis, and its homologs such as ComA in N. gonorrhoeae and
Rec2 in Haemophilus influenzae, contain a MBL fold domain close to their C-terminus.588
The proteins also contain an N-terminal domain of unknown function (DUF4131) and

a central competence domain, containing transmembrane helixes that would constitute a
pore for DNA entry. Although the physiological activity of the MBL domain has not

been elucidated, it has recently been proposed to act as a nuclease, possibly transforming
double stranded DNA into single stranded forms during its incorporation into the cell 288
Type Il polyketide synthases (PKS), multienzyme complexes participating in biosynthesis
of various antibiotics and secondary metabolites in Streptomyces and other organisms,
possess a modular architecture with different activities contained in separate polypeptides,
of which proteins annotated as dehydratase/cyclases were identified as belonging to the
MBL superfamily.213. 589 A more recent analysis has shown that one of these enzymes,
ActlV, participates in the synthesis of the antibiotic actinorhodin acting as a bifunctional
thioesterase/cyclase.>¥ It catalyzes a ring formation via aldol condensation and the
subsequent release of the product from the polyketide synthase complex through hydrolysis
of a thioester bond, the latter similar to the reaction carried out by glyoxalase 1l. To

our knowledge, however, a detailed biochemical and structural characterization of these
enzymes and their metal requirements has not been carried out. Similarly, the Aspergillus
terreus enzyme atrochrysone carboxyl ACP thioesterase (ACTE) was found to belong to
the superfamily. This enzyme catalyzes the release of products from a type | polyketide
synthase, and was shown to be metal-dependent from its inhibition by EDTA.59! The
homologue AdaB from fungus Aspergillus niger, evidenced to be a binuclear Mn(1l)
enzyme, was observed to catalyze a Claisen-like condensation for product release instead
of a hydrolysis.592

While characterized MBLs are almost universally monomeric, with the exception of the
tetrameric B3 enzyme L1, various members of the superfamily require the formation of
dimers or oligomers to carry out their functions. Pseudomonas aeruginosa alkylsulfatase
SdsALl allows the bacterium to degrade the detergent SDS and resist high concentrations

of the compound.>%0 Apart from the N-terminal MBL domain, the enzyme contains an
association domain that allows it to form tightly interlocking dimers with greater stability
towards the detergent, and an additional C-terminal domain possessing a hydrophobic grove
that assists the binding of long aliphatic chains.?69 Other examples of dimer-forming MBL
superfamily proteins include ROO,%72 tRNAase Z,566. 586 phnp58l and ETHEL,%74 while £,
colinitric oxide reductase FIRd is tetrameric,73 and UlaG forms hexamers (trimers of UlaG
dimers).>79

There is some overlap between the catalytic abilities of different groups of enzymes
within the MBL superfamily. Indeed, multiple enzymes have been shown to possess
the ability to catalyze reactions from other groups within the superfamily. Although the
catalytic efficiency for these promiscuous activities tend to be low (kg Kpy< 102 M1
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s71), this implies that the catalytic profile within the superfamily varies as a continuum
within sequence space, and enzymes could have transitioned smoothly from one function

to another during evolution.21® This “functional connectivity” among MBL superfamily
proteins also provides information regarding the potential evolutionary linkage of different
member families, especially in cases where sequence divergence has occurred to the extent
that sequence homology is nearly undetectable.?1% 593 However, the presence of these
promiscuous activities should be interpreted cautiously, as they can occur serendipitously in
enzymes not showing close phylogenetic ties.

Multiple groups within the superfamily where shown to possess moonlightning B-lactamase
activity.21> MBLs have been reported as well to display promiscuous phosphodiesterase,
phosphotriesterase and phosphonatase activities, 21> while B1 enzymes MIM-1 and MIM-2
were shown to possess significant lactonase activity and may participate in quorum
quenching.%* The capability of MBLs to adopt activities carried out by other superfamily
proteins is illustrated by a directed evolution study in which enzymes such as NDM-1 and
VIM-2 were subjected to multiple rounds of mutagenesis to optimize their phosphonate
monoester hydrolase (PMH) activity, achieving over a 10 fold improvement in Az Ky
values with a limited number of mutations.5% Another example of catalytic flexibility

is PNGM-1, a MBL-fold protein discovered in a metagenomic screening of deep sea
sediments. While it is described as a B3 MBL, conferring resistance to f-lactam antibiotics
and possessesing 15-18% sequence identity with that lactamase subclass, its catalytic
efficiency towards these substrates is limited (kzq/ K1y = 10-103 M~ s71 for penicillins,
cephalosporins and carbapenems).>% Additionally, phylogenetic analysis shows the protein
to be more closely related to tRNase Z enzymes, and both its active site structure and

in vitro RNase degradation assays display characteristics compatible with this protein
class.597. 598 Ag such, although its physiological function has not been characterized, the
fact that PNGM-1 displays dual p-lactamase and tRNase Z activities may provide clues
regarding the potential origin of B3 MBLs. Similarly, MBL-fold proteins from humans have
been shown to possess residual B-lactamase activity.>%°

The distinction between actual MBLs and other superfamily members is blurred by the
recent report of the protein VarG, from Vibrio cholerae.8%° This enzyme was found to confer
resistance to various p-lactam antibiotics, and its expression to be inducible by p-lactams
(see Section 7.2), but given its unusual characteristics it does not belong to any of the three
known MBL subclasses. Its active site is predicted to contain 3 His residues for Zn1, but

2 Asp and 1 His for Zn2, a coordination geometry not observed for any other previously
characterized MBL but which could correspond to MBL superfamily members. However,

a crystal structure for this enzyme is required to confirm these features. VarG was purified
as a dimeric protein, and it showed positive cooperativity for f-lactam substrates during
turnover. It hydrolyzes carbapenems with relatively high efficiency (ks Kpsaround 10° M1
s71), showing relatively poor catalytic efficiencies towards cephalosporins and penicillins
(Kzqd Ky OF about 102 to 103 M1 s71).600 Fyrther characterization is necessary to ascertain
whether VarG represents an entirely new subclass of bona fide MBLs or possibly a MBL
superfamily protein recently repurposed to act as a resistance determinant.
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The study of members of the MBL superfamily is of interest to track possible evolutionary
origins, particularly of B3 enzymes. However, the finding of residual lactamase activity on
these enzymes cannot be taken as a confirmation of their identity as MBLSs.

5. Catalytic mechanism of MBLs

5.1. Challenges and approaches to study the chemistry of p-lactam hydrolysis

B-Lactam hydrolysis by p-lactamases is a simple, hydrolytic reaction that cleaves the 2-
azetidinone ring giving rise to a -amino acid that is no longer active against the target
peptidase domains from PBPs. Despite this simplicity, identifying the subtleties of the
catalytic mechanism of MBL-mediated hydrolysis was subject of a long controversy along
more than three decades.19: 21, 601-603 Ear|y attempts to sketch a mechanism for MBLs
were inspired in the previous knowledge of antibiotic hydrolysis by SBLs.227: 604 There
are, however, substantial differences. First, the active-site features of MBLs give rise to a
different substrate recognition. Second, metal-mediated hydrolysis is chemically different
and this results in a different mechanism.

B-Lactam cleavage involves three chemical steps (Figure 3): (1) the attack of an activated
nucleophile to the carbonyl group, (2) C-N bond cleavage and (3) protonation of the
nitrogen atom. In the case of SBLs, the activated hydroxyl group from a Ser residue is the
nucleophile, giving rise to a tetrahedral intermediate (due to the sp character of the carbon
atom after the nucleophilic attack). This species involves a covalent bond between the
former carbonyl carbon of the B-lactam and the oxygen of the Ser residue (Figure 3). This
negatively charged tetrahedral intermediate is stabilized by interactions with the oxyanion
hole. Next, fission of the C-N bond leads to a covalent acyl-enzyme species (Figure 3). The
last reaction step is the deacylation of this covalent adduct aided by nitrogen protonation.
Many mechanistic-based SBL inhibitors are suicide substrates in which the deacylation step
is extremely slow.

Currently, it is widely accepted that there are two main steps in the MBL-catalyzed reaction:
the nucleophilic attack on the carbonyl and the protonation of the N atom (Figure 3).
Nevertheless, within this general scheme, there have been several controversial issues
involved in the debate of the mechanism of MBL-mediated catalysis: (1) whether some

of these events are synchronous or occur in discrete steps with accumulation of reaction
intermediates, (2) the identity of these intermediates, (3) the identities of the nucleophile
and the proton donor, (4) the rate-determining step of the reaction and, last but not least, (5)
the role and essentiality of each Zn(l1) site in this mechanism. The diversity in active-site
topology, zinc ligands and metal stoichiometry of MBLs from different subclasses (and even
within subclasses, as is the case for SPS-1 and GOB enzymes) has made it difficult to
sketch a common mechanism. However, a recent consensus mechanism has been achieved
as the result of the combination of biochemical, spectroscopic, computational and structural
studies. There are still some minor undefined issues.

Classical biochemical and biophysical approaches, such as steady-state296. 297, 604-606
and pre-steady state kinetics240-242, 270, 271, 287, 322, 607 jp, different MBLs and site-
directed mutants have contributed to outline the currently accepted mechanism. X-ray
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crystallography of MBLs in complex with hydrolyzed products (and some reaction
intermediates) has also provided structural views of the binding mode of the different
catalytic species within the active site of several MBLs.229: 245, 328-330 The presence of

one or two Zn(lIl) ions has also been exploited by the use of different spectroscopies that
allow interrogating the metal site during catalytic turnover. Zn(ll) is a d19 transition metal
ion, and as such does not possess unpaired electrons nor any d-d electronic transitions in
the visible range, being silent to most spectroscopies. However, Zn(l1) centers in proteins
can be studied by X-ray Absorption Spectroscopy (XAS), mostly by EXAFS (Extended
X-Ray Absorption Fine Structure).285: 291, 293, 515 EXX AFS provides information about the
identity of the coordinating atoms to the metal center and ligand-metal distances and Zn-Zn
distances (in binuclear sites). These techniques, when coupled with Rapid Freeze-Quench
(RFQ) devices, enable the trapping and characterization of possible intermediates in the
millisecond time scale. An alternative approach is the replacement of the native metal

ion by other divalent ion surrogates that can reproduce their binding features and are
amenable to be studied by different spectroscopic techniques. This is the case for Co(ll),

a d’ metal ion, that has been shown to be the best spectroscopic probe for zinc sites

in proteins, in its high-spin (S=3/2) form.279. 608-610 Co(|1)-substituted MBLs have been
extensively characterized by different spectroscopic techniques. The utility of UV-visible
spectroscopy is boosted by the presence of ligand to metal charge-transfer in the presence
of Cys ligand and @-d'absorption bands that are sensitive to the geometry and coordination
number of the Co(ll) ion, and provide sensitive probes to analyze the catalytic cycle.2’®
Electronic spectroscopy in real time under pre-steady state conditions coupled to stopped-
flow equipments has been extensively used for mechanistic studies (Figure 35, Figure

41, Figure 45). Magnetic techniques are slower, and as a result, EPR and ENDOR in
Co(I1)-MBLs have been exploited in combination with RFQ devices.240: 241, 287, 299, 351, 611
Cd(11) is also a possible metal substituent, allowing use of}13Cd NMR and Perturbed
Angular Correlation (PAC) spectroscopies to study the active-site structure.252 288, 612 (etg|
substitution by other metals, such as Cu(Il), Mn(ll), Cu(ll) and Ni(ll) have been attempted,
but the catalytic performance of these derivatives is much lower than those observed with
Co(l1) or Cd(11).895. 613 ndeed, it has been suggested that the inhibitory activity of MBLs by
some Cu(ll) complexes could be due to metal replacement. Fe(ll) substitution has rendered
active derivatives of Bcll and VIM-2, but it requires manipulation in gloveboxes since the
metal is prone to be oxidized to Fe(lll), giving rise to an inactive variant.614

Another approach to identify mechanistic intermediates is the study of the time evolution
of spectroscopic features of the p-lactam substrates during the reaction. The B-lactam
chromophore absorbs at 235-300 nm, depending on the substrate. Therefore, p-lactam
hydrolysis can be followed kinetically by monitoring the fall in absorbance at the maximum
wavelength corresponding to each antibiotic. Even though the changes in the extinction
coefficients can be low for some substrates, this absorption feature can be safely exploited
for steady-state kinetics study. However, working under single turnover conditions leads
to overlap of the -lactam absorption with protein chromophores in this region making it
difficult to follow the hydrolysis rates. For these reasons, the development of chromogenic
B-lactam compounds with absorption features in the visible range that change upon
hydrolysis (Figure 40), and with large extinction coefficients, has been essential for
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mechanistic studies as well as for multi-plate screening methods that use shorter path
lengths, as reviewed by Fast and Sutton.615> Among B-lactams, cephalosporins provide an
adequate scaffold, since leaving groups at C-3 can be dissociated upon p-lactam hydrolysis,
eliciting larger spectral changes (see below).616

Computational simulations of the reaction mechanism have been of great help in validating
different hypotheses arising from experimental data. In this regard, quantum mechanics-
molecular mechanics (QM-MM) hybrid calculations describing the metal site with a density
functional theory (DFT) approach, and the protein scaffold with a classical description,
proved to be valuable.244. 249, 321, 326, 327, 617-628 Nymerous computational studies have
been performed to analyze the interaction of MBLs with substrates, intermediates and
products. Despite Zn(ll) is a closed-shell transition metal ion, these calculations have faced
the challenge of describing the intrinsic flexibility of the metal site, that in MBLSs is larger
compared to other binuclear hydrolases due to the requirement of hosting a large number of
substrates.

Role of Zn(ll) in metallohydrolases

Zn(11) is a trace element essential for life, second to iron in the list of most abundant
transition metal ions in living organisms.393: 629 Zn(11) is a strong Lewis acid but, in

contrast to iron, is devoid of redox activity. The full-shell d1° configuration results in a
ligand field stabilization energy (LFSE) equal to zero. Thus, Zn(ll) has no preferences for

a defined geometry or coordination number, and it is found in geometries ranging from

4- to 6- coordination in proteins. Zn(ll) is an intermediate hard-soft metal ion in terms

of the Pearson classification, thus being able to coordinate equally well with N- and O-
(hard) and S- (soft) ligands. Zn(ll) is characterized by a fast ligand exchange rates (&py

H,0 = 2x107 s71) that enables rapid binding and detachment of protein ligand groups

and exogenous ligands.®39 As a result, compared to other divalent 3d ions, Zn(I1) can
provide Lewis acid chemistry, nucleophile activation and rapid ligand dissociation (this is
particularly important for metal-bound water molecules) that elicit an efficient turnover in
hydrolysis reactions. In this regard, different roles have been postulated for the Zn(ll) ions
in mono-Zn1, mono-Zn2 and binuclear variants of MBLs: (1) as a Lewis acid polarizing

the C=0 bond resulting in a more electron-deficient carbon atom,226: 604 (2) favoring the
formation of a transient negative charge in a tetrahedral intermediate,694 631 (3) lowering the
pKa of the Zn(11)-bound water molecule which facilitates nucleophilic attack to the p-lactam
carbonyl,894 (4) providing an anchoring point for the negatively charged carboxylate group
at C3 or C4 in B-lactams, thus steering substrate binding,23? (5) stabilizing the formation of
an anionic intermediate240. 241, 393,607 and () orienting/polarizing a water molecule to act
as a proton donor.24! There is compelling evidence supporting some of these proposed roles,
while other postulates are not supported by experimental results. These aspects, together
with the distinct activities of the differently metallated forms in MBLs will be discussed in
this section.

The relative activity of the mononuclear and the binuclear forms, as well as their
physiological relevance, has been matter of an intense debate, particularly in B1 MBLs (See
Section 4.2).285 287293 Crycial to disentangle this dilemma is the possibility of isolating
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the Zn1-only or Zn2-only variants of the different enzymes, with contradictory results from
different laboratories. These experiments are further complicated by the report of quite
diverse binding affinity constants for the zinc sites, since these values strongly depend on
the method employed. Moreover, the affinities of MBLs towards Zn(ll) are in the low nM
range, which is much lower than the affinities of other zinc enzymes (for example, for
carbonic anhydrase and thermolysin, the affinity is pM©®32.633) and for carboxypeptidase
is sub-nM.834 In addition, the Cys ligand of the Zn2 site in B1 enzymes is prone to
oxidation, which is sometimes irreversible and prevents metal binding at the Zn2 site.280-282
This has been repeatedly reported in crystal structures of mono-Zn1 variants, that are the
result of Cys oxidation, in many cases resulting from synchrotron radiation, but also to

the different susceptibility of oxidation in solution from the Cys221 ligand. In particular,
VIM-2 and SPM-1 have been proved difficult to characterize in the binuclear form due to
this phenomenon.281: 282 Despite these controversies, there is a growing consensus that the
binuclear form of B1 MBLs is the active species in the bacterial periplasm.3%0 This aspect
will be discussed later in this review in the context of the cell biology of MBLs and zinc
homeostasis in bacteria (Section 10).

Identity of the nucleophile and impact of pH in the activity of MBLs

Two possible candidates were initially suggested as attacking nucleophiles for the mono-
Zn(11) enzymes: the Zn(I1)-bound water molecule, and a deprotonated Asp120.242 604
Assuming a nucleophilic Asp120 would result in the formation of an intermediate anhydride
species. However, addition of methanol, hydroxylamine or methoxylamine to the reaction of
Bcll and CcrA did not result in trapping of any anhydride intermediate. These experiments
by the groups of Page and Benkovic supported that a Zn(I1)-bound hydroxide could be the
attacking nucleophile.242. 604

Nucleophile activation by metal ions does not require a general base to deprotonate the
water molecule. The pKa of a Zn(l11)-bound water is tuned by the immediate environment,
ranging from 9.5 in Zn(H,0)g** to 6.8 in human carbonic anhydrase 11 (whose active site
resembles the Zn1 site of B1 and B2 lactamases), or to 5.8 in carboxypeptidase A. In

this way, the study of the pH dependence of the catalytic performance of zinc enzymes

has helped in revealing the pKa of the zinc-bound water molecule. Initial experiments

from Page, Frére and Galleni on Bcll revealed that the enzyme is inactivated at low

pH with a slope of 2, suggesting the involvement of two protons in this event.504 The

pKa of this inactivation was shown to depend on the hydrolyzed substrate, the Zn(Il)
concentration on the reaction buffer23. 635 and the identity of the metal ion (when Zn(11)
was replaced by Co(ll), Mn(11) or Cu(11)).69 The different chemical properties of each
metal ion (in particular, the Lewis acidity and the ionic ratio) are known to tune the ability
of polarizing the water molecule and finally change its pKa. This pKa changes significantly
upon replacement of the native zinc by Co(l1) (6.3), Cd(I1) (8.7) or Mn(ll) (8.5) in Bcl1.6%°
This trend supports that the role of Zn1 is to provide the nucleophilic hydroxide, rather than
to act as a Lewis acid to polarize the carbonyl group and stabilize the early tetrahedral high
energy intermediate.
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The acidic limb of the pH dependence of k4 shifted to lower pH values upon addition of
extra Zn(Il). This reversible inactivation was correlated to the finding of Zn(Il) dissociation
at acidic pH by Rasia and Vila,5% later confirmed by crystal structures from the Sutton lab
indicating the protonation of Asp120 at low pH in Bcll,280 that detaches from Zn2. The
Zn1-Wat distance increases from 1.9 A to 2.3 A at low pH, confirming the protonation of
the zinc-bound water molecule, and therefore accounting for the anomalous slope observed
in the pH-dependent experiments. This water ligand detaches from the metal site at pH 4.5.
IMP-139 showed no titratable groups between pH 4.6-9.0, and the inactivation at lower
pH values was also correlated to Zn(l1) dissociation.536 Overall, the acidic pKa limb in

B1, B2 and B3 lactamases has been detected at low pH or even undetected?38. 317, 319, 323
confirming that the pKa of the attacking nucleophile is < 5 in all cases, and that enzyme
inactivation at low pH is mostly due to Zn(l1) dissociation from the active site.

Some authors have argued that the presence of a second Zn(Il) ion could help in further
lowering the water pKa.®%1 However, the simultaneous binding to two Zn(l1) ions renders a
less powerful nucleophile. In binuclear hydrolases, a terminal hydroxide is expected to be
a more efficient nucleophile than a bridging hydroxide.537 This notion has been supported
by model compound studies,338 and to the observation that the Zn1-O bond is shorter than
the Zn2-O bond in all binuclear MBLs.226 This favors the hypothesis (supported by QM
calculations)327 suggesting that substrate binding takes place also by coordination of the
carboxylate group to Zn2, with a simultaneous detachment of the bridging hydroxide from
this metal site, releasing a potent nucleophile.24

The impact of the different substrates in the pKa is less clear. Since the hydrolyzed products
are dicarboxylates, they are expected to act as moderate chelators or inhibitors, and this
phenomenon could be reinforced at higher pH values. Thus, the different chelating power of
the hydrolyzed products could explain the distinct pKa values for each substrate.

Identity of the proton donor

Solvent Kinetic Isotope Effects (SKIE) have been of help in identifying the rate-determining
step of the reaction. All mechanistic studies in B1, B2, and B3 enzymes displayed normal
SKIE (Pkyge! Pkae> 1), revealing that the rate-determining step involves a proton
transfer,319 604,639,640 A sjtuation in which the nucleophilic attack of a metal-bound water
is rate-limiting should give rise to an inverse isotope effect (Pkgq/ kza¢ < 1), confirming
that the protonation, the last step of the reaction is rate-limiting for all MBLs).641. 42 proton
inventory studies from the Crowder lab also suggested one proton in flight involved in

this step.31° Last but not least, since the Zn(11)-bound hydroxide is consumed in the first
step of the reaction, a new water molecule is require to bind Zn1 during the mechanism

to regenerate the nucleophile. This rearrangement may be linked to the final protonation
step. The possible proton donors that have been suggested are: Asp120, the newly formed
carboxylate after hydrolysis, a Zn(I1)-bound water molecule, and a bulk water molecule.

Mutation of Asp120 is deleterious for the activity of all MBLs.231: 276, 315-318, 390 Thjg
led to the proposal of this residue as the proton donor in the last step of the reaction.
However, Asp120 mutants also showed a normal SKIE, suggesting that the rate-limiting
step is the proton transfer.318 Since &, is not significantly altered in the isosteric D120N
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mutant in Bcll,318 IMP-139 and 1,317 this suggests that Asp120 is not the proton donor

in the last step of the reaction. Instead, structural analysis of different Asp mutants support
the conclusion that the main role of Asp120 is to adequately position Zn2 for substrate
binding and catalysis.316: 318,390 The most accepted hypothesis for a proton donor is a water
molecule, as discussed below for the different substrate families.

5.5. Mechanism of hydrolysis of the different families of p-lactam compounds

B-Lactamases are similar to peptidases in that they catalyze the hydrolysis of an

amide bond, and they pursue this chemistry by means of activated serine residues

(such as trypsin, chymotrypsin or thrombin) or a Zn(I1)-bound water molecule (such as
the carboxypeptidases, aminopeptidases, matrix metalloproteases and ADAM proteins).
However, B-lactam hydrolysis presents different challenges compared to the hydrolysis
of peptides and linear amides and this results in different catalytic mechanisms. Peptide
bonds are planar, while bicyclic B-lactams are butterfly-shaped molecules with the nitrogen
adopting a pyramidal configuration. This results in the lone pair of the N atom oriented
to the a side of the antibiotic molecule. The hydrolysis of planar peptides is governed
by stereoelectronic effects, so that the nucleophilic attack takes place antiperiplanar to
the direction of the N lone pair.543 The V shape of B-lactam substrates overrides the
stereoelectronic effect in such a way that both the nucleophilic attack and nitrogen
protonation occur from the less hindered a side. Thus, the catalytic machinery of -
lactamases should provide an adequate orientation of the nucleophile and proton donor
fulfilling these geometric requirements.

In addition to these common features, the families of bicyclic antibiotics can be
distinguished by the different chemical nature of the ring fused to the 2-azetidinone

moiety: a saturated five-membered ring (penicillins), an unsaturated six-membered ring
(cephalosporins) and an unsaturated five-membered ring (carbapenems) (Figure 1). These
differences, as well as the different substituents decorating these rings, determine the
possibility of stabilizing possible anionic intermediates during the catalytic cycle. Another
important difference to consider is the different chirality of C6 in carbapenems (S) compared
to penicilins and cephalosporins (/) (Figure 1). This gives rise to unique features in the
mechanism of hydrolysis of each family of substrates.

5.5.1. Mechanism of penicillin hydrolysis—Penicillin absorption occurs at 230 nm
and, therefore, is much difficult to be followed under single turnover conditions due to
interference from protein absorption. Thus, Co(ll)-substitution has been useful to study the
mechanism of penicillin hydrolysis by MBLs. Co(ll1)-MBLs are slightly less active than
the native Zn(I1) variants, being useful to obtain a bona fide description of the mechanism,
providing more chances to trap transient mechanistic species.69> The absorption spectra

of Co(ll)-substituted MBLs inform on the geometry of the metal binding sites (Figure
36).279. 292 Co(11)-substituted B1 enzymes have a a characteristic pattern of ligand field
bands between 500-650 nm from both sites, that in the resting state is dominated by

the intense features of the tetrahedral Col site. In the UV range, an intense Cys—Co(ll)
ligand-to-metal charge-transfer band (LMCT) at 340 nm reports changes at the Coz2 site.
These particular signatures enable following independently changes in the Col and the Co2
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site upon ligand binding (i.e., inhibitor binding or during turnover). This is not possible in
Co(l1)-substituted B3 enzymes, lacking a Cys residue. Co(11)Co(l1)-L1,292: 44 Co(11)Co(ll)
AIM-1611 and Co(I1)-GOB?2>2 only present features in the visible range due to the ligand
field bands that, in the case of binuclear enzymes, present overlapped features of the two
binding sites. EPR286. 351, 645, 646 and EXAFS285 of the Co(I1) derivatives at cryogenic
temperatures have also been employed to retrieve information of the active sites and

during catalysis. Seminal studies in the 1980s by Stephen Waley on Co(ll)-substituted Bcll
unveiled the first details of the mechanism one decade before the availability of a crystal
structure (indeed, without an accurate description of the metal stoichiometry and assuming a
mononuclear enzyme as the active species).2’% 271 This work provided the first experimental
evidences of changes in the coordination geometry of the metal ions during turnover.

Hydrolysis of penicillin G (benzylpenicillin) by Co(ll) Bcll takes place by a branched
mechanism.270. 271 Steady-state kinetics following the absorption features of the substrate
showed a biphasic behavior, that Page and coworkers attributed to the dissociation of one
of the Co(ll) ions during catalysis, giving rise to a less active (or inactive) mono-Co(ll)
species.2% A pre-steady state study of penicillin hydrolysis by Bcll loaded with different
amounts of Co(l1) by Llarrull, Vila and coworkers287 confirmed the branched pathway
reported by Waley, that was accounted for by the assumption of two active species: the
di-Co(1l) form, and a mono-Co(ll) Bcll with the metal ion localized in the Co2 (DCH)
site. This model is based on the evidence that mono-Co(ll) Bcll is a mixture of two
mono-Co(ll) forms in equilibrium, where the metal ion is switching between the Col (3H)
and the DCH site.287 Substrate binding shifts this equilibrium to the DCH site, providing
the anchoring point to the C3 carboxylate group. In the mono-Co(l1)-DCH species, the
suggested nucleophile is a water molecule activated by hydrogen bonding interactions with
His118 and His196, similar to the mechanism of mononuclear B2 enzymes (see below).
The spectroscopic data also support that in the enzyme-substrate (ES) complexes the two
metal ions interact with the substrate, changing their coordination features. No reaction
intermediates could be trapped in penicillin hydrolysis by Bcll.

Figure 37 displays the minimal mechanism proposed for penicillin hydrolysis. This
mechanism considers a terminal (not bridging) hydroxide as the attacking nucleophile,
simultaneous with the activation of the carbonyl moiety by Zn1 and/or Asn233 in the first
step of the reaction. The proton donor is supposed to be a water molecule. We postulate that
Wat2, the water molecule bound to Zn1 in the resting state enzyme, moves to the bridging
position synchronous to the nucleophilic attack and becomes the proton donor, regenerating
the nucleophile at EP. This is the most plausible hypothesis since it does not require the
assumption of a second water molecule that needs to be located at the same face of the
antibiotic. However, this hypothesis cannot be definitively discarded and it also depicted in
Figure 37.

X-ray crystallography of adducts with penicillins have provided pictures of the enzyme-
product (EP) complexes with NDM-1. Indeed, the first structural snapshot of a complexed
B1 enzyme was the structure of NDM-1 with hydrolyzed ampicillin, reported in 2011 by
Zhang and Hao.%47 Soon after, King, Strynadka and coworkers22? informed the structures
of EP adducts of NDM-1 with methicillin, benzylpenicillin and oxacillin (Figure 38). These
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structures reveal the same binding pattern: (1) the C-N distance is 2.9 A, confirming that the
cleavage of the B-lactam ring has occurred, (2) the newly generated C-7 carboxylate binds
Zn1 with one oxygen atom, while the other oxygen interacts with Asn233, (3) the N and

the C3 carboxylate group coordinate to Zn2, (4) the C3 carboxylate forms a salt bridge with
Lys224, which adopts the same orientation in all complexes, (5) a similar long Zn1-Zn2
distance compared to the unbound enzyme is found (ca. 4.6 A, the longest intermetal
distance reported for MBLS) and (6) there is a bridging water/hydroxide located closer to
Zn1 (2.0 A) than to Zn2 (3.0 A).258 These features are preserved regardless the substrate,
pH and crystallization conditions. These structures are consistent with the spectroscopic data
describing the mechanism of binuclear B1 enzymes. The N atom replaces a water molecule
in the apical position of the coordination sphere of Zn2, that remains pentacoordinated.

The puckering of the thiazolidine ring suggests an sp® hybridization for the N atom, that

is expected to be already protonated. The bridging water molecule in the EP adduct is also
favorably oriented and activated by Zn(ll) binding to provide a proton to the N atom. This
water molecule is likely the apical Wat molecule bound to Zn2 in the resting state enzyme.

5.5.2. Mechanism of cephalosporin hydrolysis—The effectiveness and reactivity
of cephalosporins is highly dependent on the identity of the C3 substituent.543. 648 The
chemistry of cephalosporins is unique among p-lactams since, after C-N bond cleavage,
they generally undergo tautomerization of the C3-C4 double bond to the C4-N5 position in
the dihydrothiazine ring, that can end up in different reactions,%49 such as (1) elimination
of the C3 substituent resulting in an exocyclic C3-C3’ double bond, (2) protonation at

C3 or (3) protonation at the C3 substituent (Figure 39). The absorption of the B-lactam
chromophore in cephalosporin is ca. 250-260 nm, but the cephalosporin core can be
decorated with different chromophoric groups at the C3 position that can be exploited

for mechanistic studies.®15 The most widely used chromogenic cephalosporin is nitrocefin
(Figure 40), with a dinitrostyryl moiety that gives rise to its spectral features.5°0 Other
popular chromophoric cephalosporins are CENTAB51. 652 and chromacef553 (Figure 40).
The synthesis of fluorogenic cephalosporins has been employed for in cell studies or
high-throughput screening assays of lactamase inhibitors. In particular, nitrocefin is yellow
(absorbing at 390 nm), and its hydrolysis product is red (Amax = 490 nm).

In 1998, Benkovic and coworkers reported the accumulation of a reaction intermediate
during the hydrolysis of nitrocefin hydrolysis by di-Zn(Il) CcrA.6%7 This intermediate was
identified based on its strong absorption at 665 nm, while intact nitrocefin and hydrolyzed
nitrocefin present absorption maxima at 390 and 490 nm, respectively (Figure 41-a). This
red-shifted spectral feature was attributed to an enzyme-bound anionic intermediate in which
the N atom is negatively charged after C-N bond cleavage.242 697 The spectrum of this
intermediate was reproduced by treating hydrolyzed nitrocefin with a strong base, strongly
supporting this proposal. A similar reaction intermediate in which nitrocefin hydrolysis was
catalyzed by a synthetic binuclear Zn(I1) model complex by the Lippard group allowed its
characterization by infrared and 13C NMR spectroscopy, confirming the proposed structure
(Figure 41-b).838. 654 QM-MM calculations also supported the stabilization of the anionic
nitrogen by coordination to Zn2.62° The stability and feasibility of this intermediate have
been matter of debate, since the electron-withdrawing m-conjugated dinitrostyryl moiety in

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 70

nitrocefin can be expected to stabilize a negative charge, but this may not be the case for
clinically relevant cephalosporins, with other substituents. The pKa values of this nitrogen
in other systems is not expected to be low enough to stabilize a negative charge, suggesting
that this intermediate could be an artifact resulting from the use of nitrocefin. However, in
the absence of an available proton, Zn2 could act as a superacid, stabilizing the negative
charge developed in the nitrogen atom in the anionic intermediate. DFT calculations on
the mechanism of cefotaxime and cephalexin hydrolysis by dinuclear enzymes support the
stabilization of this intermediate as a general feature.321. 620 The lack of experimental
evidence supporting accumulation of this intermediate in other cephalosporins can be
attributed either to a reduced stability compared to the nitrocefin intermediate, or to a
possible overlap of the absorption band of this intermediate with the absorption in the UV
range of the protein chromophores.

The rate-limiting step in this reaction is the protonation of this intermediate, a proposal
consistent with a solvent kinetic isotope effect of 2.9.242 A water molecule is the most
likely proton donor, either an incoming water molecule from the bulk solvent that binds
the metal center, or the water molecule bound to Zn2 in the resting state enzyme that
replaces the vacant position left by the attacking hydroxide and finally ends bound to Zn1.
Again, Zn(I1) coordination is expected to lower the pKa of this water molecule, favoring

N protonation, and regenerating the nucleophilic hydroxide in EP. Similar intermediates
have been informed for the hydrolysis of nitrocefin or chromacef by the binuclear forms of
NDM-1, VIM-2 and L1.640. 655, 656Thjs mechanism provided the first direct evidence of a
catalytic role for the Zn2 site.

Different spectroscopies were used to interrogate the metal site during nitrocefin turnover.
Co(ll) substitution allowed identification of geometry changes in nitrocefin hydrolysis by
L1.645 RFQ-EXAFS on L1 also showed that the Zn-Zn distance increases from 3.4 in

the resting state to 3.7 A in the intermediate.307 The latter distance is closer to that
corresponding to the enzyme-product adduct (3.6 A). This work by Crowder and Tierney
provided a direct evidence of a scissoring motion of the metal site during turnover. This
is also in line with the loss of coupling between the two Co(ll) ions in di-Co(I1)-NDM-1
observed by EPR in this intermediate.293

Different studies further supported the role of the Zn2 site in the formation of the anionic
intermediate. Mono-Zn(l11) GOB presents the Zn(ll) at the DHH (Zn2 site) and shows
accumulation of this intermediate in the absence of a Zn(l1) ion at the Zn1 site.?%2 In
contrast, a mono-Zn(ll) form of L1, with the metal ion localized at the 3H site, showed a
poor activity against nitrocefin and was not stable to accumulate the anionic intermediate.2%2
This intermediate also accumulates to different extents in the Zn(11)Zn(11)-, Zn(I1)Co(11)-,
Co(INCo(ll)-, and Co(I)Cd(1) derivatives of NDM-1, with the finding that the product
release rates correlate to the the Lewis acidity of the metal at the DCH site (Zn(l1) > Co(ll) >
cd(n).

The accumulation of the nitrocefin intermediate is different among MBLSs: there is barely
no intermediate formed with Bcl1557 or IMP-1.333 Minor perturbations, such as as second
sphere mutations that change the hydrogen bond network or loop changes can lead to large
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changes in the accumulation of this and other intermediates.3%# Insertion of the B3 loop
from IMP-1 into Bcll resulted in accumulation of the intermediate.333 The intermediate in
IMP-25, an allelic variant with second sphere (S262G) and loop L10 (G235S) mutations
leads to a more populated intermediate than in IMP-1.39 In the case of B3 enzymes, a study
of mutations in loop a3-p7 (ca. residues 148-164) showed that loop motions correlated with
the rate of formation of the nitrocefin intermediate.>4? Overall, these results demonstrate
that several factors determine the degree of accumulation of this intermediate, such as the
position and the charge at the Zn2 site, and the interactions and conformation of loops L3
and L10 flanking the active site. In any case, the study of this intermediate was crucial for
the dissection of MBL-mediated catalysis of cephalosporins.

No crystal structures have been reported of MBLs complexed with nitrocefin. However,
several structures of MBLs with bound forms of cephalosporins are available. Indeed,

the first description of a product bound to a binuclear MBL was the crystal structure of

the hydrolyzed oxacephem moxalactam bound to the B3 enzyme L1 reported in 2005

by Spencer and coworkers.330 The structure reveals that moxalactam has experienced

the elimination of the 1-methyl-5-thiotetrazole substituent at C3, giving rise to an 3~
exo-methylene group. This structure shows several similarities with the EP adducts of
penicillins, i.e., product binding to the metal site occurs through a direct interaction of the
two carboxylate moieties (the C4-carboxylate with Zn2 and the C8 carboxylate with Zn1),
and the B-lactam nitrogen (at 2.4 A from Zn2). The C4-carboxylate also forms hydrogen
bonding interactions with Ser221 and Ser225 (Ser223 in the older BBL numbering),
despite these residues have been shown not to be essential for catalysis. A bridging water

is preserved between the two Zn(l1) ions. As a result, both metal ions increase their
coordination number to penta- (Zn1) and hexa-coordinated (Zn2). The Zn-Zn distance is
3.68 A, in agreement with the EXAFS data of the EP complex of L1 with nitrocefin,3%7 j.e.,
larger than in the resting state, but much shorter than the distance observed in the adducts
with hydrolyzed penicillins. A series of structures of L1 bound to hydrolyzed moxalactam
reported by the Joachimiak group in which the native metal ion has been replaced by Cu(ll),
Ni(11) or Cd(l1) revealed similar binding patterns.284 These structures confirm the presence
of a bridging water molecule in the EP.

Feng, Wang and Lui reported a series of complexes of NDM-1 with hydrolyzed cephalexin
and a cephalosporoate intermediate of cefuroxime, with similar binding modes.32° The
binding mode is similar to that observed for hydrolyzed penicillins, also preserving the
hydrogen bonding interaction of the C8-carboxylate with Asn233, lacking in the structure
of moxalactam with L1. In the case of the cephalexin complex, the electron density is
consistent with a protonated sp® C-3 from the a face, in agreement with NMR data of the
hydrolyzed product. In this case, the most likely proton donor would be a Zn2-bound water
molecule. The Zn-Zn distance is as long as in the penicillin adducts (4.5 A), also including
a bridging water closer to Zn1. Trp93 also shows an favorable S-m interaction with the
dihydrothiazine ring, resembling that observed for the penicillin adducts.

The structure of NDM-1 with cefuroxime (Figure 43) presents a different scenario.32° The
planarity among C6, N5, C4 and the C4 carboxylate C16 indicates that the double bond has
already tautomerized from C3-C4 to C4-N5. Even if the C3 atom is sp3, the presence of
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the C3 carbamoyl substituent suggests that this structure represents an intermediate species.
The C3 atom adopts a different chirality as that of the cephalexin product, suggesting

that protonation is likely to occur from the p-face through a bulk water molecule. The
bridging water molecule is preserved, and the Zn-Zn distance is 3.8 A. This picture reveals
similarities with the binding mode of penicillins, and trapping of this intermediate in a
substrate with a good leaving group reveals that protonation (at the C atom in this case) is
rate-limiting, as reported also for nitrocefin and the other chromophoric cephalosporins.

5.5.3. Mechanism of carbapenem hydrolysis—Carbapenems are the only common
substrates to all MBLs, thus enabling the mechanistic study of B1, B2 and B3 enzymes.
Knowles and coworkers showed in the early 1980s5%8. 659 that carbapenem hydrolysis is
followed by tautomerization of the double bond in the pyrroline ring from C2-C3 (the
enamine A2 tautomer) to C3-N4 (the imine Al tautomer), equivalent to the rearrangement
taking place in some cephalosporins (Figure 44). If this tautomerization occurs within the
active site and the two tautomers are present, N or C2 protonation can occur. C2 protonation
can take place from the a or the B face of the ring, thus involving different proton donors. If
the carbapenem is protonated at the N in the active site, when the A2 tautomer is released, it
equilibrates in solution to generate the more stable Al tautomer with a 1:1 ratio of the a and
B diastereomers, which correspond to /Rand S stereochemistries at the C2, respectively.660
Thus, a stereoselective protonation at C2 or a diasteromeric ratio differing from 1:1 suggests
that carbon protonation has taken place (at least partially) within the active site.

The absorption of the B-lactam ring in carbapenems is red-shifted compared to penicillins
and cephalosporins (Amax = 300 nm for imipenem) and can be better followed,

despite partially overlapping with the aromatic protein chromophores. The detection of
reaction intermediates in carbapenem hydrolysis has been challenging due to the limited
spectroscopic properties of these compound. However, pre-steady state studies on imipenem
hydrolysis by di-Zn(I1) Bcll revealed formation of a reaction intermediate at 390 nm, also
present in the mechanism of di-Co(ll) Bcll, but shifted at 407 nm, making it more amenable
to characterization (Figure 45).240 The different absorption maxima upon metal replacement
confirms the direct involvement of the metal ion in this intermediate. RFQ-Resonance
Raman experiments enabled the assignment of this band to the deprotonated form of

a ring-opened pyrroline derivative that resembles the anionic intermediates identified in
cephalosporin hydrolysis.240 This intermediate was also observed in meropenem hydrolysis
by the B1 enzymes SPM-1 and IMP-25.348. 393

Further pre-steady state studies of imipenem hydrolysis by B1, B2 and B3 enzymes showed
that carbapenem hydrolysis by enzymes from the three subclasses can be described by

a common, branched mechanism.241 This mechanism involves two productive reaction
intermediates: EI* (the previously reported one, at 390 nm) and EI2, absorbing at 340

nm. Similar intermediates at 375 and 336 nm were reported for meropenem hydrolysis,
confirming a general mechanism for carbapenem hydrolysis. This general scheme is valid
for binuclear enzymes as well as for mono-Zn(lI1) enzymes with the metal at the Zn2 site,
such as Sfh-1 and GOB-18. The mechanism of B1 enzymes will be discussed first, on a
comparative bases with the mechanism of penicillin and cephalosporin hydrolysis, and the
particular features of the mechanism of mono-Zn(11) MBLs will be examined later.
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Hydrolysis of imipenem by bi-Zn(11)-NDM-1 under single turnover showed accumulation
of the same reaction intermediates EI! and EI2, while formation and decay of the Michaelis
complex (ES) occurred in the dead time of the equipment (2 ms).241 Co(ll) substitution also
disclosed changes in the coordination geometry of the metal sites during turnover. RFQ-
EXAFS enabled following changes in the Zn-Zn distance at different steps of the reaction.
This distance increased from 3.42 A in the resting state to 3.82 A in EI%, and then relaxed to
3.51 A in the EP complex.

Both intermediates correspond to anionic species and, based on carbapenem chemistry, they
may differ in favoring protonation at N or at C2 and maybe requiring two different proton
donors. The a:p diastereomer ratio for the imipenem hydrolysis products by different MBLS
revealed an excess of the B diastereomer, in contrast to the acid-induced hydrolysis. This
ratio can be accounted for only by assuming that, in addition to protonation at the N atom,

a diastereoselective protonation at C-2 takes place within the enzyme active site, whose
product is the A1p diastereomer. It was proposed then that the two productive intermediates
could correspond to anionic species with charge localization at the N or C2 atoms.

Several structures of NDM-1 bound to hydrolyzed carbapenems?29: 328 reveal a similar
interaction with Zn2 through the C3-carboxylate and the N atom, and involvement

of Lys224, resembling the EP complexes with penicillins and cephalosporins (Figure

47). However, all these structures lack a bridging water/hydroxide while showing a C7-
carboxylate bridging the two Zn(11) ions. The Zn;-Zn, distance is 4.0 A, i.e., lengthened
with respect to the unbound form, but shorter than in other complexes. These structures
suggest that the Zn, site is able to stabilize several negatively charged ligands in addition
to the DCH ligand set. The L3 loop is more closed in these structures compared to
penicillin- or cephalosporin-bound structures, possibly due to the smaller substituents at
C6 in carbapenems. Feng and coworkers reported a series of structures of NDM-1 with
hydrolyzed imipenem and carbapenems, that the authors attributed to the EI%, EI? and EP
complexes. In agreement with the previous EP adducts, these structures lacked a bridging
water.328 Joachimiak reported the structures of L1 complexed to hydrolyzed imipenem and
meropenem. The binding pattern of meropenem (PDB 6UAH) resembles those reported for
the adducts with NDM-1, while in the imipenem complex (PDB 6UAF) the C7 carboxylate
is not binding Zn1, and a bridging water molecule is present.

The EP or El structures of carbapenems with NDM-1 lack a bridging water/hydroxide, that
would result after protonation of the N atom, while C2 protonation has been proposed to
occur by water molecules located at the p face of the carbapenem, close to the hydrophilic
wall defined by loop L10. This can be due to the dissociation of the water ligand at the
Zn2 site upon carbapenem binding, precluding the possibility of N protonation. It is also
likely that the EP species with the bound water could be unstable, leading to dissociation
of the hydrolyzed product that may not be trapped in the crystal. The latter explanation is
supported by QM-MM calculations. The lack of a bridging water molecule was attributed
by Feng and coworkers to the unique Sconfiguration of C6 in carbapenems (differing from
penicillins and cephalosporins).328 After hydrolysis, both oxygens from the newly formed
C6 carboxylate bind Zn1 in a bidentate fashion, precluding the presence of bridging water
molecule.
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Wachino and coworkers reported the EP complexes of B3 lactamase SMB-1 with
hydrolyzed imipenem, meropenem and doripenem revealing a tetrahedral Al tautomer
protonated from the B face.561 In line with these results, in 2017 Feng, Wang and Liu
confirmed the existence of pyrroline tautomerization inside the enzyme active site.328
Different structures were consistent with binding of A2 (EI%) in one imipenem- and

three meropenem-bound structures and others with a bound A1 (EI2 or EP) form in five
imipenem- and two meropenem structures bound to NDM-1. All trapped molecules in
A1 (E12 or EP) show S chirality at C2, implying protonation from the B face). No a
diasteromers could be detected by this group. Feng and coworkers proposed a linear reaction
mechanism based on the finding of a single reaction product, but this conclusion does not
account for the kinetic studies.

Lohans, Schofield and coworkers have questioned the conclusions about the stereochemistry
of the C2-protonation,%62 since the different tautomeric forms equilibrate rapidly in solution,
and the stereochemistry of the final products may not reflect the protonation within the
enzyme active site. However, the consistent lack of a water molecule in the a face of
carbapenems in the different adducts would support protonation by the  face leading to a
steroselective protonation at the C2 atom.241

There are few theoretical mechanistic studies of carbapenem hydrolysis. Nair and coworkers
reported a QM-MM study calculation on the reaction coordinate of the hydrolysis of
meropenem by NDM-1 that support formation of a stable anionic intermediate species.244
DFT calculations reveal that the negative charge on this intermediate is delocalized among
the N4 and C3 atoms of the pyrroline ring and the sulfur atom at the C4-side chain.241

Imipenem hydrolysis by two mono-Zn(ll) MBLs (the B3 GOB-18 and the B2 Sfh-1)
revealed different accumulations of the intermediate species.?4! In contrast to binuclear
lactamases, both cases revealed a significant accumulation of the Michaelis complex (ES).
This has been attributed to a slower reactivity of the nucleophile in mono-Zn2 enzymes,
which would not be metal-activated. Instead, in binuclear MBLs, metal activation of the
nucleophile accelerates the first step of the reaction, resulting in a very short-lived ES
complex. In the case of GOB, substrate binding was accompanied by an increase of the
coordination number at the ES, while in Sfh-1 the metal ion remained 4-coordinated,
suggesting that binding of the C3-carboxylate to the zinc in the latter case takes place

by replacing the bound water. Similar conclusions were obtained for Co(I1)-GOB-18 and
Co(l1)-Imis.241

The structure of the B2 enzyme CphA in complex with hydrolyzed biapenem showed a form
of biapenem resulting from a molecular rearrangement after the nucleophilic attack.24> The
N4 atom and the C3 carboxylate bind the Zn(Il) ion, as observed for binuclear enzymes.
The C3 carboxylate also interacts with Lys224 and Asn233, thus presenting similar binding
features as B1 enzymes despite the absence of the Zn1 ion. The structure of resting state
mono-Zn(ll) Sfh-1 reveals a water molecule making hydrogen bond interactions with His118
(at 2.0 A) and His196 (at 2.5 A).
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The crystal structure of di-Zn(Il) CphA shows that the inhibitory metal ion binds His118
and His196 (metal ligands from the canonical 3H site in B1 enzymes), a water molecule
and a sulfate ion. Asn116 does not interact with the metal ion at this site.248 Binding of

the second Zn(I1) does not affect the overall structure nor the active-site entrance. Thus,
inhibition is not due to any steric effect elicited by zinc binding. The position of the Zn2

is not altered either. Binding of the second Zn equivalent prevents His118 and His196 to
activate the attacking nucleophile, while not being able to provide a geometry adequate for
metal-based nucleophile activation as in binuclear B1 MBLs. This proposal is supported by
the low activity of the His118Ala and His196Ala mutants.313

In summary, the main mechanistic difference of B2 enzymes with the dinuclear B1 and B3
MBLs is the fact that the metal ion is not involved in the activation of the water nucleophile.
However, the two-fold role of Zn(I1) in B2 enzymes in binding the substrate and stabilizing
the anionic intermediate resembles the role proposed for the Zn2 site in B1 and B3 enzymes,
despite the different active-site topologies and metal site content.

Reflexions on the catalytic mechanism of MBLs

All bicyclic p-lactams present a common binding pattern in mono and binuclear MBLs, in
which the Zn2 ion steers the productive binding by interacting with the carboxylate group
and positioning the B-lactam ring to the attacking nucleophile. Mechanistic differences
among the different types of substrates (accumulation of anionic intermediates, N or C
protonation) are due to the specific nature of each substrate in particular, either the particular
stereochemistry at C6 in carbapenems, or the different substituents in cephalosporins.

The mechanism proposed for mono-Zn(ll) enzymes with the metal ion at the Zn2 site
confirms the non-essentiality of a metal-activated nucleophile. Indeed, engineering the
position of the Zn2 site in such a way that is not able to stabilize the anionic intermediate
despite the activated nucleophile is present, results in drop of three to four orders of
magnitude in the catalytic efficiency of the enzymes. Hao and coworkers have argued that
the Zn-Zn distance, instead of the position of the Zn2 ion, is crucial for the enzyme activity.
In other words, MBLs can prescind from the Zn1 site, but not from the Zn2 site. This
conclusion is in conflict with in vitro reports of the activity of mono-Znl enzymes, but at the
moment there are not known MBLs in which the Zn2 site has been abolished resulting in an
active enzyme.

The unique coordination chemistry of MBLs makes them suitable to perform a precise
and at the same type promiscuous chemistry. The lack of a bridging protein ligand
endows the metal site with a high flexibility during catalysis that is accompanied by

the fact that all metal ligands are located in loops. This metal site dynamics results in
unprecedented lengthening of the Zn-Zn distances that cannot be afforded by traditional
binuclear hydrolases with carboxylate bridging ligands, that are generally shaped to target
only one substrate. The herein discussed mechanism reflect the malleability of this protein
scaffold that still has many uncovered and controversial issues to unveil.
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6. MBL Inhibitors

The main concern regarding the dissemination of genes coding for MBLs among Gram-
negative bacteria is the inability of the available SBL inhibitors to block the action of these
metalloenzymes. 15 17-19. 22, 80, 663-668 Degpite significant efforts since the mid 1990’s,
several thousands of MBL inhibitors have been reported in the literature, but no one has
made it to the clinics yet. There are recent progresses that are promising. Cefiderocol is a
siderophore-modified cephalosporin active against Gram-negative bacteria recently approved
by the FDA, that has been reported to be refractory to the action of MBLs.56%-671 However,
the molecular details by which this antibiotic escape the hydrolytic action of MBLSs are still
unknown, and the adaptation of current MBLSs to this substrate cannot be discarded in the
near future. On the other hand, two boronate compounds that can target MBLs and SBLSs,
taniborbactam (previously known as VNRX-5133) and QPX7728 are currently in phase

I11 clinical trials. Here we will discuss the challenges faced in the development of MBL
inhibitors, and the different strategies, that depict a four-de-force in medicinal chemistry, and
as such includes many important lessons to be learned.

6.1. Beta-lactamase (SBL) inhibitors

6.1.1. Traditional p-lactam based inhibitors—The emergence of the first plasmid-
mediated p-lactamases in the 1970s spurred the development of compounds capable of
counteracting these enzymes and restoring the efficacy of p-lactam antibiotics. The first
clinically employed B-lactamase inhibitor was clavulanic acid 2 (Figure 50-a), a natural
product from Streptomyces clavuligerus.572- 673 This compound belonged to a novel class
of B-lactam drugs, the clavams, with structural similarities to penicillins, although with an
oxygen atom substituting the sulfur in the second ring. Clavulanic acid possesses negligible
antimicrobial activity by itself, but is a suicide inhibitor of many class A SBLs. The
nucleophilic attack of the active Ser residue on clavulanic acid is followed by a very slow
deacylation step, leading to an irreversible inactivation of the enzymes.574 Oxidation of the
sulfur atom in the penicillin core to yield penicillanic acid sulfones lead to the discovery
of two further inhibitors, sulbactam 3 and tazobactam 4 (Figure 50-a).67% 676 They possess
a similar spectrum of activity to that of clavulanic acid, and also lack significant activity
against bacteria by themselves. In spite of their clinical value, these drugs lack activity
towards class B enzymes, and also certain SBLs from class A, C and D.7: 210

6.1.2. Diazabicyclooctanones—The significant gap in inhibitor coverage was finally
being narrowed by the development of new classes of compounds.89: 677 The first

family of newer inhibitors to be introduced for clinical applications was that of the
diazabicyclooctanones (DBOs, Figure 50-b), among which avibactam 5 was approved by
the FDA in 2015 for use in combination with ceftazidime as an efficient combinaction
against SBLs.578. 679 A potent inhibitor of class A and C B-lactamases, avibactam also
shows activity towards some class D enzymes while being, however, almost inactive towards
MBLs. The action of MBLs against avibactam has already been discussed in this review
(Section 4.4). Its mechanism of action is distinct from previous SBL inhibitors, with
covalent but reversible binding to its target B-lactamases.6”8 The combination of avibactam
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with aztreonam is currently in phase 111 trials,”® thus offering a tandem that is potentially
effective against both SBL and MBL producers.

Additional inhibitors of the DBO class are in the pipeline: relebactam 6 (Figure 50-b)

was recently approved in combination with imipenem/cilastatin,%89. 81 and others such as
nacubactam 7 and zidebactam 8 are under clinical trials.”®: 682. 683 Ajthough incapable

of inhibiting MBLs, nacubactam possesses intrinsic antibacterial through PBP inhibition,
and its combination with meropenem showed effectiveness toward multidrug resistant
Enterobacterales that included MBL producers.584 Finally, ETX2514 9 is a DBO compound
in clinical trials that is engineered to improve inhibition towards class D p-lactamases, while
maintaining potency towards A and C class enzymes.58° This is especially important for the
treatment of infections by Acinetobacter spp., which produce a variety of OXA (class D)
enzymes and frequently present multi-drug resistant phenotypes.

6.1.3. Boronates—Boronic acids represent the other novel class of SBL

inhibitors.80. 668. 677 These compounds act as mimics of the tetrahedral transition state of
B-lactam hydrolysis by SBLs, and reversibly bind the enzymes through covalent binding to
their catalytic serine residue.%68 Vaborbactam is a potent inhibitor of class A lactamases,
clinically approved in combination with meropenem.586. 687 |t js also active towards

some class C enzymes, but cannot inhibit those belonging to class D or B. More novel
members of the class have managed to expand the spectrum of inhibition of boronic acids.
Taniborbactam and QPX7728 are bicyclic boronates that target MBLs and SBLs, and will be
discussed in detail below.

6.2. Challenges for designing MBL inhibitors

There are many challenges that have impeded so far the availability of a clinical MBL
inhibitor. Fortunately, one or two boronic acid derivatives are likely to be approved soon.
Despite this great progress, there are several aspects that still deserve consideration and
discussion in the arena of MBL inhibition.

The first obstacle is related to the different mechanism and structure of SBLs and MBLs.
Inhibition of SBLs strongly relies in the presence of a covalent intermediate, that is lacking
in MBL-mediated hydrolysis. This precludes the use of suicide substrates such as clavulanic
acid and related compounds. Second, SBLs have a narrow and deep catalytic site, with a
buried Ser residue, while the active site in most MBLSs is located in a shallow groove. Third,
the diversity in active-site topologies among B1, B2 and B3 lactamases, involving also the
metal-ion stoichiometry, has made it difficult to design a common inhibitor targeting all
MBLs. Fourth, the close link of MBLs to the MBL superfamily, including metalloproteins
with similar folds and active site present in mammalian cells, raises the issue of possible
off-target reactivity of MBL inhibitors. More recently, there has been progress in the use of
zinc chelators or strategies for zinc replacement for other metal ions that give rise to inactive
derivatives have been studied, but the concern of specificity is even higher when resorting

to these approaches. There are excellent recent reviews about MBL inhibition reporting on
specific NDM-1 inhibitors,8 inhibitors inspired in the mechanism,15 19 compared strategies
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for inhibition,22: 615, 665, 666, 688 gnayses of specific types of MBL inhibitors®68 and patent
reviews,563 to which the reader is referred.

Most studies reporting MBL inhibitors are limited to the report of the /n vitro inhibitory
effect quantitated in terms of /Cspor K;values, measured under a wide variety of conditions
and using different substrates. Moreover, in many cases chromophoric cephalosporins such
as nitrocefin are used as reported substrates, an approach that is useful for library screening.
However, in many cases, inhibition of MBLs versus a clinical substrate is not reported.
Since all MBLs are carbapenemases, and this hydrolytic capability raises the most important
clinical concern, it is desirable that the most promising inhibitors are tested /7 vitro against
MBLs using carbapenems as substrates. Based on these premises, in this review we will

not present a comprehensive account of these values but will, instead, analyze the different
strategies and ranges of inhibitory potencies achieved in some relevant cases, discussing

the rationale of the design, the structural outcome (if available) and the limitations of some
approaches.

Most of the original articles present different synthetic or screening strategies to find
MBL inhibitors and test them, but most of them lack the characterization of the impact
of these inhibitors in bacteria expressing MBLs and, most important, on clinical strains,
that are more difficult to treat that laboratory strains. Finally, cytotoxicity, PK/PD studies
or pre-clinical assays in animal models are very scarce in this field. Therefore, most of
the comparative analysis in this section will refer to the chemical strategy and the relative
success in achieving an /n vitro inhibitor.

The different inhibitors can be classified based on the chemistry: targeting the Zn(ll) ions
(as most of the approaches consider) or targeting other structural aspects of the MBLs
(such as allosteric inhibitors, or covalent inhibition aimed to modify some active-site
residues). The mechanistic-based approach have relied mostly in the assumption of a high
energy tetrahedral adduct similar to that present in SBLs, that has inspired phosphonate
and boronate-based inhibitors, the latter being by far more successful, and mimicking the
common anionic intermediate formed after C-N bond cleavage.

A recent review by Linciano, Donda and coworkers includes a thorough analysis of the
different inhibitors assayed against NDM-1.18 The dendrogram shown in Figure 51 shows
the distribution of NDM-1 inhibitors based on chemical structures and colored by inhibitory
potencies. Since the work focused on a single MBL, the inhibition profiles differ for other
MBLs, but this dendrogram depicts in a faithful manner the distribution of inhibitors tested
for all MBLs.

6.3. MBL inhibitors inspired on B-lactam scaffolds

MBLs bind and hydrolyze bicyclic p-lactam compounds. Based on this, a number of efforts
have been devoted to exploit the p-lactam scaffold for designing MBL inhibitors.

Buynak and coworkers have employed this approach aiming to a simultaneous inactivation
of SBLs and MBLs. The introduction of a hydroxamate group at the C7 position of
cephalosporins such as in compound 10 (Figure 52-a) resulted in a low-pM inhibitory
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potency against B1 enzymes.%89 They also modified the penicillin scaffold by introducing a
thiol moiety targeting MBLs,%90 with the ability of acylate irreversibly SBLs. Compound 11
(Figure 52-a) showed an /Cspin the low-uM range against Bcll, L1, TEM-1 and P99.

Pratt, Page and Frére synthesized thioxocephalosporins, in which the p-lactam reactivity
is impaired by the presence of a thioamide group).691: 692 The 8-thioxocephalosporin 12a
(Figure 52-a) was poorly hydrolyzed, and the hydrolysis product 12b was able to inhibit
Bell (K7 =96 uM).691, 692

A library of carbapenems derivatives resulted in the identification of several moderate
MBL inhibitors. J-110,441 13 (Figure 52-a), with a benzothiophene substituent at C2,

was able to inhibit B1 and B3 enzymes, and showed synergy with imipenem againsta S.
marcescens clinical strain expressing IMP-1.693. 694 Other B-lactam-based compounds that
lead to irreversible inhibition by generating active thiol species will be discussed later in
Section 6.7.

The Franz lab has synthesized a modified cephalosporin (PcephPT 14a, Figure 52-a) that,
upon hydrolysis, releases a chelator prodrug PT 14b (pyrithione)®9® with activity against
NDM-1.69 The action of this compound, however, is not through removing the metal ions
but as a metal ligand.

Bisthiazolidines (BTZs) are more recent generation of bicyclic inhibitors designed as
substrate mimics inspired on the structure of penicillins, but lacking the amide group and
with a thiol as metal binding group, preserving the carboxylate (¢ L-15, D-15, L-16 and
D-16 in Figure 52-a) BTZs are pan-MBL inhibitors, i.e., able to inhibit B1, B2 and B3
enzymes.*12. 437,697 Binding to the active site is steered by the thiol, that bridges the two
Zn(1l) ions in binuclear B1 and B3 MBLs. The carboxylate interacts with the conserved
Asn223 and Lys224 residues (Figure 52-b,c) in B1 enzymes. Instead, in the case of the
B2 Sfh-1, metal binding occurs through the carboxylate. The stereochemistry of the chiral
centers only affected the inhibitory power in B2 enzymes. BTZs can restore efficacy of
carbapenems against MBL-producing clinical strains.

6.4. Metal ligands as MBL Inhibitors

6.4.1. Thiol-based inhibitors—zn(ll) is a thiophilic metal ion, and thus thiol-
containing molecules have been largely exploited as MBL inhibitors. Most of the first
MBL inhibitors were thiol-based, such as cysteinyl dipeptides,5% thiomandelic acid,5%°
captopril”% and a mercaptocarboxylate compound partially mimicking a hydrolyzed
penicillin.382

The pH dependence of the inhibition profile of cysteinyl dipeptides suggested that the thiol
group displaced the bridging water/hydroxide in Bcll.598 The strategy of using cysteinyl
dipeptides was later revisited by Crowder and cowokers who screened a library of 90
homo-cysteinyl peptides, and were able to optimize binding up to nM affinity against L1.701

The binding mode of thiol groups was later demonstrated by the crystal structure of IMP-1
inhibited by the mercaptocarboxylate 17 (Figure 53-a) reported by Herzberg, Concha and
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coworkers.382 The compound is efficient against IMP-1 and L1 in the nM range. This
molecule reproduces some of the chemical moieties present in benzylpenicillin: a linear
amide, the carboxylate and an aromatic group. The thiol moiety indeed bridges the two
Zn(1l) ions, and makes electrostratic interaction with Asn233, Lys224 and hydrophobic
contacts with L3 (Figure 53-¢) mimicking some substrate-binding features. A similar
strategy was recently reported targeting NDM-1.792 Despite the product mimicking features,
the thiolate provide the driving force for binding, as described for the susbtrate-mimicking
bisthiazolidines.

Thiomandelic acid 18 (Figure 53-a) was reported in 2001 as a potent sub-uM inhibitor of
different B1 and B3 enzymes, being the first broad spectrum MBL inhibitor reported.512. 699
Instead, inhibition of the B2 lactamase CphA was weaker. The NMR structure of Bcll
complexed to R-thiomandelic acid34° solved in 2013 revealed that binding was due to

the thiol moiety, and did not suggest any relevant role of the carboxylate in interactions
with active-site residues. The impact of thiomandelic acid against clinically relevant strains
expressing MBLs has been recently assessed.”03

Thiol groups were combined in different synthetic inhibitors with other functional groups.
Bebrone, Galleni and Frere reported a series of mercaptophosphonates as efficient broad-
spectrum inhibitors of MBLs.”%4 The crystal structures of some adducts revealed that either
the phosphonate or the thiol groups could bind the Zn(I1) site. A boronic acid with a thiol
group was synthesized aiming to build up an inhibitor targeting both MBLs and SBLs,’%°
with some impact in B1 enzymes in the low-pM range.

Dmitrienko undertook a systematic kinetic study of thiol-based inhibitors of IMP-1,708
concluding that these compounds inhibit MBLs by replacing the active nucleophile and not
by metal removal, and that the presence of two thiol groups in the same molecule does nor
result in a more potent inhibition. Finally, strong binding thiol inhibitors show a biphasic
behavior, that has been interpreted as resulting from an initial binding to Zn2 then followed
by a rearrangement to give rise to the bridging p-sulfide mode. A similar biphasic mode was
also reported for the binding of bisthiazolidines to VIM-2 and VIM-24, suggesting that this
could be a general mechanism of binding for thiol inhibitors.437

The use of thiol compounds as MBL inhibitors has been questioned based on their tendence
to be oxidized to the dimeric form or to different oxygen-containing variants.’% However,
there is a significant number of thiol-containing drugs approved. Among them, captopril
has been the best characterized thiol-based MBL inhibitor (see below). The Proschak group
screened eleven of these drugs or their active metabolites against several B1 MBLs.”99
Interestingly, the selected drugs showed a wide range of inhibitory potencies. Captopril 22,
thiorphan 19, dimercaprol 20 and tiopronin 21 (Figure 53-a), showed inhibition at the low
UM range and reduced the MIC of clinical isolates expressing different MBLs. Introduction
of a piperazine scaffold led to improved inhibition.”10

L-captopril 22a is an inhibitor of the angiotensin converting enzyme (ACE) regularly
prescribed for the treatment of hypertension.”! In addition to the thiol group, its structure
resembles some features present in hydrolyzed penicillins. L- and D-captopril, as well
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as a series of captopril analogues have been explored as MBL inhibitors in the last

two decades.229: 260, 543, 700, 706, 712-716 The stereochemistry had different impact in

the inhibition depending on the enzymes: both L- and D-captopril inhibit Bcll, IMP-1
and VIM-2 with high efficiency, but the D-stereoisomer is much more efficient than

the L- variant for NDM-1 and CphA, while both are poor inhibitors of SPM-1. Several
crystal structures have revealed the binding modes of the different variants to distinct
MBLs.229. 260, 543,706, 713 The thiol group bridges both Zn(11) ions in all cases, while

the carboxylate interacts with different active-site residues (Figure 53-d). In general, the
most potent inhibition is obtained upon a larger number of hydrogen bonding interactions
of the carboxylate group,’% in general with residue Lys224 (B1 enzymes), Arg228 (VIM
enzymes). Schenk explored captopril analogues witha six-membered pyrrolidine scaffold.’1°

The recently reported 2-mercaptomethyl-thiazolidines (MMTZs, 23 and 24) achieved
inhibition of B1,797 B2 and B3 enzymes (Hinchliffe et al., submitted). Despite their close
resemblance to captopril and their variants, MMTZs achieved better potencies which did not
depend on their stereochemistry (except for B2 enzymes) since they are more deeply buried
within the active site of MBLs and, instead of making electrostatic interactions through the
carboxylate group, the thioether of the thiazolidine ring forms conserved S-rt interactions in
all adducts (Figure 53-e). In summary, the hydrophobic interactions override the effect of the
electrostatic ones leading to better inhibitors.

6.4.2. Carboxylate-based inhibitors—Screening of the Merck chemical collection

by Toney and coworkers resulted in the finding of succinic acid derivatives as MBL
inhibitors.”Y” Among them, a variant with aromatic groups 25 (Figure 54-a) inhibited IMP-1
in the nM range. The crystal structure of the adduct revealed binding one of the carboxylates
to Zn2, Lys224 and Asn233, while the other carboxylate moiety bridged the two Zn(ll) ions
replacing the attacking nucleophile (Figure 54-b). Another screening found other succinic
derivatives that were able to revert meropenem resistance in IMP-1 expressing £. coli
strains.”18

Different phtalic acid derivatives were also reported as MBL inhibitors in the uM
range,’19-721 as well as maleic acid derivatives displaying pM inhibition toward some B1
enzymes and active against MBL-producing 2. aeruginosa strains.22-724

Crowder reported a series of N-heterocyclic dicarboxylic acids as MBL inhibitor, some of
them with low-UM K against the three subclasses with potency against £. coli laboratory
strains expressing different MBLs.”2> More recently, iminodiacetic acid was employed by
Cohen and Crowder as a scaffold for obtaining more potent NDM-1 inhibitors. The best
compound inhibited NDM-1 by binding, instead of stripping the metal ions with low UM
affinity.”26 A series of benzimidazole and benzoxazole-based compounds reported by the
Franz group resulted in sub uM inhibitory potency through binding rather than chelation.’2’
It is therefore important to evaluate the effect of polycarboxylate molecules towards MBLS
to assess whether they act as metal ligands or metal chelators.

6.4.3. Phosphonates—The tetrahedral geometry of phosphonate groups has been
largely exploited as transition state mimics for different enzymes, including SBLs.728. 729
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This approach has not been equally successful when applied to MBLs. For instance,

none of the mercaptophosphonates described in Section 6.4.1 behaved as a transition

state mimic.”%4 Crowder and Oelschlaeger synthesized a p-phospholactam active against
some B1 and B3 enzymes.”39 However, this compound is hydrolyzed to a phosphonate

in solution, casting some doubt on the chemical identity of the inhibitor. The carboxylate
group in mercaptocarboxylic acids was replaced by bioisosteric groups like phosphonate
esters, phosphonic acids and NH-tetrazoles in a study by Leiros, Samuelsen and coworkers.
The most efficient inhibitors were those containing the thiol group and a phosphonate

ester or acid. Some of these substitutions improved the inhibitory power, but by means of
hydrophobic interactions.”3!

A series of phosphonate-based pyridine-carboxylates synthesized by Dmitrienko exhibited
inhibition in the low-pM range against VIM-2, NDM-1, IMP-1 and L1 (26, Figure 55-a).
Compound 26 was active against different MBL producers, even towards the hard-to-deal
Stenotrophomonas maltophilia. Spencer solved the structure of the adduct of 26 with IMP-1,
that reveals that the phosphonate, instead of replacing the bridging hydroxide, forms a
hydrogen bond interaction with it, while carboxylate interacts with Zn2 and Lys224 (Figure
55-b). Instead, L1 inhibition takes place by binding of the phosphonate to Zn1 that elicits
dissociation of Zn2.732

Chen and coworkers designed heteroaryl phosphonates targeting both SBLs and MBLs (27,
Figure 55-a),”33 which bound to the metal sites by replacing the bridging hydroxide, being
the first series of phosphonates able to pursue this chemistry resulting in high inhibitory
efficiency, aided by the interaction of the aromatic moieties with conserved aromatic
groups in the active-site loops (Figure 55-c). Thus, hydrophobic interactions are key to

the positioning of metal binding groups.

6.4.4. Boronates—Boronates have been proposed as transition state analogues
mimicking the tetrahedral species formed in SBLs and MBLs soon after the nucleophilic
attack. Boronate-based compounds have been explored as enzyme inhibitors for more than
four decades.”3* As recently reviewed by the Schofield group, this strategy is based in the
ability of boron to mimic the sp? configuration of the carbonyl group of the B-lactam in the
substrates, and the sp3 geometry of the tetrahedral species in the transition state (or the high
energy intermediate species) before C-N bond cleavage.568

The boron atom is a Lewis acid with a vacant p orbital that allows it to react with different
electron-rich nucleophilic species.”3® The B hybridization can be tuned according to the
pKa, resulting in a trigonal planar sp? boronic acid or ester, or a tetrahedral sp3 borate
species. In case of borates, the negative charge is mostly localized on the boron atom (while
in the transition states, the oxygen atoms bear the negative charge). The B-O and C-O bonds
(and the B-C and C-C bonds) possess similar lengths, favoring their action as mimics.568

In 2017, vaborbactam 28 (Figure 56-a) became the first clinical boron-based SBL inhibitor
approved by FDA. This boronate is prescribed paired to meropenem under the name of
Vabomere to treat different SBL-producing bacteria.8? Vaborbactam is a cyclic boronate that
inhibits class A and class C SBLs after experiencing the nucleophilic attack of the active
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Ser, and forming a reversible adduct. Vaborbactam is inactive against class D enzymes and
MBLs.

The recent discovery of bicyclic boronates as successful MBL inhibitors (also targeting
SBLs) revolutionized the field, making the difference with respect to monocylic boronates
such as vaborbactam. Two molecules are of particular interest: taniborbactam 29 (previously
VNRX-5133),736. 739 developed by VenatorX Pharmaceuticals (Figure 56-a) and QPX7728
30 (Figure 56-a),738 740 designed by Qpex Biopharma. Taniborbactam is now in Phase

3 clinical trials combined with the fourth generation cephalosporin cefepime to treat
complicated urinary tract infections, while QPX7728 has initiated Phase 1 clinical trials

in intravenous and orally-administered forms.

Taniborbactam and QPX7728 are active against MBLs and SBLs. In contrast to
vaborbactam, the fusion of the boronate ring to an aromatic group containing a carboxylic
acid seems to fulfill the needs to bind the MBL site mimicking binding of the carboxylate
moiety of the substrates to Zn2, and orienting the boron atom towards the attacking brigding
nucleophile. This scaffold is also present in bicylic boronates synthesized by the Schofield
group, and validated by crystal structures of the adducts with different MBLs. However,
despite their success that may bring relief by allowing the treatment of several infections,
the field of boronate-based inhibition is still new, and there are many open questions to be
addressed.

The design of taniborbactam considered the inclusion of a primary amine that improved the
permeability towards Gram-negative bacteria, consistent some general rules for antibiotic
design.”! Taniborbactam inhibits NDM-1 and VIM-2 in the nM to low-uM range, being
poorly active against B2 enzymes and inactive towards L1.736: 737 The impact on IMP-1 is
controversional, with different evidence coming from distinct laboratories.”36: 737. 739 The
binding features to VIM-2 reveal a tetrahedral boron atom in which one of its oxygen atoms
binds Zn1, i.e., acting as a transition state analogue (Figure 56-b). The carboxylate group
reproduces the binding features found in enzyme-product adducts, interacting with Zn2 and
Arg228 (Figure 56-b). The crystal structure of taniborbactam bound to NDM-1 revealed two
bound species: one reproducing the binding features present in VIM-2, and other in which
the oxygen atom from the amide side chain has reacted with the boron atom giving rise to a
tricyclic compound (Figure 56-c).”37 It is unclear whether this species is formed in solution
or within the active site. Taniborbactam restored the antibiotic susceptibility of several MBL
producers, with no toxicity against eukaryotic cells.

QPX7728 30 (Figure 56-a) is a bicyclic boronate developed by Qpex Biopharma which

is presented as an ultra-broad spectrum lactamase inhibitor, since it is able to target class
A ESBLs, class C P99, various OXA enzymes, NDM-1 and VIM-1. The binding features
resemble those reported for taniborbactam (Figure 56-d), but the unprecedent inclusion of

a cyclopropy! group favors hydrophobic interactions in the active site that potentiate its
activity.738, 740, 742-745

The Schofield group reported a series of bicyclic boronates. Among them, compound 31
(Figure 6) displayed /C5pvalues against B1 enzymes from the nM to low-uM range. The
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impact on B2 and B3 enzymes was from moderate to null. This boronate also showed
inhibitory activity against class A and D p-lactamases and one PBP. The adducts with

Bcll and VIM-2 revealed a similar binding mode than taniborbactam and QPX7728 (Figure
56-g).631, 746, 747

Overall, the use of bicyclic boronates to target all classes of p-lactamases appears highly
promising. However, it is not still understood why these compounds are potent inhibitors,
while monocyclic boronates are not. More work on this area is required, since mimicking the
tetrahedral carbon of a high energy species seems to provide a common inhibitory strategy
targeting both MBLs and SBLs.

6.5. Screening of chemical and natural product libraries

Many screenings were attempted in the early days on natural extracts and in

chemical libraries of different origin. Different virtual screenings have been reviewed
elsewhere.22: 748-755 Notably, deep learning approaches have not been applied yet to the
discovery of MBL inhibitors.22

An early screening of Streptomyces extracts identified two phenazines which inhibit several
MBLs, apparently by metal chelation with low uM efficiencies.”8 Screening of extracts
from Chaetomium funicolaled to the identification of tricylic natural products with phenolic
and quinone moieties which inhibited IMP-1, CcrA and Bcll.”>’ A separate work identified
the flavonoids galangin and quercetin as L1 inhibitors.”>® The most successful screening of
natural products libraries has been the one that led to the identification of the strong chelator
Aspergillomarasmine A, which is discussed in Section 6.9.2.7%9

High throughput screening (HTS) efforts on chemical libraries have also provided important
clues for the identification of key pharmacophore groups to inhibit MBLs. Indeed, the
already discussed succinic acid inhibitors’1” and some bipheny! tetrazoles’6% 761 resulted
from screening of the Merck chemical library. Schofield, Frére and colleagues employed
MS to screen a dynamic combinatorial library of thiols and disulfides’52 that allowed the
identification of some sub-uM MBL inhibitors.”63

Several NMR-based screening methods have been specifically developed for MBLs. The
Schofield group has employed selective 19F labeling at the mobile loop of NDM-1 to
monitor conformational changes and ligand binding.34% 764 A conventional NMR screening
by using CPMG spectra enabled the discovery of VIM-2 inhibitors that do not bind the
metal ions but instead interact with conserved residues at the active site, such as Arg228 and
Asn233.765

An effort from Astra Zeneca combined target-cased whole-cell Screening with NMR
spectroscopy to identify compounds inhibiting a specific enzymatic reaction in bacterial
cells by following directly carbapenem hydrolysis by *H NMR and the impact of adding
different inhibitors.”86 This method also provides in cell ICspvalues, which can be
compared with MIC values and /n vitro ICspvalues and understand possible differences
between the inhibitory profile in bacteria and in the test tube.
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Rhodanines are inhibitors of SBLs’%8 and PBPs.”6% A HTS of the NIH libraries identified
rhodanine ML302 32a (Figure 57a) as an inhibitor of IMP-1 and VIM-2,77% which was
later characterized by Schofield and coworkers as a low-pM inhibitor of B1 MBLs.”67. 771
Different rhodanines were reported by this group and by Oelschlaeger, He and coworkers,
with high inhibitory potencies.””2 Brem et al. suggested that their activity is due to the
generation of a thienolate 32b through MBL-mediated hydrolysis, which is the inhibitory
molecule by means of a thiol group that bridges both metal ions (Figure 57-a,b).”67 The
intact rhodanine molecule could be also found bound to the active site. Oelschlaeger and
coworkers, instead, proposed that the intact rhodanine is the active species, since some
rhodanine analogues are potent L1 inhibitors without experiencing hydrolysis. The different
binding modes and activities of rhodanines require deeper research efforts.

Fragment-based inhibitor design

Fragment-based screening has arisen as a promising strategy to detect novel inhibitors, being
successful in several cases where HTS have failed.”’3 This approach has been used to look
for MBL inhibitors, as well.

The Leiros group has undertaken a fragment-based screening approach using surface
plasmon resonance to identify fragments with MBL-binding ability.”’4 77 This resulted

in the identification of 2-(4-fluorobenzoyl)benzoic acid, with M inhibitory efficiency. The
crystal structure of the adduct with VIM-2 demonstrated binding of the carboxylate to

the Zn(I1) ions. Another hit from this screening was 3-formylchromone that covalently
inactivates NDM-1 via the proposed formation of a Schiff’s base adduct with Lys224,
discussed later.””6 Fragment screening was also monitored combining a fluorescence-based
assay with saturation transfer difference (STD) NMR spectroscopy.’’” This resulted in a
series of compounds with moderate inhibition activity towards VIM-2 and IMP-1.

In silico generated fragments were screened towards MBLs in which different fragments
can be linked by using the thiol moiety that binds to the binuclear center.””8 This strategy
resulted in compounds with uM affinity, and offers and appealing strategy combining virtual
screening and the conventional knowledge of thiol reactivity against MBLSs.

Vella, Schenk and coworkers screened a 500-compound Maybridge library using CENTA
as a reporter substrate, and identified a series of zinc-binding fragments with uM and
sub-affinities towards IMP-1.779 There is clearly room to further explore this strategy for
MBL inhibitors.

6.7. Allosteric MBL inhibitors

Allosteric enzyme inhibition is an alternative approach that is gaining increasing acceptance
and success.’80-782 This strategy has not reached its maturity in the case of MBL inhibitors,
but there are several, isolated attempts, that are worth mentioning. Most of them lack in
identifying a canonical allosteric site regulating MBL activity.

By using phage display technology and screening against VIM-4, Galleni et al. identified
nanobody as inhibitor of this MBL. Alanine scanning of this nanobody allowed the
identification of hydrophobic residues as responsible of binding to two protein located in
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loop L6 loop and at the end of the a2 helix (distant to the active site). Unfortunately, these
results were not further explored.”83

The SELEX (Systematic Evolution of Ligands by EXponential Enrichment) approached was
used by Shaw and coworkers to identify a 10-mer single stranded DNA as a nM inhibitor

of Bcll.78 NMR experiments allowed the identification of a binding site located in protein
structure at the opposite face of the active site, confirmed by mutagenesis experiments.”8

The Dmitrienko group explored a library of synthetic peptides, identifying those containing
Arg residues as inhibitors of VIM-2, acting mostly by inducing enzyme aggregation upon
binding. The inhibitory effect was strongly substrate-dependent, suggesting the formation of
a ternary complex before aggregation. Instead, the inhibitory effect on IMP-1 was moderate,
confirming the relevance of the protein surface in these interactions.’86

A self-assembled DNA nanoribbon was able to inhibit NDM-1, ImiS and L1 with a nM
binding affinity, but unable to act against VIM-2. NDM-1 binds this nanoribbon through its
minor groove.”87

On a different note, a screening of nanomaterials against VIM-2 resulted in the identification
of graphene oxide and carbon nanotubes as inhibitors, which act by means of hydrophobic
interactions with the enzyme. 788

Despite these limited and independent attempts to target MBL inhibition by means of
allosteric inhibitors, there are several lessons to be learned from them. First, the diversity of
MBLs which spans different families and a large allelic diversity among families, makes it
difficult to find a conserved allosteric site to target. Second, interaction with hydrophobic
patches seem to be more conserved than those with charged regions regarding interaction
with inhibitors. Third, none of this efforts have provided a clear identification of an allosteric
site regulating MBL activity that can be targeted in a rational fashion.

Irreversible metal-independent MBL inhibitors

6.8.1. Covalent binding to the Cys ligand—A series of sulfur-and selenium-
containing reactive molecules have been identified as inhibitors of B1 and B2 MBLs

based on their ability to react with the thiol moiety of Cys221, forming a covalent
disulfide bridge or Se-S bond. Despite this strategy is efficient in delivering a covalent
MBL inhibitor, it cannot be employed to target B3 enzymes. The strategy of disrupting a
sulfur-based zinc binding site exploiting disulfide formation has been exploited in several
metalloproteins.’8% 790 From the thermodynamic point of view, Zn(11) -bound thiolates are
more reactive toward electrophiles than free thiols. However, there is a kinetic limit that
depends on the event of Zn(ll) dissociation from the active site.

A group of mercaptoacetic acids were assayed as inhibitors of Bcll, CcrA and CphA with
moderate impact.”®1 The Lippard group reported a mechanistic study of the inhibition of
CcrA with different thiolate molecules.”2 Despite these compounds were not tested in
bacteria, this work provided the chemical bases for the design of inhibitors exploting this
strategy.
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Hydrolysis of different sulfur-containing p-lactam antibiotics result in the generation of
sulfur-reactive species that 7 situ react with the sulfur thiolate giving rise to a covalent
adduct. Galleni, Frére and coworkers reported the inactivation of the B2 enzyme CphA
with cefoxitin and moxalactam 33 (Figure 58-a).513 Damblon and Page studied in detail the
mechanism of inhibition of Bcll by cephalexin, that generates a dihydrothiazine moiety
binding the Zn site an inhibiting the enzyme.”93 These results could be exploited for
designing prodrugs or suicide inhibitors as inhibitors releasing the active metabolite within
the enzyme active site.

A screening of disulfide compounds as potential NDM-1 inhibitors identified disulfiram, a
drug currently used for the treatment of chronical alcoholism, as an irreversible inhibitor of
NDM-1, IMP-1 and ImiS by covalently binding Cys221.794 This compound proved inactive
against the B3 enzyme L1.

Ebselen 34 (Figure 58-a) is a synthetic organoselenium compound with anti-inflammatory
activity that acts a covalent inhibitor of NDM-1 by forming a Se-S bond with the thiol

of Cys221, as reported by Chen and coworkers.”?> Ebselen is currently under clinical

trials targeting different diseases based on its ability to inhibit glutathione-S-transferase. An
ebselen scaffold linked to rhodamine B as a fluorescent label was reported by Chen, Liu and
coworkers, that enables detection of binding in living cells.”9 Its potency against B1 and
B2 enzymes is in the low-uM range, but it cannot target B3 enzymes which lack the Cys
ligand. Ebsulfur was inspired in ebselen, in which the Se atom is replaced by a sulfur, and
shows a similar reactivity.”97 A library of ebselen derivatives was prepared, that comprised
attachment of a cephalosporin moiety (35, Figure 58-a).”%: 799 These compounds could
also inhibit L1, thus reaching inhibitory potency against MBLs from the three subclasses.
In general, ebselen derivatives were also effective in restoring the efficacy of p-lactam
antibiotics in different NDM-1 producers.

6.8.2. Covalent binding to Lys224—Since Lys224 is highly conserved among B1,
different approached targeting covalent modification of this residue have been attempted.
This strategy was pioneered by Kurosaki and colleagues who synthesized a series of
activated esters of 3-mercaptopropionic acid 36 (Figure 58-b) that act as irreversible
inhibitors of IMP-1.8% The thiol group binds the Zn(11) site, and Lys224 attacks the
activated ester, forming a covalent amide bond, as confirmed by the crystal structure of
the inhibited adduct (Figure 58-c)

Fast, Pratt and coworkers employed the same approach to inhibit NDM-1 by using an
O-aryloxycarbonyl hydroxamate 37 (Figure 58-b) to target Lys224 (originally conceived as
inhibitors of class C lactamases). The covalent adduct inhibits NDM-1 with a K of 140 uM
due to carbamylation of the Lys residue without affecting the metal site (Figure 58-d).801

Based on a fragment-based screening strategy, the Leiros group identified an NDM-1
inhibitor, 3-formylchromone, with an aldehyde group that reacts with Lys224 forming a
Schiff base resulting in a K;of 580 nM.”78 In contrast to other inhibitors forming a covalent
bond, binding is reversible based on the Schiff chemistry involved.
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An ebselen derivative was designed by Chen, Liu and coworkers that combines covalent
binding to Cys221 and Lys224.7%8 This compound is based on an ebselen scaffold that
provides Se-S reactivity linked to an activated ester that can also react with the amine group
of Lys224. This molecule effectively inhibited NDM-1, IMP-1 and the B2 enzyme ImiS wth
/Cspvalues in the low UM range. Despite these compounds cannot target B3 enzymes or
MBLs from the VIM family, the dual covalent strategy is highly appealing and provides
inspiration for future design.

Metal chelators as MBL inhibitors

6.9.1. Classical chelating agents—2zZn(ll) chelation is an efficient strategy for
inactivating MBLs in the test tube and a straightforward method to differentiate whether

the activity is due to an SBL or an MBL in several clinical microbiology assays (see Section
11). However, the use chelation therapy is not advised due to the side effects eliciting
indiscriminate metal depletion from essential metal ions in the host. As such, it is only
prescribed to treat heavy metal intoxication. Notwithstanding, many metal chelators have
been assayed as MBL inhibitors.

EDTA 38 (ethylenediaminetetraacetic acid) (Figure 59) restores the efficacy of p-lactams
in MBL producers and presents antimicrobial effectiveness by itself,802 but is toxic against
eukaryotic cells by eliciting massive metal-ion chelation.803: 804 Ca(11)-EDTA (approved to
treat heavy metal poisoning) showed synergy with B-lactams against £, aeruginosaand E.
coliisolates producing different MBLs.805. 806

Piridine dicarboxylates represent an important group of chelators assayed against MBLSs.
2-picolinic 39 and dipicolinic acid 40 (DPA, or pyridine-2,6-dicarboxylic acid) (Figure 59)
have been extensively explored. DPA has been used as alternative to EDTA to identify
MBLs.381. 432,807 A thorough analysis of the inhibitory effect of different picolinic acid
in MBLs by Galleni and coworkers was able to trap pyridine-2,4-dicarboxylic acid bound
to the Zn(11) ion in CphA in a bidentate fashion.8%8 DPA was also identified as an MBL
inhibitor in a fragment-based drug discovery approach.899-811 A series of DPA derivatives
were synthesized with inhibitory potencies ranging from uM to nM. The inclusion of
additional metal binding groups did not necessarily result in better inhibition. Some
derivatives acted as metal chelators, while others were able to form a stable MBL-Zn(l1)-
inhibitor ternary complex.

A group of amine-based compounds: di-(2-picolyl)amine 41, tris(2-pyridylmethyl)amine 42
(TPA) and N, N, N, N” -Tetrakis(2-pyridylmethyl)ethylenediamine 43 (TPEN) (Figure 59)
have been able to restore the sensitivity to meropenem on MBL producers.804: 812 Different
cyclam derivatives such as NOTA 44 (2,2",2”-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic
acid) and DOTA 45 (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) (Figure 59)
were active against different carbapenem-resistant bacteria expressing NDM, VIM or IMP
enzymes.813

SIT-Z5 46 (Figure 59) is a spiro-indoline-thiadiazole compound that shows specific Zn(ll)
chelation and disrupts metal-ion homeostasis in £. coli. SIT-Z5 was able to restore the
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efficacy of meropenem against a clinical NDM-1 expressing K. pneumoniae. Instead, the
compound was unable to inhibit IMP-1,814

6.9.2. Aspergillomarasmine A and derivatives—Aspergillomarasmine A 47a
(AMA) (Figure 59) is a potent metal chelator isolated from Aspergillus versicolor. Despite
this compound was originally reported in 1965,815 its use as MBL inhibitor started after a
screening of NDM-1 inhibitors towards DMSO-dissolved natural product extracts derived
from environmental microorganisms by King, Wright and coworkers.”>® AMA is a potent
inhibitor of NDM-1 and VIM-2 (K;’s of 11 and 7 nM, respectively), but showing less
potency against IMP-7 (K;> 500 pM) and inactive against SPM-1, AIM and IMP-1. AMA
had already been reported as an inhibitor of the Zn(l1)-dependent angiotensin-converting
enzyme.816

AMA is able to restore the efficacy of meropenem on clinical strains of non fermenters and
Enterobacterales expressing NDM or VIM. The effect of AMA depends on the MBL and the
antibiotic partner, possibly due to the different Zn(I1) binding affinities of each enzyme.817
Last but not least, AMA does not show toxicity against mice nor to eukaryotic cells and in
combination with meropenem was effective on mice infected with K. pneumoniae NDM-1
producers.”>®

Two total synthesis of AMA enabled the reassignment of the absolute configuration of some
of the stereocenters (cf 47a vs 47b) (Figure 59).818. 819 A series of related stereoisomers
were synthesized, but none of them could improve the performance of AMA, despite

most of them showed /Cspvalues in the same range.820. 821 The carboxylate groups are
essential for inhibition, but the structure of AMA is highly tolerant to stereochemical
changes. Crowder and coworkers showed that AMA inhibits MBLs by a metal sequestration
mechanism, and discarded the formation of a tertiary complex in which AMA binds the
enzymes to remove the metal ions.822

6.10. Metal replacement strategies

Metal-based drugs (also known as metallodrugs) have been employed in medicine for
more than three centuries to treat different diseases.823: 824 Bismuth and gold compounds
are representative of this family of compounds, and have been recently recognized as a
new strategy to inhibit MBLs. The chemotherapeutic effect of bismuth drugs occurs by
binding of Bi(lll) to target metalloenzymes, particularly with Cys and His residues in

their active sites. Sun and coworkers have recently shown that several bismuth compounds,
particularly colloidal bismuth subcitrate 48 (CBS, commercially known as De-Nol) (Figure
60-a) was a potent inhibitor of IMP-4, VIM-2 and NDM-1, with /CspVvalues in the low-puM
range.825 CBS is an approved drug to treat H. pyloriinfections leading to ulcers. CBS

was also able to restore the activity of meropenem activity against some clinical NDM-1
producers in a mouse infection model. The action of CBS is based on the ability of the
Bi(lll) ion to displace both Zn(I1) ions from the metal site of MBLs. A crystal structure

of Bi(lll)-substituted NDM-1 (Figure 60-b) revealed binding of one Bi(lll) ion to Cys221,
Asp120, His116 and His196 and a water molecule (i.e., ligands from both Zn1 and Zn2
sites).82% This binding is irreversible, since excess Zn(ll) cannot revert this effect on the
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Bi(lll)-inhibited enzyme. The prolonged use of bismuth drugs does not elicit resistance, and
in vitro experiments exposing different generation of E. coli cells expressing NDM-1 did not
show resistance.

The Sun group also reported the use of auranofin 49 (AUR) (Figure 60-a), a gold-based
anti-rheumatic drug, as inhibitor of NDM-1.826 AUR was also shown to target also the
Zn(ll) - dependent enzyme MCR-1, an enzyme responsible for the resistance to colistin.
Similar to BCS, the action of AUR is due to the displacement of the Zn(Il) cofactors from
the active sites in both enzymes. In contrast to Bi(lll), two Au(l) ions occupy the Znl and
Zn2 site, with a Au-Au distance of 3.8 A (Figure 60-c).828 Successful experiments on mice
as infection models also support the potency of this drug /n vivo. It is notable that AUR is
able to target at the same time two Zn(l1)-dependent enzymes that are completely unrelated
in terms of structure, function and active site, simultaneously tackling two distinct resistance
mechanisms.

Silver nanoparticles inhibit NDM-5, inducing protein dimerization.82” This has been
attributed to interaction of Ag(l) with the metal site, but this hypothesis has not

been explored. Ruthenium complexes are MBL inhibitors and restore the efficiency of
meropenem towards MBL-producing bacteria. The action of Ru(l11) takes place apparently
also by metal replacement, involving ligand Cys221.828

Finally, cisplatin and a series of Pd(ll) complexes were able to inhibit NDM-1, VIM-2,
IMP-1 and ImiS with pM affinity, with no impact on L1. Some of these compounds
were able to restore the efficacy of meropenem against MBL producers. Inhibition was
irreversible, and occurred by replacement of one equivalent of Zn(11) by Pt(11) or Pd(ll),
binding to Cys221. This was assessed by absorption spectroscopy and ICP, but there are
no crystal structures that account for the fine details of the mechanism of action of these
metallodrugs.82°

In summary, metallodrugs appear as a novel strategy, employing well-known compounds
with low or no toxicity effects that can be employed to treat MBL-based infections targeting
the metal site without resorting to a non-selective chelating strategy.

Perspectives

There have been several thousands of MBL inhibitors reported in the literature. To the
moment, none of them has made it into the clinic, despite the recent progress with bicyclic
boronates gives some hope. During more than 30 years of inhibitor research, inhibitors
inspired on metal binding groups, p-lactam scaffolds, chelators, and metallodrugs have
been explored. This has resulted in a deep understanding of the chemistry of MBLSs,
complementing structural and mechanistic studies. The transition state and intermediate
species common to all MBLs provide an appealing strategy to overcome the difficulties
imposed by the active-site variability among different MBLs subclasses, since there are
common mechanistic features.
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Thiol-based compounds provide the best Zn(I1) binding groups, but the sensitivity of thiols
to oxidation is a challenge to be faced. The development of prodrugs in which the thiol
group is protected and can be released within the cell deserves to be further explored.

Zn(11) chelation and displacement are gaining increasing interest, despite the general
skepticism against the indiscriminate action of these approaches. The chelator AMA and
some metallodrugs open new avenues to be explored. This approach, however, should
not overlook escape mutations on MBLs than can offer resistance to these inhibitors by
improving the Zn(ll) affinity, an issue of great interest to the field.

Taniborbactam will possibly be the first approved MBL inhibitor. There are, however, many
issues to address in the chemistry of boronates and MBLs. Understanding the lack of
activity of linear and monocyclic boronates against MBLs may be useful to design better
boronate-based inhibitors.

Expression, regulation and processing of MBLs

Biogenesis and export mechanisms

MBLs are produced in the bacterial cytoplasm and must be exported across the cytoplasmic
membrane to be able to protect the peptidoglycan synthesis machinery. Therefore, MBLs
are synthesized as precursors containing a signal peptide directing the protein to a suitable
export system.251. 830 Al MBLs identified so far possess a Sec-type signal peptide, which
directs their translocation by the SecA-SecYEG system. This is a complex in which the
SecYEG proteins form the translocon pore while SecA acts as a cytoplasmic ATPase
driving the export, and transports proteins in their unfolded forms.831. 832 |n contrast,

the Tat system allows translocation of fully folded polypeptides.833 While certain SBLs

are secreted via the Tat pathway,330: 834-837 at the moment there are no known MBLs
undergoing this processing. As a result, folding and metal-ion acquisition by MBLs takes
place in the periplasmic space in Gram-negative bacteria, following their translocation as
unstructured polypeptides. Since most bacteria lack specific mechanisms regulating Zn(ll)
homeostasis in the periplasm, the availability of this ion for MBLSs strictly depends on its
extracellular levels. This fact has marked consequences on MBL-mediated resistance under
metal starvation conditions (see Section 10).

This mechanism of biogenesis has been reported for L1, and characterized in greater detail
for the B3 enzyme GOB-18.830. 838 | 1 was found to be exported by the Sec system in

E. coli, while its companion SBL L2 was secreted through the Tat system, consistent with
predictions based on their signal peptides.830 In the case of GOB-18, expression in £. coli
strains conditionally deficient for SecA or SecY resulted in lower periplasmic levels of the
enzyme and reduced p-lactam resistance. Instead, Tat-deficient cells showed similar levels
of GOB-18 compared to the parental strain, discarding a possible role of the Tat pathway
in export of this protein.838 The formation of the active species of MBLs also depends

on the interaction of their precursor polypeptide with specific cytoplasmic chaperones such
as DnaK or, to a lesser degree, the Trigger factor protein, that prevent its degradation

by proteases and collaborate in its uptake by the translocation system. Instead, the Sec-
dedicated SecB chaperone played no role. Thus, the DnaK system has been proposed as
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an antibiotic target to disrupt MBL function.838 Deletion of the low molecular weight PBP
DacD/PBP6b was shown to impact periplasmic levels and resistance conferred by GOB-18
in E. coli and Salmonella enterica, possibly due to increased proteolytic degradation of the
enzyme in the periplasm.839 This suggests that this protein, ubiquitous in Enterobacterales,
could assist in the biogenesis of folded and metal-bound MBLs in the periplasm, although
the underlying mechanism is still unknown. These studies only represent the starting point
of the study of MBL processing, which will require a thorough analysis of MBLs from
different subclasses in different bacteria.

Folding and metal acquisition by MBLs occurs in the periplasmic space. It is likely

that this mechanism favors binding of the proper metal ions in the periplasm, avoiding
mismetallation in the cytoplasm. The importance of protein folding in the correct
compartment for metal acquisition has been demonstrated for two periplasmic proteins

from the cyanobacterium Synechocystis.840 At the moment, no metallochaperones assisting
MBL metallation in the periplasm have been identified, and the most accepted hypothesis
supports that this process depends on the availability of metal ions in the external milieu
(see Section 10). In this regard, the metal contents of purified GOB and L1 enzymes have
been shown to be impacted by whether they were recombinantly expressed as periplasmic or
cytoplasmic proteins. Expression of GOB-18 in its mature form (without its signal peptide)
in the cytoplasm of £. coli, resulted in mixed contents of both Fe(11) and Zn(11),251 while
the periplasmic species of GOB-1 and GOB-18 were isolated with only Zn(Il) in their active
sites.253: 254 Similarly, Crowder and co-workers found that the metal content of L1 depends
strongly on the bioavailability of metal ions in the cellular compartment (cytoplasm or
periplasm) in which the protein is folded. In rich medium or Zn(ll)-supplemented minimal
medium, periplasmic L1 bound Zn(I1) preferentially as expected.84! In minimal medium
with no added metal ions, containing Fe or Mn, the enzyme exhibited different amounts of
Zn(I1) and Fe, and Mn to a lesser extent. On the other hand, L1 localized in the cytoplasm
of E. coli, i.e, lacking the leader sequence, was shown to bind various amounts of Fe and
Zn(11) in all media. The metal content of the periplasmic protein was observed to be variable
when expressed in minimal medium, as it also bound differing amounts of Fe and Mn(ll)
upon supplementation with these ions.841 This would reflect the lack of metal homeostasis
mechanisms in the bacterial periplasm (see Section 10), leading to the level of these ions in
the compartment to be directly ligated to their extracellular concentrations.

The Fe-binding analogues of L1 and GOB-18 were shown to be catalytically inactive,251. 841
casting doubt on the physiologic role of these species. However, Fe(ll)-substituted MBLs
have recently been shown to be functional, displaying similar catalytic efficiencies although
with variabilities in their catalytic mechanism and slight alterations to the active-site
coordination with respect to their Zn(I1)-bound forms.64 Importantly, these studies were
carried out under low-O, conditions to prevent oxidation to Fe(lll), and this factor could
explain the previously observed lack of activity. Fe(Il) binding could contribute to MBL
activity under Zn(1l) limitation, although the availability of the former encountered by the
enzymes under physiological conditions is unclear.614 Finally, IMP-1 expressed in the £.
coli cytoplasm in media supplemented with FeCl3 was reported to be purified bound to
Fe(l11), although in a form containing a mixed-metal active site with Fe(lll) and Zn(Il) at
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the 3H and DCH positions, respectively. The enzyme possessed B-lactamase activity under
aerobic conditions.842

According to our analysis of the signal peptide sequences of 671 different MBLSs,

SignalP 5.0843 predicts that 617 are processed by signal peptidase 1, and 47 (all of them
lipoproteins) are processed by signal peptidase Il. The signal peptides of a small number of
enzymes (SFB-1, SLB-1, SPS-1, GOB-P1, GOB-P2, MSI-1, PNGM-1) cannot be accurately
predicted, and none of the MBLs is predicted to be exported by the Tat system. Thus,

the experimental results on GOB and L1 seem to be of general nature. We conclude that
secretion by the Sec system appears as evolutionary favored by enhancing the chances of
binding Zn(1l) and giving rise to a fully active enzyme.

7.2. Regulation of MBL expression

There is a considerable paucity of information regarding the regulation of MBL expression
in their bacterial hosts. Most acquired MBLs are not associated to any regulatory elements,
resulting in constitutive expression. However, the characterization of factors controlling
expression of intrinsic MBLs is scarce. Here we discuss known cases of regulatory
mechanisms operating on MBL expression.

The native enzymes of Stenotrophomonas maltophilia, the MBL L1 and the class A SBL L2,
are regulated by a system dependent on the LysR-type transcriptional regulator AmpR.844
Many intrinsic class C SBLs, and also class A enzymes such as Burkholderia spp. PenA, are
under control of homologous regulation machinery (see Section 3.1). The general scheme
for the system is as follows (further details can be consulted on several excellent recent
reviews on the topic30: 845-847) Under normal growth conditions, the AmpR regulator is
bound to UDP-N-acetyl-muramyl (UDP-MurNAc) pentapeptide, a biosynthetic intermediary
in peptidoglycan production, and in this state acts by repressing the transcription of its
regulon (Figure 61). This set of genes includes ampR itself, which is usually located
immediately upstream to the gene encoding one of the regulated enzymes but divergently
transcribed. When the cell is challenged with p-lactam antibiotics, these inhibit the D,L-
transpeptidase and D,D-carboxypeptidase activities of various PBP enzymes, disrupting
peptidoglycan (PG) crosslinking and causing secondary damage through the increased
activity of lytic transglycosilases which cleave the individual PG strands. This causes the
formation of PG degradation products, mainly N-acetyl-glucosamine-1,6-anhydro-N-acetyl-
muramyl (GlcNAc-1,6-anhydro-MurNAC) tri-, tetra- and pentapeptides. These compounds
enter the cell through the AmpG permease, and the cytoplasmic NagZ glycosylase cleaves
their GIcNAc moiety generating the corresponding 1,6-anhydro-MurNAc oligopeptides.
These products are also generated during normal cell growth as part of PG turnover, but
their cytoplasmic pools are limited by action of the AmpD amidase. This enzyme degrades
them into the corresponding peptides and 1,6-anhydro-MurNAc, allowing the products to
be recycled into the PG biosynthetic pathway. However, the increased formation of 1,6-
anhydro-MurNAc oligopeptides during p-lactam exposure leads to saturation of AmpD, and
their accumulation in the cytoplasm. In turn, the increased levels of 1,6-anhydro-MurNAc
pentapeptide (or possibly the tripeptide, but recent data supports the former)30: 848 jn
particular allow this ligand (activating ligand) to replace the UDP-MurNAc-pentapeptide
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from AmpR, eliciting the transition of the protein from a transcriptional repressor to

an activator and triggering an increase of p-lactamase expression. However, not all p-
lactams act as equivalent inducers of the AmpR system, as tipically only drugs such as
imipenem and cefoxitin trigger enhaced p-lactamase production, probably through increased
formation of this activating ligand by inhibition of low molecular mass PBPs such as

PBP4 (DacB). These PBPs act as D,D-carboxypeptidases, cleaving the D-Ala-D-Ala bond
in the pentapeptide stems to limit the potential PG crosslinking, so their inhibition leads to
increased generation of PG degradation products containing intact pentapeptides.

S. maltophilia follows the general scheme presented, but with some particularities.84° The
organism possesses an additional component of the system, AmpN, which is encoded in

the same operon as AmpG. AmpN is a putative membrane protein of yet unidentified
function, and both it and AmpG are essential for induction of the intrinsic p-lactamases in
S. maltophilia.8*° Although both L1 and L2 are regulated, the induction of L1 by AmpR
seems to be comparatively weaker, and requires greater activation of AmpR than L2.844
Additionally, induction of p-lactamase expression in this organism can be triggered by

a much wider variety of g-lactam drugs, in addition to the typical “inducers” such as
cefoxitin and imipenem, which may give rise to the intrinsic resistance to most of these
drugs.845 The activation by B-lactams that do not specifically inhibit PBP4 and other D,D-
carboxypeptidases suggests that the length of the peptide bound to the activating ligand of
AmpR is not as important in S. maltophilia. Furthermore, it has been shown that inactivation
of PBP1a (MrcA) leads to overexpression of both p-lactamases in a mechanism that is
dependent on AmpR, AmpG and AmpN, but not on the activity of NagZ, suggesting that
the activating ligand generated by this alternative AmpR activation pathway differs from the
canonical one.850-852

The regulated expression of VarG, an MBL superfamily protein that can confer resistance

to B-lactam antibiotics but does not belong to any of the three known MBL subclasses (see
Section 4.9), has been recently reported in a Vibrio cholerae strain.8%° The expression of
this enzyme, together with the VarACDEF drug efflux pump, is under the control of VarR,
which belongs to the LysR-type regulator family. The varR gene is located upstream of the
gene encoding the MBL, and is transcribed divergently, thus resembling the organization of
AmpR-regulated systems. However, the presence of the additional genes encoding the efflux
pump, organized in two operators downstream of the varG gene, is a novel feature absent

in AmpR regulons. VarG confers resistance to various B-lactam antibiotics when expressed
in E. coli, and while its companion efflux pump impacted the MICs of various antibiotics
such as macrolides and quinolones, it did not seem to affect B-lactam resistance.%0 The
expression of this set of genes was found to be repressed by VarR, and is induced by
B-lactam antibiotics, but it is still unclear whether the activation mechanism is similar to that
of AmpR.

Expression of the Aeromonas spp. chromosomal lactamases is controlled by an alternative
regulation scheme.845 853 Al three B-lactamases produced by this genus, namely the
CphA/Imi B2 MBL and the SBLs Cep (class C) and AmpH (class D), are under control

of the BIrAB two-component system.854 855 The BIrB sensory kinase is activated by an
increase in non-crosslinked disaccharide-pentapeptide units in the peptidoglycan generated
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as a result of PBP inactivation by p-lactams, mainly of low mass PBPs such as PBP4.
However, it is not known whether BIrB interacts directly with its activating ligand or via

an unknown intermediary protein. Upon activation, BIrB phosphorylates the BIrA response
regulator which in turn induces the production of the Aeromonas native B-lactamases.853 As
a consequence of this coordinated regulation of all three enzymes, variants hyperproducing
any of the lactamases display simultaneously deregulated production of the others.

Expression of the two intrinsic MBLs from Elizabethkingia meningoseptica, GOB and BlaB,
is independently regulated. Both enzymes, together with the native CME class A SBL, are
expressed in absence of B-lactams, and none of them seems to be induced by addition

of these antibiotics.>>1 However, BlaB is upregulated under nutrient-limiting conditions,
potentially mimicking conditions encountered during infection, with respect to the levels
observed in nutrient-rich medium. Expression was also increased in stationary phase
cultures, both in rich and minimal medium. Meanwhile, this induction was not observed
for GOB.51 This remains the only known example of MBL expression regulated by the
growth conditions of the bacterium instead of by the presence of antibiotics. Expression of
the chromosomal THIN-B B3 enzyme from Janthinobacterium lividum is also inducible by
imipenem, but the regulation mechanism has not been characterized.>26

In Gram-positive organisms, the intrinsic p-lactamases from Bacillus anthracis, namely

the Blal SBL and the Bla2 MBL, were shown to be regulated by an alternative sigma
factor termed SigP.8%6 The closely related species B. cereusand B. thuringiensis also
produce MBLs, belonging to the Bcll family, and SBLs, under control of an equivalent
system. B. anthracis is typically susceptible to penicillin, due both its resistance genes being
transcriptionally silent, while certain strains resistant to this antibiotic constitutively express
the enzymes.857 It was found that the cause allowing Blal and Bla2 production in the
resistant strain was the lack of a functional anti-sigma factor (RsiP) that would otherwise
abolish the activity of SigP, which is required for transcription of both /a genes.8%6 RsiP is
active in the sensitive strain, and would sequester SigP in the cell membrane, as commonly
observed for related anti-sigma factors.858 Homologues of both SigP and RsiP are present
in B. cereusand B. thuringiensis. However, B-lactamase expression in these organisms

is inducible by pB-lactam antibiotics such as ampicillin. The SigP/RsiP pairs of these two
organisms were responsive to the signaling pathway triggered by B-lactam antibiotics,
which leads to proteolysis of RsiP and the release of SigP, while the proteins from a
penicillin-susceptible B. anthracis strain were not.8%6 The lack of induction of B-lactamase
production in B. anthracis would then be caused by the lack of proteolytic degradation of
RsiP, preventing the release of SigP and transcription of the corresponding genes. More
recently, it was reported that different p-lactams have varying effectiveness in inducing
B-lactamase expression in B. thuringiensis, and that the RasP protease was involved in
degradation of the anti-sigma factor that allows this regulatory response.859 However, it
was found that RasP cleavage of RsiP is not the regulated stage in the degradation of this
anti-sigma factor, and a previous proteolysis step carried out by a yet unknown protein is the
one initiates the degradation after being triggered by the presence of B-lactams.8%?

Much less is known about the regulation of MBL expression within mobile genetic
elements. An example of such regulation was recently reported for an £. coliisolate
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harboring a plasmid encoding the IMP-6 enzyme, but which displayed a carbapenem
sensitive phenotype and with no detectable cell carbapenemase activity according to the
CarbaNP test.860 This was found to be the result of a strong transcriptional repression of
the blavp-g gene by the ArdK protein, encoded in the same plasmid, which binds to a
sequence upstream of the resistance gene. This transcriptional regulator, part of the Ard
alleviation of restriction of DNA system, is ubiquitous in IncN plasmids, acting on the
transcription of both Ard genes and of the RepA protein controlling plasmid copy number.
The existence of a binding sequence capable of regulating the b/a\p-¢ derives from an
1526 insertion sequence introduced upstream of the gene.860 Although the nature of the
observed repression of IMP-6 is seemingly fortuitous, with no apparent mechanistic role
and with markedly negative impact in the ability to confer resistance, bacteria carrying such
plasmids may act as “silent” reservoirs of MBLs in clinical settings, with the presence of
the MBL being only detectable through genetic tests instead of rapid activity assays or
other phenotypic tests. Finally, the expression of the acquired MBL NDM-1 was reported
to be induced by imipenem in a clinical isolate of S. maltophilia, although the underlying
mechanism is unknown.861 This raises the possibility that expression of other mobilized
MBLs may be affected by regulatory systems either present in the same mobile genetic
element or in the chromosome of the host bacterium.

In summary, the mechanisms regulating the production of MBLs warrant further in-depth
studies, as most of the knowledge in the topic is restricted to a handful of chromosomal
enzymes. It will be especially important to explore whether clinically relevant MBLs,
particularly those carried in mobile genetic elements, experience meaningful regulation
processes and how this can impact their capability to confer resistance.

8. Membrane-bound MBLs and OMVs

8.1.

The NDM family of proteins are lipidated, and as a result are bound to the outer membrane
(as mentioned in Section 4.7.1.4). This cell localization also results in selective secretion
into outer membrane vesicles. These aspects will be discussed in this section, since they
represent a novel aspect in the field of MBLs.

Lipoproteins and protein lipidation machinery

Bacterial lipoproteins are cell envelope proteins that contain a post-translationally modified
Cys residue in their N-terminus, which is covalently bound to a set of acyl chains and
inserted into one of the lipid membranes of the bacterium, anchoring the polypeptide to

the surface of the bilayer.862-867 protein lipidation is a widely conserved process across
bacteria, with a highly homologous biogenesis machinery that is distributed among both
Gram-positive and Gram-negative organisms.868

Proteins that undergo this post-translational modification carry out a variety of roles within
their microbial hosts.863. 867,869, 870 The archetypal lipoprotein is £. coli Lpp (also known
as Braun’s lipoprotein), which is covalently attached to the peptidoglycan by its C-terminus
while its N-terminal end is anchored by lipid groups to the outer membrane.871-873 |_pp,
the most abundant lipoprotein in £. coliwith around 108 copies per cell, contributes in

this way to maintain the structural integrity of the bacterial envelope.863 The lipoprotein
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Pal carries out a similar role although its attachment to the peptidoglycan is non-covalent.
Through its interaction with the Tol system, Pal is able to link the inner membrane, murein
sacculus and the outer membrane.874 Other lipoproteins play key roles in the assembly of the
outer membrane, such as BamBCDE in the BAM complex required for OM f-barrel protein
insertion and folding,87° and LptE in the translocation of lipopolysaccharide units from the
inner to the outer membrane.876 In enterobacteria the OM lipoproteins LpoA and LpoB

are required for the transpeptidase and transglycosylase activities of PBP1A and PBP1B,
respectively, thus playing a key role in PG metabolism.877 Other lipoproteins play a role

in sensing, with NIpE and RcsF acting in the relay of signals of cell contact with physical
surfaces and envelope stress to the bacteria.878 879 Additionally, lipoproteins can play
important roles in pathogenesis during processes such as cell adhesion and inflammation,
with the acylated group of bacterial lipoproteins being a potent inductor of the immune
system.869 Furthermore, it is known that loss of function in components of the lipoprotein
biogenesis system lead to reduced virulence in organisms such as Listeria monocytogenes
and Mycobacterium tuberculosis.8%9 Lipoproteins possess a particular importance in Gram-
positive bacteria, in which the substrate-binding proteins (SBPs) of ABC transport systems
are frequently lipoproteins.887: 870 This allows them to be retained in the cell surface in
absence of a periplasmic compartment. Similarly, B-lactamases in Gram-positive organisms
such as Bacillus cereus and Staphylococcus aureus have been found to be partially or fully
processed into lipoproteins, ostensibly to maintain their antibiotic-degrading capabilities
associated with the cell.870 Lipidated p-lactamases have also been observed in some Gram-
negative bacteria (see Section 8.2). All in all, it is estimated that around 1 to 3% of ORFs in
bacterial genomes encode lipoproteins, many of them with a still unknown function.863. 880

The signal peptides of lipoprotein precursors possess a similar structure to other secreted
proteins, generally with the presence positively charged residues close to the N-terminus,
followed by a stretch of hydrophobic residues.862 However, towards the end of this sequence
lipoproteins possess an additional motif with the consensus sequence [LVI]-[ASTVI]-
[GAS]-C,880 called a Lipobox. The invariant cysteine residue within the lipobox becomes
the N-terminal residue of the mature lipoprotein, binding the lipid groups that anchor it

to the membrane surface. There are various tools available to identify possible bacterial
lipoproteins, including the specialized online servers LipoP881 and DOLOP.880 The popular
SignalP online tool, which detects the presence of leader peptides and transmembrane
segments in proteins, can also currently report the presence of a putative lipidation signal.843

Lipoprotein biogenesis takes place mainly in the cytoplasmic membrane.862. 864, 882 After
the precursor is exported from the cytoplasm (generally through the Sec pathway, although
Tat export of lipoprotein precursors has been observed), it is sequentially processed by three
integral membrane enzymes (Figure 62-a). First, Lgt transfers a diacylglycerol group to

the free sulfhydryl of the lipobox cysteine. The lipoprotein signal peptidase LspA (signal
peptidase 1) then cleaves the protein removing the residues preceding the lipidated cysteine,
which becomes the new N-terminal amino acid of the protein (Cys,1). Afterwards, the Lnt
protein binds an acyl group to the free amino group of this residue. The mature lipoprotein
form contains thus a total of three acyl chains bound to its N-terminal Cys, two in an
diacylglycerol moiety bound via a thioether bond and an additional amide-linked acyl group
(Figure 62-b). These lipid groups are sourced by the Lgt and Lnt proteins from membrane
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phospholipids, and thus the acyl chains bound to lipoproteins reflect their composition and
variation across different species.883 Lgt was observed to use solely phosphatidyl glycerol
(PG) as a substrate884 while Lnt uses the -sn71 acyl chain of phosphatidylethanolamine

(PE) preferentially.885 Meanwhile, LspA is dependent of the diacylglycerol modification
introduced by Lgt for processing of its substrates, being inactive on lipoprotein precursors
lacking this moeity.886-888 The crystal structures of Lgt,889 LspA87 and Lnt8%0 have been
recently solved, providing more detailed information regarding their mechanism of action. It
should be noted that variations to this general scheme exist in different bacteria, particularly
in Gram-positive organisms.867

In Gram-negative bacteria, after the attachment of the acyl groups, most lipoproteins (around
90% in £. coli) are transported by the Lol system to the outer membrane (Figure 62-a),
although a proportion is retained in the inner bilayer.862 865. 882 Theijr fate is largely
determined by the identity of the two residues located immediately after the modified
cysteine (the +2 and +3 positions).862: 882 The presence of an Asp residue in these locations
allows the lipoprotein to bypass the Lol system and remain in the inner membrane, although
other residue combinations may also lead to inner membrane retention in £. coli and other
bacteria.862: 882,891 However, most lipoproteins are extracted from this bilayer by LolCDE,
an inner membrane ATP binding cassette (ABC) transporter, and are delivered to the soluble
periplasmic chaperone LolA.892.893 Two copies of the cytoplasmic membrane-associated
LolD ATPase are present in each LolCDE complex, using ATP hydrolysis to drive the
process. LolC and LolE are homologous and present significant structural similarities,
forming a transmembrane heterodimer with large loops protruding into the periplasm, but
each protein serves a distinct function.8%4 LolE carries out the recruitment of lipoproteins
from the IM while LolC interacts with LolA. The £. coli LoICDE complex binds the
diacylated lipoproteins that have not been processed by Lnt with a much lower affinity

than triacylated forms,89% and thus is expected to act as a quality control step preventing

the export of incompletely modified lipoproteins. Although the /o/C and /o/E genes are
conserved in £. coli and related -y-Proteobacteria, most other Proteobacteria possess a single
homologue termed LolF that would carry out both their associated functions.891: 89 | olF
forms a homodimer and is considered the precursor of LolC and LolE, which may have
arisen by a gene duplication event allowing their subsequent functional specialization.862: 897

When LolA receives the extracted lipoprotein from LolCDE, this periplasmic chaperone
shields the lipid groups of its cargo from the aqueous environment during transit from

the IM to the OM by accommodating them within a hydrophobic cavity present in its
incomplete p-barrel structure. However, this site appears not to be large enough to fit all
acyl chains of the lipoprotein, and some of them could instead interact with hydrophobic
patches in the LolA surface.898: 899 After crossing the periplasm, the lipoproteins are finally
transferred to the outer membrane protein LolB, itself a lipoprotein with a similar structure
to LolA (although without significant sequence homology between them),898 which in turns
deposits them into the inner bilayer of the OM by a still uncharacterized mechanism.%%0
LolB has a higher affinity for lipoproteins than LolA, preventing a retrograde traffic of
their substrates.91 Notably, it was observed that membrane anchoring is not an absolute
requirement for lipoprotein insertion into membranes by LolB, as a soluble mutant could
still carry out this activity.202 However, this LolB variant lacking a lipid tether has no

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 99

membrane preference and deposits lipoproteins indistinctly both into the OM and the 1M,
but OM lipoproteins incorrectly transferred to the IM can be extracted again by the LolICDE
system and end in their correct localization in the steady state.902

Although the inner leaflet of the OM is the final destination for many Gram-negative
lipoproteins, some may then cross this bilayer and become either partially or fully exposed
to the cell surface, carrying out functions such as nutrient acquisition and cell adhesion and
participating in pathogenesis.203: 904 |n particular, spirochetes (such as the Lyme disease
etiological agent Borrelia burgdorferi) possess numerous surface exposed lipoproteins, that
also constitute important antigens.®%% The translocation mechanisms used for this process
have not been fully characterized yet, although the proteins generally seem to transit to

the periplasmic face of the OM via the previously described pathways. A group of the
surface lipoproteins (such as £. coliWza and CsgG) become exposed to cell exterior by
assembling into transmembrane oligomers,2%6: 907 while others cross the OM via the pore in
a p-barrel protein assembled by the Bam system. An example of the latter is £. coli RcsF, a
sensory OM protein that crosses the membrane by threading through pores in g-barrel outer
membrane proteins such as OmpA, OmpC and OmpF.298 Surprisingly, the C-terminus of a
subpopulation of Lpp not bound to peptidoglycan is exposed to the cell surface in £. coli,
although the mechanism by which it crosses the membrane is unknown.883. 873 A different
mechanism for OM exposure is found in pullulanase (PulA) from Klebsiella oxytoca, a
lipoprotein that translocates from the inner membrane to the cell surface through a Type-2
secretion system, bypassing the Lol system.%94 Finally, a family of dedicated lipoprotein
translocators termed Slam was recently reported in Neisseria, with homologues detected in
various proteobacteria.90°

Gram-positive organisms lack both the outer membrane and the Lol system and as a

result, lipoproteins are retained in the cytoplasmic membrane. Some further variations to
lipoprotein metabolism exist in low GC content Gram-positive organisms, which lack Lnt
and seem to produce diacylated forms instead of the triacylated proteins generated by

their high GC content counterparts and Gram-negative organisms.862. 866. 867 However, the
detection of triacylated lipoproteins in some low GC content bacteria such as S. aureus
indicated the existence of an alternate pathway for acylation of the free N-terminus of

the protein. This N-acylation process has been recently reported to be catalyzed by the
LnsAB system in S. aureus, which possesses no homology to Lnt.%10 Additional lipoprotein
forms were found in Gram-positive bacteria, including lyso-form lipoproteins that lack one
of the acyl chains (containing instead an S-linked monoacylglycerol and N-acyl group),
N-acetylated S-diacylglycerol lipoproteins, and peptidyl lipoproteins in which two additional
residues are present in the N-terminus of the protein before the diacylglycerol-bound Cys
residue.886 The generation of lyso-forms from diacy! lipoproteins was found to be catalyzed
by the integral membrane enzyme Lit, which transfers a fatty acid from the diacylglycerol
moiety to the free a-amino group of the N-terminal cysteine.911

The lipidation machinery is essential in various Gram-negative bacteria, since deletion
of different genes in the pathway is lethal.864 All proteins in the Lgt-LspA-Lnt triad
and those in the Lol system are essential in £. coli, at least in part due to the fact

that Lpp accumulation of PG-crosslinked in the inner membrane is lethal coupled with
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the essentiality of OM lipoproteins such as BamD and LptE.85 912 However, it was
recently found that a combination of mutations, including deletion of /pp, allowed the
deletion of /olA and /o/Bin E. coli (although function of LoICDE remained essential).913
Furthermore, under these conditions some lipoproteins still were being translocated to the
outer membrane, implying the existence of a yet uncharacterized alternative to the LolA/
LolB tandem for lipoprotein traffic to the OM.%13 Supporting this notion, Gram-negative
bacteria outside the Proteobacteria phyllum lack LolB (and this protein is absent from a.-
and e-Proteobacteria),868 and may thus use an alternate mechanism to deposit lipoproteins in
the OM.

The importance of the lipoprotein biogenesis machinery coupled with the lack of
homologous proteins in Eukaryotes makes it an appealing molecular target for the
development of new classes of antibiotics. Globomycin selectively inhibits LspA, binding
the enzyme as an uncleavable substrate analogue,887: 914,915 and the structure-activity
relationships of a series of its derivatives have been explored.9¢ Antibiotic TA (or
myxovirescin) from Myxococcus xanthus also targets this enzyme.®1” The Lol system has
also been explored as a target. The compound MAC13243 blocks the action of LolA%18
while a group of pyridineimidazole drugs inhibits LolCDE.%19

Lipidated p-lactamases

The presence of lipidated p-lactamases has been largely overlooked in the literature. Despite
many reports, several lipidated lactamases have been considered as soluble enzymes. Many
of them are class A SBLs present in Gram-positive organisms, such as p-lactamase I11
(also known as Blaz) from Bacillus cereus,920- 921 pC1/BlaZ from S. aureus®?? and PenP
from Bacillus licheniformis.?23 Homologues of these enzymes carrying a putative lipobox
can also be found in related organisms in biological sequence databases. p-Lactamase

I11 and PenP were found to be only partially in their lipidated forms. Indeed, only 50%

of the former enzymes were bound to the membrane, 921 923 while a variable proportion

of PC1 was membrane anchored in different S. aureus strains.24 The soluble forms of
these proteins (termed “exoenzymes”) would be generated by proteolysis of the lipidated
form, giving rise to shorter variants due to removal of N-terminal residues.®22 This raises
the question of the relative advantages of membrane-bound lactamases with respect to
extracellular lactamases in terms of resistance.

Although less frequently, lipidated B-lactamases have also been reported in Gram-negative
organisms. The best characterized is the class A SBL BRO-1 from M. catarrhalis.%2° This
enzyme is only partially membrane bound, as 10% was lipidated in its native host, and

45% when expressed recombinantly in £, coli %26 Meanwhile PenA, a class A enzyme from
Burkholderia pseudomallei, is fully in the lipidated form and is secreted through the Tat
system.927

As previously mentioned in Section 4.7.1.4, the B1 enzyme NDM-1 is a lipoprotein
anchored to the outer membrane of Gram-negative bacteria, with a canonical lipobox
present within its signal peptide.21: 474 All the protein population is in the membrane
associated form, located in the inner leaflet of the outer membrane when expressed
either in £. colior P aeruginosa.*? This membrane association of the enzyme was also
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observed in clinical isolates.928 All natural alleles maintain the same lipobox sequence of
NDM-1, and membrane anchoring of variants NDM-2 to NDM-16 has been experimentally
demonstrated.*52

This post-translational modification, unique among all other clinically relevant MBLs,
impacts the Jin vivo properties of the enzyme. Studies carried out in £. coli compared the
anchored enzyme and the soluble mutant NDM-1 C26A, in which the Cys26 residue that
covalently binds the lipid group is removed.*2 Both forms of the enzyme granted similar
resistance levels to B-lactam antibiotics in rich medium. Instead, upon metal starvation
conditions, membrane-anchored NDM-1 provides higher levels of resistance than the soluble
variant. This represents an important adaptation of the enzyme, boosting its capability

to grant B-lactam resistance under the low Zn(ll) availability that pathogens face during
infection as a result of the host’s innate immune response (see Section 10). Additionally,
membrane anchoring increases the /n vivo stability of the enzyme under Zn(1l) starvation:
lipidated NDM-1 was proteolyzed at a lower rate than soluble NDM-1 C26A. A similar
stabilizing effect for membrane anchoring was observed in the chimeric protein N-VIM, in
which the N-terminus of NDM-1 was fused to the globular domain of VIM-2.421 Membrane
anchoring also increases secretion of NDM-1 into OMVs (see Section 8.3).

The interaction of NDM-1 with the surface of the OM was recently studied by a
combination of computational simulations and experimental methods.#” The protein adopts
a stable orientation with respect to the membrane, with the active site exposed to the

solvent and patch of the polypeptide establishing specific interactions with the membrane
lipids (Figure 63), particularly cardiolipin. Furthermore, it was found that disruption of this
interaction via the R39E and R46E mutations (R45E and R52E in the primary sequence
numbering of NDM-1) counteracted the advantages provided by membrane anchoring,
reducing the capability to confer resistance under Zn(ll) depletion and the /in vivo stability of
the enzyme under such conditions.

8.3. Outer membrane vesicles

Outer membrane vesicles (OMVSs) are spherical membrane-enclosed particles released by
Gram-negative bacteria into the extracellular milieu.929-934 These vesicles, with a diameter
ranging from 20 nm to 250 nm, are formed from protrusions in the bacterial outer membrane
(OM), which are then split from the cell and secreted into the environment (Figure 64).

The OMVs thus generated are bounded by a lipid bilayer derived from the OM and

enclose periplasmic components within their lumen. In recent years, production of similar
extracellular vesicles (EVSs) has also been observed in Gram-positive bacteria, archaea and
eukaryotes, revealing that the formation of EVs is a process common to living cells across
all domains of life.935 936

The composition of OMVs includes mainly phospholipids, lipopolysaccharide, outer
membrane proteins, and periplasmic proteins. Numerous reports indicate the presence of
DNA or RNA, but it is unknown how these cellular components are packaged into the
vesicles.929: 933 Cytoplasmic and inner membrane proteins were also detected in vesicles,
although the presence of these components and possibly that of nucleic acids could be
due to the generation of the so-called Outer-inner membrane vesicles (O-IMVs) observed
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for various organisms, which contain both cellular membranes.?37: 938 |n particular, the
capability of OMVs to transport nucleic acids has important implications regarding their
functions (see below).

Although the mechanistic details determining their biogenesis are still controversial, the
consensus is that the production of OMVs is a distinct, regulated physiological process that
does not implicate cell lysis.929. 932,933,941 Fyrthermore, all Gram-negative bacteria produce
OMVs that are released under all growth conditions. Various mutants have been isolated

that display either increased (hypervesiculation) or reduced (hypovesiculation) vesicle
production, and environmental stimuli can also impact the amount of OMVs released,
granting further credence to the notion of a regulated biogenesis process for the vesicles.
There are various proposed mechanisms for OMV biogenesis. OMVs may be formed at sites
with reduced contacts between the outer membrane and the underlying peptidoglycan layer,
as supported by the fact that mutants in proteins that act in tethering these two cell-wall
components (such as Lpp, OmpA and the Tol/Pal system) present a hypervesiculation
phenotype.942: 943 Although these mutant strains tend to possess a compromised OM
integrity, a regulated process may act in a similar fashion during OMV release by locally
removing contacts of the OM and peptidoglycan.943 An additional mechanism leading to
OMV production may be an asymmetric growth of the outer membrane with respect to the
inner bilayer, leading to OM bulging to accommodate an increased amount of membrane
lipids. This is supported by the observation of hypervesiculation phenotypes in Haemophilus
influenzae and Vibrio cholerae strains that have mutations in the VacJ/Yrb system, a widely
conserved ABC transporter among Proteobacteria that was proposed to prevent phospholipid
accumulation in the outer leaflet of the OM.944 The observation of a similar phenotype

in such diverse organisms points to a potentially widespread mechanism regulating OMV
production. An alternative hypothesis posits that an increase in turgor pressure in the
periplasmic space by accumulation of peptidoglycan fragments and misfolded proteins

may also cause the OM to bulge outwards and lead to OMV biogenesis.?3%: 945 OMV
formation may also be triggered by the accumulation in the outer membrane of curvature-
inducing molecules, such as the £ aeruginosa quorum sensing molecule PQS.%46 Certain
LPS modifications may also contribute to this possible mechanism, as illustrated by the
hypervesiculation observed for S. Typhymurium recombinantly expressing the lipid A
deacylase PagL%40 (Figure 64-c). This enzyme removes acyl chains from the Lipid A core of
LPS, producing modified Lipid A species with a reduced hydrophobic cross-section area and
an inverted cone shape that could induce the adequate curvature in the outer leaflet of the
OM for vesicle biogenesis. PagL expression results in full secretion of the LPS into vesicles
and a 4-fold increase in OMV production.%40

It has been amply documented that OMV:s present differences in composition to the

outer membrane and periplasmic compartment from which they are formed. While certain
components are enriched in the vesicles, others are excluded, in a process that has been
termed “cargo selection”.92% 933 The mechanisms responsible for cargo selection have not
been identified, but the existence of this phenomenon supports the conclusion that the
formation of these vesicles is a controlled process and not the mere release of fragments
of the outer membrane deriving from cell lysis. Examples of cargo selection include the
observation that LPS in 2 aeruginosa OMVs is almost exclusively of type B LPS, when
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this is a minor component of the cellular outer bilayer, and the enrichment of extracellular
proteases termed gingipains in Porphyromonas gingivalis OMVs while nutrient acquisition
proteins RagA/B where excluded.?4” Furthermore, various virulence factors have been
observed to be enriched in OMVs. In Bacteroides fragilis and B. thetafotaomicron, proteins
enriched in OMVs were found to be predominantly negatively charged (low pl), while
most proteins in the OM were positively charged.?#8 This suggests that an uncharacterized
machinery may recruit proteins into OMVSs depending on their charge and/or structure.

It is postulated that OMV production constitutes a “Type-0" secretion system, allowing
bacteria to release both soluble periplasmic proteins and insoluble components such as
membrane proteins into their environment, while protecting their cargo from proteolytic
degradation.932 Furthermore, the joint secretion of multiple proteins within OMVs allows
their simultaneous delivery in a concentrated form to sites distant from the producing
bacteria, which may be important when a set of factors is needed to carry out a

given function, such as the combined secretion of adhesins and virulence factors for
pathogenesis.930

A wide variety of biological functions has been associated with OMVs.929. 930, 933, 934
Vesicles released by many organisms carry hydrolytic enzymes such as proteases and
glycosylases, and thus may contribute to nutrient acquisition through degradation of
complex polymers at a distance from the producing organism. OMVs from Neisseria
meningitidis and P, gingivalis are enriched in iron-scavenging proteins, and may be involved
in acquisition of this metal ion, although it is unknown how the bacterial cells would then
obtain the metal from OMVs.949. 950 |n, this regard, it has been recently shown that 2
aeruginosa can capture iron ions from OMVSs via a mechanism dependent on the TseF
protein, by interacting with the iron-bound PQS contained in the vesicle membrane and
with both the siderophore receptor FptA and the porin OprF in the cell surface.%5! OMVs
are abundant in sea water. Prochlorococcus, the most frequent cyanobacteria in the ocean,
was found to produce large amounts of OMVs which can be used as the single carbon
source by heterotrophic marine bacteria.?3® OMVs may also play a role in predation of other
bacteria by Myxococcus xanthus, as vesicles from this organism have been found to contain
numerous hydrolytic enzymes and to have the ability to lyse £. coli.9%2

These vesicles have been posited to be involved in cell-wall remodeling and elimination

of toxic material from the bacterial cell. The release of OMVs can increase as part of a
cell-wall stress response through the oE pathway,?*° and it was shown that the accumulation
in misfolded proteins in the periplasm as a result of inactivation of the DegP protease/
chaperone also leads to greater production of OMVs.953 Under these conditions, the
vesicles may provide a pathway to dispose of protein aggregates and other toxic substances
present in the periplasm. Other stress conditions may trigger increased OMV production, as
observed for £ aeruginosa under oxygen stress caused by high p0,%%4 and other external
stressors2° and in S. maltophilia upon exposure to the fluoroquinolone ciprofloxacin. 926
Additionally, iron limitation was observed to induce a Fur-dependent downregulation of the
aforementioned VacJ/Yrb system in H. influenzae, E. coli and V. cholerae,®** leading to
hypervesiculation under conditions similar to those that may be encountered by pathogens at
infection sites (see Section 10).
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It has also been proposed that OMVs can act as “public goods”, not only benefiting

the producing organism but the wider community. This is shown by bacteria from the
Bacteroides genus, normal components of the human intestinal microbiota, which release
OMVs carrying polysaccharide-degrading enzymes that allow the use of the hydrolysis
products by organisms that do not express proteins with such activities.®>” This collective
role of OMVs may also come into play in the sharing of antibiotic resistance enzymes
among members of a bacterial community (see below).

OMVs have also been observed to be an important constituent of the extracellular matrix
around bacterial cells in biofilms.958-960 The £ aeruginosa quorum sensing compound PQS,
which stimulates biofilm formation, is highly hydrophobic and around 80% of it is estimated
to be released within OMVs.%1 Thus, the PQS quorum sensing response may be mainly
mediated by OMVs. Additionally, the vesicles produced by £ gingivalis carry adhesins that
aid in the formation of mixed biofilms in dental plaque.¥62

OMVs also perform important roles during pathogenesis. Bacteria liberate vesicles during
infection, and the conditions within the host can lead to an increased production of OMVs.
This is exemplified by the increased production of OMVs by Sal/monella Typhymurium
during intracellular growth, triggered by activation of the expression of PagL as a result of
PhoP/PhoQ signalling.940 Additionally, it was reported that the conditions encountered in
the human gastrointestinal environment upregulate OMV production by enterohemorragic
E. coli (EHEC).%3 Large amounts of OMVs were also observed to be released by 2
aeruginosa cells infecting the nematode Caenorhabditis elegans.?®* This bacterium releases
the Cif toxin and other virulence factors within OMVs, which are able to fuse with

host airway epithelial cells. This releases the Cif toxin into the cytoplasm where it can
trigger the degradation of the CFTR (cystic fibrosis transmembrane conductance regulator)
chloride channel, possibly leading to reduced mucus clearance in host airways and helping
colonization by P, aeruginosa.98°: 966 The VacA toxin from Helicobacter pyloriis released
both as a free protein and within OMVs, and these vesicles have been shown to be
internalized by gastric epithelial cells.%67 Additionally, OMVs from £. coli have been
shown the ability to deliver virulence factors such as the Shiga toxin and cytolysin A to
eukaryotic cells.98: 969 OMVs released during pathogenesis may travel great distances from
the infection site, as illustrated by their detection in samples of blood and other biological
fluids from patients or animals infected by pathogen Borrelia burgdorferi®’0

OMVs from various species transport DNA, both of chromosomal and plasmidic origin,

and it has been reported that such vesicles can transfer their genetic material to other
bacteria.9”! Clinical isolates of A. baumanniirelease OMVs containing a plasmid harboring
the blapx a-24 gene, which could then transform a different A. baumannii strain. The
original plasmid was present in the recipient A. baumannii strain, which presented increased
B-lactam resistance.972 Similar OMV mediated transformation was observed in A. baylyi9"3
Transfer of chromosomal DNA has been observed among P, gingivalis strains, with the
recipient integrating the acquired genes into its chromosome.®74 In this case, a reduction

in the frequency of transformation was observed when the vesicles were pretreated with
DNase, suggesting that part of the DNA carried by the vesicles and transferred to the
recipient was located in the surface of these OMVs. In this regard, it was recently reported
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that OMVs from a range of Gram-negative bacteria carry DNA both in the vesicle lumen
and attached to their surface.%75 It is still unknown how the recipient strains transfer the
genetic material into their cytoplasm. In bacteria capable of natural transformation, such as
Acinetobacter, the machinery responsible of this process may also be involved in uptake

of DNA from OMVs, as mutation in competence genes leads to decreased efficiency for
transformation by vesicles.973 However, DNA transfer by vesicles has also been observed in
species not capable of natural transformation, such as £. co/i.%73: 976 This evidence suggests
that OMVs could constitute a novel horizontal gene transfer mechanism, in addition to
transformation, transduction and conjugation, which could aid in the dissemination of
antibiotic resistance genes. Notably, various recent reports have identified the presence of
RNA within OMVs, from organisms such as Prochloroccus, Vibrio chloreae, P. aeruginosa
and £. coli®™ This RNA cargo could also contribute to OMV function in processes such as
pathogenesis, as the RNA transported by OMVs from P, aeruginosa was found to enter host
cells and downregulate their innate immune response.®7”

There is also considerable evidence supporting the role of OMVs in resistance to antibiotics,
phages and other antimicrobial factors. OMVs provide protection towards membrane-active
compounds such as the antimicrobial peptide melittin in Pseudomonas syringae or the
antibiotics colistin and polymyxin B in £, co/i®"® possibly by acting as decoy membranes
which titrate the compound and reduce the amount that reaches the actual bacterial cells.
OMVs carrying phage receptors may similarly lead to attachment of the viruses to the
vesicles and reduce productive infections.®’8 Moraxella catarrhalis OMVs protect bacteria
from the immune system attack by the complement cascade, by capturing and depleting
complement factors.”® OMVs may act as carriers of hydrolytic enzymes that inactivate
antibiotics, and there are numerous instances of reported secretion of p-lactamases into
OMVs. P aeruginosa isolates obtained from cystic fibrosis patients secreted their intrinsic
AmpC lactamase into OMVs.%80 The membrane enclosing the enzymes within OMVs can
may also act by protecting from inactivation by agents such as extracellular proteases

or even host antibodies, as shown /in vitro for the BRO-1 SBL secreted into vesicles by
Moraxella catarrhalis®8! As previously mentioned, OMVs may act as public goods, and
the antibiotic-degrading activity contained within vesicles produced by resistant organisms
may benefit other nearby bacteria. OMVs produced by Bacteroides thetaioataomicron carry
the chromosomally encoded BtCepA class A SBL, and addition of these purified OMVs to
cultures of B-lactam sensitive S. Typhymurium and Bifidobacterium breve strains protects
them from the bactericidal action of cephalosporins.?82 Furthermore, vesicle production can
be influenced by antibiotics, since ceftazidime can lead to an increased OMV production in
A. baumannii.¥®3

Secretion of various MBLs into OMVs has also been observed. NDM-1 was found to

be secreted into OMVs both in an £. colilab strain and an Enterobacter cloacae clinical
isolate.#21 Membrane anchoring was found to increase secretion into the vesicles as the
WT enzyme was found at much higher levels in £. coli OMVs compared to soluble variant
NDM-1 C26A in spite of similar whole cell expression.

Although expression of NDM-1 did seem to impose a strain on the bacterium, MBL
secretion into OMVs may also be linked in certain cases to the stress imposed on the
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host by the expression of these enzymes. A recent report430 studied the enzymes NDM-1,
VIM-2 and SPM-1 produced recombinantly from the same plasmid in three hosts: £. coli,
P, aeruginosa and A. baumannii. Both VIM-2 and SPM-1 were secreted in large amounts
into OMVs in A. baumanniiand E. coli, but not in P aeruginosa, with no correlation

to whole cell expression levels. The secretion of VIM-2 and SPM-1 into OMVs in the
former two organisms was found to be triggered by the envelope stressed caused by

their production, due to inefficient signal peptide cleavage. This resulted in accumulation
of the precursor (unprocessed) forms and impaired cell growth when these MBLs were
expressed, in addition to increased OMV production (hypervesiculation). In contrast, no
such detrimental effects nor hypervesiculation were observed upon expression of either
VIM-2 and SPM-1 in A aeruginosa, and both enzymes were absent from OMVs released
by this organism. As such, OMV secretion of VIM-2 and SPM-1 in the aforementioned
bacteria would be caused or boosted by an envelope stress response, which has previously
been observed to increase vesiculation, providing a path to eliminate poorly folded proteins
from the periplasm. Notably, NDM-1 was secreted into OMVs in all three bacteria while
causing neither growth defects nor hypervesiculation.3 This suggests again that membrane
anchoring can contribute to release into these vesicles and that NDM-1 is tailored for OMV
secretion in a wide range of Gram-negative organisms.

Intrinsic MBLs have also been linked to OMV secretion. Both lactamases produced by
Strenotrophomonas maltophilia, the B3 enzyme L1 and class A SBL L2, were found

to be released into OMVSs. Furthermore, the exposure of this organism to imipenem

not only increased the production of these enzymes (see Section 7.2), but also lead to
greater liberation of OMVs and abundance of L1 within the vesicles.%* OMVs usually
contain porins, allowing the entry of p-lactam antibiotics and other small solutes into the
vesicle lumen. Both OMVs purified from B-lactam-exposed S. maltophilia, and vesicles
NDM-1 carrying obtained from £. coli possess p-lactase activity.421: 985 Incubation of
antibiotic susceptible strains with such vesicles protects them from otherwise lethal p-lactam
concentrations.*21: 985 Thus, nearby bacterial populations may also benefit from the release
of p-lactamase carrying OMVs, and this may be of particular importance in organisms such
as S. maltophilia, which is known to co-infect the lungs of cystic fibrosis patients with other
species such as £ aeruginosa and Burkholderia cenocepacia. Indeed, a recent study showed
that the lactamase activity within OMVs produced by S. maltophilia increases the resistance
of strains of the latter two organisms towards imipenem and ticarcillin.98>

The potential of OMVs carrying p-lactamases to protect antibiotic sensitive strains during
polymicrobial infections was recently validated in the infection model Galleria mellonella
(Martinez et al., submitted) During larvae co-infection with a mixture of NDM-1-producing
E. coli and carbapenem-sensitive 2 aeruginosa, NDM-1 containing vesicles released by

E. coliwere able to cross-protect P aeruginosa cells from a meropenem treatment.
Furthermore, it was shown that the protective activity of OMVs harboring NDM-1 is stable
in the hemolymph of G. mellonellafor long periods of time, and that the vesicle scaffold
enhances the action of the enzyme.

OMVs have been reported to carry genetic material. A full plasmid harboring b/aypp-1 was
observed to be secreted into OMVSs by an A. baumannii clinical isolate, and these vesicles
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have the ability to transform both other A. baumannii strains and E. coli, transmitting the
resistance gene.97® The ability of OMVs to carry both active enzymes and their coding
genes may contribute to the spread of antibiotic resistance, as the antibiotic degradation
activity contributed by such vesicles may grant transient resistance to an otherwise sensitive
organism, and increase its chances to permanently acquire such resistance, either by the
vesicle bound DNA or via the traditional gene transfer mechanisms.

9. Dissemination and host specificity of MBLs

Bacterial evolution has largely been shaped by the high plasticity of bacterial genomes,
leading to their adaptation to most ecosystems as well as to environmental changes
generated by human activities, such as the use of antibiotics, industrial contamination and
intensive agriculture. Bacteria possess an impressive toolkit that enables them to modify,
rearrange and exchange genomic sequences in order to gain new beneficial traits. Bacterial
resistance to antibiotics and its continuous evolution are a clear demonstration of this. The
acquisition and spread of antibiotic resistance genes among bacteria intimately associated
with humans and their domesticated animals are well documented. In the following sections
we will describe the general mechanisms that govern the dissemination of antibiotic
resistance and the particular case of MBLs.

9.1. Antibiotic resistance genes are ancient

Regardless their evolutionary origin, MBLs, SBLs and many other forms of antibiotic
resistance, long predate the discovery and application of antibiotics by humans.%86. 987
Microbes in natural environments such as soil and water compete with each other for
limited resources, and the production of natural antibiotics as secondary metabolites to
hinder the growth of other species could be an effective survival strategy to conquer
territory against a large pool of potential competitors.988. 989 As a result, the origin of
resistance mechanisms could lie within the very same species producing each antibiotic
class to avoid self-destruction in case they possess the biological target of the compound,
or in organisms growing in the same environment, as a mechanism ensuring their survival
in presence of the antibiotic producer. Alternatively to this microbial warfare hypothesis,
natural products regarded as antibiotics have been proposed to act as signalling molecules,
and various classes of antibiotics were reported to induce distinct transcriptional responses
at concentrations below their MICs, with resistance determinants being actually modulators
of these signalling networks.?90 Irrespective of their physiological roles in their natural
environment, it is well documented that antibiotic resistance genes are ancient in origin.
They have been found both in samples predating modern antibiotic chemotherapy and also
in remote sites not affected by human activity, such as soil samples obtained from a remote
Alaskan site, a deep sea bacterium in the Pacific Ocean or a cave isolated from the outside
world for 4 million years.535. 991, 992

9.2. The environmental resistome is a source of antibiotic resistance in clinical settings

Although mutational events contribute to bacterial adaptation, horizontal gene transfer
(HGT) seems to be the major cause of rapid proliferation of antibiotic-resistance genes
across a wide range of bacteria.993 994 Apart from cell-to-cell transfer, HGT typically
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involves assembling or rearrangement of resistance modules containing one or several
resistance genes, and the intracellular mobilization of these modules from one DNA
molecule to another (e.g., from the chromosome to plasmids or vice versa) (Figure 65-

a). At the heart of these processes are mobile genetic elements (MGEs), which include
plasmids, bacteriophages, genomic islands (Gls), integrative and conjugative elements
(ICEs), integrative and mobilizable elements (IMEs), insertion sequences (ISs), transposons
(Tns), integrons and miniature inverted repeat transposable elements (MITES).994. 995 The
success of HGT of resistance genes depends not only on the introduction of DNA into the
cytoplasm of the recipient cell, but also on the heritability of the transferred sequences in
this microorganism.996-998

There are two types of resistance genes, those typically occurring in clinical environments,
which are associated to MGEs and were acquired by HGT (as such, the GC content may

be different from that of the host genome), and the intrinsic or endogenous resistance genes
which exist in environmental bacteria since ancient times as discussed above.%%9 Several
studies have identified the environmental resistome as a source of resistance genes of clinical
interest.1000-1003 | general, the soil and aquatic environments influenced by anthropogenic
interventions have been pointed out as the origin and reservoir of resistance genes that
further emerge in clinical settings. The resistome of these niches is composed by resistance
genes nearly identical or similar to those found in clinics, and harbor a wide range of

novel resistance determinants that, if mobilized, may be transferred to pathogens either
directly or indirectly via commensal bacteria in humans or animals, leading to infections
difficult or impossible to treat. The link between environmental and clinical resistomes has
been demonstrated by the finding of organisms from soil samples containing resistance
genes with 100% sequence identity to those present in pathogenic bacteria, including
SBLs.1004 Additionally, the PER and FOX SBLs have been recently found to have been
mobilized from the chromosomes of environmental bacteria.1005. 1006 On the contrary,

in minimally impacted environments the resistome is composed by a higher proportion

of distant homologs related to intrinsic resistance genes instead of horizontally acquired
resistance genes circulating in clinical pathogens.1007-1009

9.3. Generation of acquired resistance genes

A chromosomally-borne intrinsic resistance determinant can gain the characteristics of an
acquired gene by means of several genomic rearrangements.?94: 995 The first step is the
insertion of a MGE, generally an IS, proximal to the resistance gene. Alternatively, the
resistance gene may acquire a downstream recombination sequence (aftC or 59-be element)
and become a gene cassette.1010. 1011 Gene cassettes are small mobile elements (0.5 to 1
kb) consisting of a single gene (occasionally two) and the affC recombination site. These
structures, typically lacking a promoter, form non-replicative free circular molecules that
insert into integrons (see next).

ISs are small mobile elements that typically carry little more than one transposase (#7p)
gene (Figure 65-b).1912 |Ss can move almost randomly to new locations in the same or
different DNA molecules within a single cell by a cut-and-paste (conservative transposition)
or copy-and-paste (replicative transposition) mechanism. Many ISs harbor terminal inverted
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repeats (IRs) at the ends (IRL and IRR) and after transposition create short flanking direct
repeats (DRs) at the target DNA, usually referred to as target site duplications (TSDs). Some
ISs do not appear to target specific sequence motifs; others may not have IRs or create
target site duplications. While the mobility of some ISs has been shown experimentally,
many have been defined only from the transposases that they encode, their IRs, and/or

their TSDs. ISs were originally assigned numbers, but now they are assigned with names
that include a code for the species in which the IS was first identified and a number (e.g.,
ISAbal for A. baumannii). Many 1Ss include a strong promoter, and insertion upstream of
an intrinsic chromosomal gene can influence its expression. Alternatively, an IS may provide
a -35 region only, which can combine with an adjacent -10-like sequence to create a hybrid
promoter,1012, 1013

Traditionally ISs were not thought of as carrying “passenger” genes, but they can move
resistance genes as part of a composite Tn, a region bounded by two copies of the same

or related ISs (generally in the same direction) that can move as a single unit (Figure

65-c). Some ISs, however, can move adjacent DNA sequences as single copies. These
include 1526, insertion sequence common region elements (ISCAs) and IS Ecp/, commonly
associated to resistance genes. 1S26 can pick up adjacent genes from the chromosome

by an intramolecular replicative mechanism, generating free circular molecules termed
translocatable units (TUs) that consist of one copy of 1S26 and the adjacent gene(s)
(Figure 65-d).1014 A TU preferentially inserts next to an existing copy of 1526 in a
recipient molecule via a conservative process, generating the typical arrays of resistance
genes separated by single copies of 1S26 observed in resistance plasmids. New TUs can

be generated from these arrays by the same mechanism or by homologous recombination
between two copies of 1S26. Overall, once a chromosome or plasmid possesses a copy

of 1S26, it is predisposed to generate and/or acquire further adjacent 1S26 TUs. On the
other hand, ISCRs are related to an atypical class of ISs designated 1S91-like that lack
conventional IRs and move by rolling circle replication, without generating target site
duplications (and thus being difficult to trace) (Figure 65-e).1015 Replication proceeds from
oriSto terSsites (opposite to the direction of transcription of the internal transposase gene)
located at the edges of the element. In some cases, ISCAs move adjacent resistance genes
when the rolling-circle replication mechanism either misidentifies zerS or the ferSsite has
been deleted, as proposed for ISCRZ, and proceeds to replicate the DNA adjacent to this
site. Replication generates circular ssDNA molecules that can insert into unidentified target
sequences or through homologous recombination. ISCRZ has been seemingly responsible
for capturing and moving antibiotic resistance genes next to class | integrons, generating
the so-called complex class 1 integrons. IS CRI-associated resistance genes are found
adjacent to the oriSend, presumably as a result of incorporation of the circular molecule
by recombination through the integron 3’-CS (see below). Other ISCAs can be part of

Gls, such as ISCR3, or may be included in ICEs, such as ISCR2or ISCR4. The ISCR
elements ISCR3, ISCR4, ISCR5, ISCR14, and ISCR16 all share a similar GC content, and
their transposases are related. With the exception of ISCR5, they are all found adjacent to
sections of groEL that display the highest identity to the same gene from Xanthomonas
spp., indicating that they descend from an ancestral ISCR element in a Xanthomonas-like
organism.1916 Finally, 1SEcpl, first identified in £, cofi; has IRs and creates target site
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duplications on transposition. ISEcp? is seemingly able to use IRL in combination with a
sequence beyond its IRR end (their promiscuous transposases can recognize a variety of
related DNA sequences as a functional IRR) to move an adjacent region, creating target

site duplications flanking the whole transposition unit.1017 1S E£¢pI-like sequences have been
involved in mobilization of various b/acTx.v genes.165

Integrons are non-autonomous elements (i.e., incapable of self-transposition) consisting of
three components: a gene that encodes an integrase, encoded by the /nt/ gene, needed for
site-specific recombination within the integron; an adjacent recombination site (aft/) that is
recognized by the integrase; and a promoter (Pc), located upstream of the integration site,
necessary for efficient transcription of gene cassettes present in the integron,1018. 1019
general, integrons can incorporate up to five gene cassettes. Different classes of integrons
have been defined based on the sequence of the /nt/ gene (called Intl1, Intl2, Intl3, etc.,
with cognate aft/1, att/2, and att/3, etc. sites); integron structures can be found on the
INTEGRALL database (http://integrall.bio.ua.pt/). Class | integrons are the most common
and widespread in Gram-negative bacteria, especially in clinical settings, being one of

the major contributors to the dissemination of antibiotic resistance (Figure 65-f). Class

| integrons have three distinct genetic regions two of which are highly conserved, the
5’-conserved segment (5°-CS) and the 3’-conserved segment (3’-CS), that flank the central
variable region where the gene cassettes are located. The 5”-CS includes the integrase gene,
the recombination site aft/1, the promoter Pc located inside the /n¢/1 gene and in some
cases a second promoter (P2). The 3'-CS consists of the gacEAI gene, which encodes a
functional deletion of a protein that mediates resistance to quaternary ammonium salts, the
sull gene, encoding resistance to sulfonamides, and an open reading frame of unknown
function, orf5. Resistance gene cassettes in the variable region are highly mobile as these
can be integrated or excised from the integron through the affC site; cassette integration
usually occurs at the att/l site, and the original cassette affC is reformed when the gene
cassette is excised from the integron. The last cassette to be integrated is the most proximal
to the Pc promoter of the array, and the one exhibiting the highest expression. In addition,
the integrase gene carries LexA binding sites close to its promoter region. Upon induction of
the SOS response (for instance, by B-lactam antibiotics or during conjugation), the integrase
is overexpressed leading to enhanced cassette shuffling and integron diversification. Given
that class | integrons incorporate gene cassettes conferring resistance to different types of
antibiotics, these structures lead to MDR phenotypes. Class | integrons must embed in

other MGEs in order to acquire mobility.1918 Class | integrons can be mobilized as part of
composite Tns if they become flanked by two copies of an IS, or in #ransby a transposase
recognizing the IRs located at the ends of these elements. Alternatively, integrons can
exchange resistance cassettes by homologous recombination through the conserved 5°-CS
and 3’-CS regions with another integron located in a different genetic structure in the cell.
Finally, complex class | integrons generally consist of a class | integron, in which part of the
3’-CS is deleted, immediately followed by an ISCRZ element, one or several non-cassette
resistance genes, and a full copy of the 3’-CS (Figure 65-g). In these elements, replication of
ISCR1 can mobilize the adjacent integron (see above).

Elemental resistance modules, consisting of one or more resistance genes associated to
ISs or as part of integrons or complex class | integrons, can become genetically linked
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to or embedded in other MGEs, such as miniature inverted repeat transposable elements,
ISs, compaosite Tns, unit Tns or Gls, gaining additional levels of intracellular mobility.
These resistance modules, either elemental or “complex”, can move into MGEs capable

of performing cell-to-cell transfer, such as ICEs (conjugative Tns), IMEs (mobilizable

Tns), plasmids or bacteriophages, favoring the simultaneous horizontal transfer of various
resistance genes.%% Miniature inverted repeat transposable elements are non-autonomous
derivatives of bacterial IS or transposons that retain the IRs but which have lost central
parts, including the transposase gene(s).1920 These elements are transposed when provided
a transposase that acts in frans. Unit transposons consist of elements larger than ISs,
bounded by IRs rather than by a pair of ISs (unlike composite Tns), and including a
transposase gene and an internal passenger gene(s), which may encode antibiotic resistance,
acquired by a previous transposition event.99% These elements generally generate TSDs upon
transposition. Gls (genomic islands) are clusters of genes within the bacterial chromosome
apparently acquired by HGT, given the different GC content and codon usage from the

core genome.1021 Resistance islands are genomic islands that contain arrays of several

of the elemental resistance modules described above. Genomic islands are generally non-
autonomous but can be excised and transferred to a new host.

The transposition events leading to complex resistance modules are difficult to trace, since
some MGEs do not leave target site duplications, and intramolecular transposition may
generate deletions or sequence inversions (as shown for 1526).9%4 In addition, since many
MGEs, or their associated repeats, are present in multiple copies in different locations of
a genome, they can facilitate homologous recombination generating additional exchange,
insertion or deletion of sequences.

9.4. Mechanisms of cell-to-cell transfer of resistance genes

Resistance genes can be transferred to recipient cells by several mechanisms including
conjugation, transduction, natural transformation or OMV-mediated delivery. Conjugation is
the most prevalent one.

Conjugation is a key mechanism of horizontal gene transfer between bacteria and a major
contributor of the plasticity and evolution of prokaryotic genomes.1922 Conjugation allows
the transfer of DNA between bacterial cells in close contact and is mediated by different
types of MGEs. Among them, plasmids are one of the main vectors for the dissemination
of antibiotic resistance. Plasmids often carry a variety of antimicrobial resistance genes
acquired by transposition or homologous recombination of resistance modules. They

have been identified in most bacterial species investigated, which usually harbor multiple
plasmids. Plasmids are termed conjugative when they encode the functions needed for self-
mobilization, or mobilizable when they rely on the action of other conjugative elements for
mobilization.1023. 1024 Conjugative plasmids harbor a transfer (#a) region and an origin of
transfer (oriT) which significantly increase the size of the plasmid. The #raregion includes
two set of genes, those coding for a mating pair formation (MPF) complex, which is a type
4 secretion system (T4SS) providing the mating channel, and the mob genes (also called Dtr,
for DNA transfer replication), that encode proteins required for plasmid DNA processing.
The latter include a relaxase that specifically nicks the oriT of the DNA strand that is
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exported to the recipient cell. Mobilizable plasmids contain only a subset of the mob genes
and the oriT, thus requiring an MPF of another genetic element present in the same cell for
mobilization.

Plasmids conferring multi-drug resistance are usually large (>50 kb), self-conjugative and
encode sophisticated mechanisms controlling their copy number, regulating the replication
rate.1025 The minimal portion of a plasmid that replicates with the characteristic copy
number of the parent plasmid is called the basic replicon,1023. 1024, 1026 Replicons contain
the origin of replication (or7) but also encode specific replication initiator proteins (Rep)
binding the ori. The strict control of replication implies that two plasmids that share the
same replicon cannot be propagated stably in the same cell line (plasmid incompatibility).
The relatedness of the sequences controlling replication has been used to classify plasmids
in different incompatibility groups, indicated by Inc followed by a letter (e.g. IncF). In

this way, closely related plasmids belong to the same Inc group and cannot coexist.
Although plasmids encode their own replication initiation, they usually rely on the host’s
chromosomally encoded replication machinery for DNA synthesis. The dependence on host-
encoded DNA replication proteins as well as systems for mating pair formation, plasmid
maintenance or avoidance of host restriction (see next), are among the key factors limiting
the host range of plasmids. Narrow-host-range plasmids are efficiently maintained only in
closely related bacterial taxa while broad-host-range plasmids have been found or shown
to replicate in quite diverse genera. For instance, while plasmids of the IncA/C, IncN

and IncL/M groups are broad-host-range, those from the IncX3, IncF, IcnHI1 and IncHI2
are stable only in Enterobacterales. Since conjugation can be an extremely promiscuous
process, the transfer of resistance plasmids into hosts in which they cannot replicate is
therefore very likely.1927 In these cases, MGEs (e.g., ISs, Tns, and integrons) can provide
intracellular mobility mechanisms that give resistance genes an opportunity to move to other
functional replicons (the chromosome or other resident plasmids). Thus, even narrow-host-
range plasmids can act as suicide vectors for the horizontal spread of resistance genes into
divergent hosts.

For small plasmids maintained at a high copy number, efficient inheritance by both daughter
cells can be achieved by random segregation.1023. 1024 However, larger resistance plasmids
usually exist at a low copy number to minimize the burden on their hosts, which risk being
outcompeted by plasmid-free counterparts in the environment. Large low-copy-number
plasmids thus usually possess functional modules that contribute to their segregational
stability. These include multimer resolution (res) systems,1928 which convert plasmid
multimers (arising due to homologous recombination) into monomers that can be segregated
independently into daughter cells, partitioning (par) systems, 1029 which actively distribute
plasmid copies to daughter cells, and addiction systems generally based on toxin—antitoxin
factors,1030 which are able to kill daughter cells that do not inherit the plasmid during cell
division. In addition, promiscuous broad-host-range plasmids often encode anti-restriction
mechanisms to avoid their degradation once incorporated in recipient cells after conjugation,
such as the Ard proteins that inhibit type | restriction endonucleases and/or DNA methylases
that modify DNA so that it cannot be recognized by these enzymes.1931 Finally, it should

be noted that resistance plasmids sharing backbones with similar organizations and functions
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may differ by their resistance modules. Conversely, plasmids with different backbones may
carry similar resistance modules, consequence of module transposition/mobilization events.

Other MGEs transferable by conjugation are the ICEs (integrative and conjugative elements)
and IMEs (integrative and mobilizable elements).1032. 1033 |CEs are transposons carrying
tragenes and an or/T while IMEs are mobilizable transposons that function as mobilizable
plasmids, but without generating target site duplications. In contrast to conjugative plasmids,
which are capable of autonomous replication, ICEs generally integrate into the chromosome
(without generating target site duplications) and replicate with it. Analyses of bacterial
genomes reveal a high prevalence of ICEs and IMEs, suggesting that their abundance
exceeds that of conjugative plasmids. In addition, ICEs can promote the transfer of DNA
sequences physically linked to the element, leading to the transfer of chromosomal genes or
of non-autonomous MGEs. ICEs and IMEs are important vehicles for the acquisition of a
broad spectrum of antibiotic resistance genes among bacteria and many other genes that can
be advantageous for their host.

Bacteria can also acquire resistance genes through transduction, transformation and OMVs,
although these mechanisms are less frequent than conjugation, and occur among bacteria
from the same species or closely related species. Bacteriophages, viruses that infect bacteria,
are abundant forms of life and co-reside in environments with bacteria.1034 The DNA of
bacteriophages can exist in the host cell either in an extrachromosomal form or integrated in
the host DNA. During transduction, bacteriophages can transfer fragments of the host DNA
(either chromosomal or plasmidic) to the new infected bacterial cell by packaging them

into viral particles. As a result, DNA fragments with resistance modules can be horizontally
transferred to other cells by this mechanism. The amount of DNA that can be transferred
during transduction depends on the size of the phage capsid, that can range from tens to
hundreds of kbs. The ability to transduce host DNA seems to be limited to relatively large
double-stranded DNA phages.

Natural transformation is the uptake and stabilization of extracellular DNA by competent
bacteria. The physiological state of competence, which involves 20 to 50 proteins, is a time-
limited response to specific environmental conditions (altered growth conditions, nutrient
access, quorum sensing or starvation) and it has been identified in a wide variety of bacteria,
including human pathogens.?93. 1035 Dyring this process, DNA fragments released from a
dead degraded bacterium bind to DNA binding proteins on the surface of a competent living
recipient bacterium. Then, depending on the bacterium, either both DNA strands penetrate
the recipient, or a nuclease degrades one strand of the fragment and the remaining DNA
strand enters the recipient. Although in most cases any fragment of DNA can be taken up
(most commonly chromosomal DNA), the lack of sequence similarity between recipient
and donor DNA limits the probability of integration by homologous recombination in the
new host. However, as with plasmids or transduction, resistance modules can transpose into
recipient DNA or integrate by homologous recombination through MGE conserved regions,
such as the 5’-CS and 3’-CS of integrons, frequently present in recipient genomes.1018
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Finally, in the past few years it has been shown that OMVSs carrying resistance plasmids
from Acinetobacter spp. are able to transform recipient cells /n vitro, although the
mechanism by which this occurs remains to be elucidated®’2 976 (see Section 8.3).

9.5. horizontal Gene Transfer of blayg genes

Resistance to carbapenems in Gram-negative pathogens from the ESKAPE group emerged
over the last two decades principally due to the acquisition and spread of plasmid-encoded
carbapenemases.1936 This resulted in rapid and extensive worldwide dissemination of
carbapenem-resistant bacteria expressing KPC-type, VIM-type, NDM-type and OXA-type
carbapenemases, although initially associated to specific bacterial species. Among acquired
MBLs of clinical impact, numerous families of the B1 subclass, such as NDMs, VIMs,
IMPs, SPM-1, GIMs, SIMs, DIM-1, KHM-1, TMBs, FIM-1, VMB-1,1037 CAM-1,1038 and
three members of the B3 subclass, AIM-1, SMB-1 and LMB-1,%3 have been identified
coded in transferable plasmids or bacterial chromosomes as part of mobile resistance
modules (Figure 66). These modules in general contain other genes, some of them
conferring resistance to other types of antibiotics.193% As a result, bacteria expressing
acquired MBLs exhibit multi-resistant phenotypes. Similar resistance modules may be
found either in different plasmids or in the chromosome, evidencing mobilization of

such modules.1940 Also, a given blayg, gene may be inserted in different immediate
contexts, 1041 especially when mobilized as gene cassettes, o exist in multiple copies in

the same host.1042 Unfortunately, many reports of b/ayg genes lack the characterization of
the DNA sequences extending beyond the immediate elemental modules. This results in an
incomplete description that does not allow the identification of the plasmid nor the genetic
complexity beyond these modules.

Most clinical b/ayg) genes, including those coding for IMPs, VIMs, GIMs, TMB-1, DIM-1,
GIMs and DIM-1, are integrated in class | integrons as resistance cassettes, generally in
combination with other resistance genes (http:/integrall.bio.ua.pt/).1946 The same blaygL
gene may be encountered in different arrays of gene cassettes, and at variable positions

with respect to the att/1 site, although in most cases b/ayg| genes occupy the first or

second position. In the case of VIMs, there are 202 different integron structures deposited

at the INTEGRALL database, 48 of which correspond to VIM-1 and 105 to VIM-2. blaygL
genes generally co-exist with aminoglycoside resistance genes (aacA, aadA, aadB, aphA),
trimethoprim resistance genes (dfrA, dfrB), chloramphenicol resistance genes (catB3, catB4,
catB6) and/or other B-lactamase genes of the OXA type, with aacA4 being the most
dominant. Other less frequent genes include b/apse.1, arr (rifampicin resistance), gac
(quaternary ammonium salts resistance) and #pA (transposase). In many cases orf5 from
3’-CS is absent or there are sequence duplications. ISs have also been found inserted at
different integron locations. For instance, an 1S26 replacing the 3’-CS region was observed
in K. pneumoniae harboring blay -1, and a 151394 flanked by two aadAl cassettes was
detected in some integrons carrying blagim-1. blawmpe-1 is generally associated to class |
integrons, but it has also been found in a class 3 integron in S. marcescens. Similarly,
blap-o7 has been identified in a class 2 integron in 2 mirabilis and blap_g in four
complex class | integrons in £, cloacae.*'" Another MBL gene associated to complex

class | integrons is the B3 blagyp.-1, identified in S. marcescens.®>" Integrons carrying
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blayeL genes were found in resistance plasmids and to a lesser extent in bacterial
chromosomes, in many cases embedded in more complex mobile resistance modules.
Indeed, two endemic strains of VIM-2 producing £ aeruginosa from Dutch hospitals were
found to carry an almost identical mobile resistance module in the chromosome and in

a broad-spectrum conjugative plasmid.1040 |n this ~30 kb structure, blaym.o is part of

a class I integron (together with aacA) embedded in an immobile Tn402 harboring an
incomplete transposition module. This element is in turn embedded in a Tn21-like harboring
mercury-resistance genes and lacking the terminal IRR, thus being unable to transpose. The
latter is contained within a disrupted Tn4661 harboring a complete Tn4661. Three copies of
this module were found at different positions in the chromosome, indicating that it may be

a replicative transposable element. b/ay -2 has also been found in other types of plasmids
like pNOR-2000 (not conjugative),*2% and in an £. coli plasmid of the IncF group.1047
Similarly, class | integrons containing b/ay -1 were identified in broad-spectrum plasmids
of the IncN and IncA/C groups embedded in other mobilizable MGEs.1043, 1048, 1049 Fop
instance, an IncA/C plasmid from K. pneumoniae was shown to carry a blayu-1-containing
integron flanked by various copies of 1S6, thus forming a composite transposon,1049
Similarly, b/ay\m-1-containing integrons were identified embedded in 1S26 composite
transposons in several IncA plasmids from Enterobacterales.1943 In the case of IMPs,
integrons harboring blap-g, blap-a or blap-g were identified in IncH12,1044 IncL/M1050
or IncN1951 plasmids, respectively, among others. As a final example, the b/arpg-1 gene was
found in a class 1 integron together with aacA4 and blaox a4 located in the chromosome. 369

Other acquired blayg genes, however, are not associated to integrons. These include
those coding for NDMs, KHM-1, SPM-1, AIM-1 and SMB-1.1946 For instance, b/akpim-1
was identified in an IncA/C resistance plasmid from a K. quasipneumoniae isolate (which
also harbored other plasmids from different Inc groups) located proximal to ISEc68 and
an integrase gene. This plasmid (pTMSNI47-1) also carried blactx-m-2, blapua-1 and
blaoxa-10.19%2 The same immediate genetic context of blakym-1 was found in a different
plasmid from C. freundii (pKHM-1).370

The blaspp-1 gene, disseminated throughout Brazil by the persistent MDR Pseudomonas
aeruginosa clone ST2772 has been identified in the bacterial chromosome embedded in

an ICE of the Tn4371 family, which includes broad-host-range ICEs widespread among

B- and y-proteobacteria.*61 Although the GC content of the ICE is similar to that of

the host, the elemental module containing b/aspp-1 appears to have been incorporated
from another source. blaspp-1 is immediately flanked by 148 bp direct repeats, which,

in turn, are flanked by ~2.3 kb DRs composed of ISCR4 and part of the groEL gene
(groEL-1S CR4-blasp\-1-groEL-1SCR4). The groEL sequence upstream of 1SCR4 encodes
a predicted amino acid sequence with 89% and 87% identity with groEL proteins from
Desulfitobacterium hafniense and S. maltophilia, respectively, while the gro£L downstream
of blaspp-1 encodes a protein with 73% identity to the groEL protein of Xanthomonas
campestris. According to the mechanism of ISCRs replication, this structure suggests that
blaspp-1 was originally mobilized from the chromosome of an environmental bacterium
by ISCR4 and introduced by homologous recombination through gro£L.1915 Homologous
recombination through the direct repeats surrounding b/aspps.1 can lead to gene loss, as
observed in one isolate.461

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 116

The blaypm-1 gene has received considerable attention due to its rapid dissemination, and
sequences of several plasmids and regions carrying this gene are available.1953 Although
blanpam genes have been found in a variety of genetic contexts, the elemental modules
associated to these genes are conserved: an ISAbal25 insertion sequence intact or truncated
is upstream of blaypm providing the -35 region of the gene promoter, while a bleomycin
resistance gene (b/leyg) is downstream.#”1 Other genes can be occasionally found
downstream of b/eyg|, such as #rpF (encoding a phosphoribosylanthranilate isomerase),
tat (encoding a twin-arginine translocation pathway signal sequence domain protein), dct
(encoding a periplasmic divalent cation tolerance protein), and groES-groEL (encoding
chaperonin), and an ISCR3-like element, ISCRZ27. The current hypothesis suggests that

the b/aypm-1 gene originated from an unknown environmental bacterium, integrated into
the chromosome of A. baumannii, which acted as an intermediate reservoir, to then
disseminated by HGT to Enterobacterales and 2. aeruginosa. 195 NDM-1-producing A.
baumannii harbors another copy of ISAba125 downstream of ISCR27, and the two
ISAba125 elements form the composite transposon Tn125. This transposon has been
proposed to transfer b/anpm-1 onto broad-host range plasmids responsible of HGT. In

fact, its transposition functionality was evidenced in A. baumannii1®® Initial capture

of blaypm-1 may have been promoted by ISCRZ27by the progressive acquisition of

DNA segments with different origins at their fer/Send, starting with Xanthomonas-like
groES-groEL genes (see above). It has been proposed that the segment from b/aypm-1 tO
ISCRZ27 was then inserted by rolling-circle inside the gp/h6 gene (aminoglycoside resistance
gene) typically located downstream of ISAba125in Acinetobacter spp. In fact, the 100

bp region between ISAbai25and blaypm-1 together with the first 19 bp of b/aypm-1
(encoding the first 6 amino acids of NDM-1) aligned perfectly with the N-terminus and
upstream sequence of 4phA6.47" Then, the second copy of ISAbal25 inserted downstream
of ISCR27to form Tn125. The blaypm-1-carrying element Tn125 has been interrupted

or truncated in Enterobacterales to generate a variety of complex genetic contexts for
blaypm.*"! This interruption is largely due to the insertion of many other mobile genetic
elements (e.g., IS1, IS5, 1S26, 1S903, ISEc33, and ISKpn14, etc.) and recombination.

The remnants of Tn125 have also been observed in composite transposons formed by

two copies of the same insertion sequence, such as 1S26 and others, duplicated or
mobilized by association with ISCRZ complex class | integrons or MITEs. Other b/aypm
variants are associated to similar elemental modules suggesting that they emerged from
blanpm-1 via nucleotide mutations. As with blaspp-1, MGE or recombination activity can
lead to b/aypp-1 loss. Finally, the b/aypnm gene has been found principally associated

to resistance plasmids, although occasionally found on bacterial chromosomes from £
aeruginosa and Enterobacterales, in addition to A. baumannii*'? 1056. 1057 A wide variety of
blaypm-carrying plasmids have been reported, indicating multiple events of b/aypym-module
acquisition and various mechanisms of HGT. These belong to different Inc groups, such

as narrow-host-range (Enterobacterales) IncX3 and IncFll, and broad host-range IncC,
among the most frequent.4’1 Besides the traditional HGT mechanisms, it has been recently
shown that A. baumanniiis capable of intra and inter-species transfer of a resistance
plasmid harboring blaypm-1 gene via OMVs.976 Vesicles released by this strain were

able to transform carbapenem-sensitive A. baumannii and E. coli with high transformation
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frequency. The sizes of the plasmids in the transformants and their restriction digestion
patterns were identical to the plasmid in donor A. baumannii.

9.6. Maintenance of blayg genes

Acquired blay g genes are associated to a wide variety of MGEs and arrays of resistance
modules. These genetic structures appear to be similarly efficient in mobilizing resistance
genes between different DNA molecules, acquiring other MGEs, etc., as well as in
disseminating among different bacteria. However, the extent of dissemination and host
specificity displayed by acquired MBLs is highly variable, and this cannot be explained
solely based on their genetic contexts. For instance, while b/aypp-1 has rapidly spread

all over the world in members of Enterobacterales and non-fermenters, other previously
identified b/aygL genes, such as those coding for VIM-2 and SPM-1, remained mostly
confined to 2 aeruginosa.*>° 1058 Similarly, inside the VIM family, although b/ay .1 and
blay\m-2 are part of class | integrons, and thus exhibit the same potential of mobilization,
blayv-1 has disseminated over a broader range of hosts including Enterobacterales and
non-fermenters,429. 1058, 1059

The success of HGT of resistance genes eventually depends on the heritability of the
transferred sequences in the recipient microorganism. Rare events of HGT are unlikely to
establish in a larger bacterial population if they do not confer a benefit to the host. In cases
where acquisition of a blay g gene affects negatively the growth rate of the new host,
bacteria harboring the gene will be lost from the larger population as they will be outgrown
by members of the population displaying better fitness. However, there may be cases in
which the acquired gene and the bacterial host co-adapt by compensatory mutations, so

that the initial fitness cost is reduced or even lost.996. 997, 1060 | cases where expression

of the blaygL gene does not result in an initial fitness cost, the maintenance of the gene
over time will depend on the frequency with which the cells are exposed to antibiotics,

since spontaneous deletions may occur as discussed above for blaypm-1 and blaspp-1. In the
presence of antibiotics, the b/ay g gene confers an advantage to the new host, and a few
HGT events will be sufficient for establishing this resistance determinant in the new host.%98
blay g -containing cells will rapidly expand their population sizes to become dominant,
outcompeting drug susceptible cells.

Protein determinants play a key role in the maintenance of acquired b/aygL genes in

a bacterial population, as recently shown by Lépez, Vila and co-workers.430 Indeed,
protein expression (instead of MGESs) shapes the dissemination and host-specificity of
these enzymes. NDM-1 is widely spread in Enterobacterales and non fermentors, while
VIM-2 is preferably expressed by 2 aeruginosa, and SPM-1 is almost strictly confined to
P, aeruginosa. These distinct host specificities cannot be explained based on the resistance
phenotypes, since all three MBLs are able to confer antibiotic resistance when expressed
either in £. coli, A. baumannii or P, aeruginosa. However, when expressed under permissive
conditions, SPM-1 and VIM-2 elicited a high fitness cost compromising bacterial growth
in £, coliand A. baumannii, but not in the frequent host 2. aeruginosa.*30: 1061 v/IM-2
production was also shown to generate a substantial fitness cost in S. Typhimurium.1062
NDM-1, instead, did not induce any fitness cost in all bacterial hosts, revealing that
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blaypwm-1 is tailored to be successfully maintained in a broad range of hosts. The fitness cost
of expressing SPM-1 and VIM-2 in non-frequent hosts is due to an inefficient processing
of their signal peptides, resulting in an accumulation of their precursor proteins in the
periplasm, which become toxic and cause an envelope stress. The saturation of the protein
export machinery is thus responsible for the fitness cost triggered upon expression of these
enzymes. This was evidenced by the activation of mechanisms of envelope stress relief,
such as a hypervesiculation phenotype (see below) and the activation of the periplasmic
housekeeping protease DegP. Recent studies in A. baumannii showed that the global
regulator H-NS is also involved in the relief of envelope stress originated by expression of
VIM-2 and SPM-1 in this host.1962 |nstead, expression of VIM-2 or SPM-1 in the frequent
host P aeruginosa, or NDM-1 in the three bacteria does not lead to precursor accumulation
nor envelope stress response.

This phenomenon is not exclusive to MBLs; previous studies have shown that SBLs such

as SME-1 or AmpC generates a fitness cost under permissive conditions when expressed in
non-frequent hosts.1063. 1064 | the particular case of SME-1 carbapenemase, Marciano et a/.
reported that the signal peptide of this enzyme is responsible for the fitness cost associated
to protein expression.

The importance of the signal peptide sequences in the dissemination of MBLs was further
demonstrated by swapping of signal peptides.#30 Expression of a VIM-2 variant with the
signal peptide of broad-host-range soluble MBLs (such as VIM-1 or IMP-1) abolished the
growth defects observed in £. coliand A. baumannii. Similarly, the natural allele VIM-12,
which is a VIM-1/VIM-2 hybrid that results from the N-terminal sequence from VIM-1
(including the signal peptide) and the C-terminus from VIM-2, has been reported only in
Enterobacterales.19% Given that VIM-1, VIM-2 and VIM-12 genes share similar genetic
contexts, it stems that the signal peptide is what most determines the host specificity. Thus,
signal peptides sequence can potentially be used to predict the host specificity and possible
spread of new MBL alleles.

VIM-2 has been occasionally found in Enterobacterales, probably as a result of host co-
adaptation.1066. 1067 Sp\-1, instead, is virtually strictly confined to 2 aeruginosa.*>® In
fact, the substrate profile of SPM-1 is exquisitely adapted to meet the host requirement, i.e.,
it is optimized for hydrolyzing anti-pseudomonal p-lactam antibiotics.#64 However, when
expressed at basal levels, SPM-1 was able to confer carbapenem resistance to A. baumannii
without affecting bacterial growth. This may explain the rare cases in which SPM-1 can be
encountered in Acinetobacter spp.1062

Production of OMVs is a mechanism that helps alleviate envelope stress by eliminating
toxic or misfolded proteins from the periplasm of Gram-negative bacteria. This is the case
for VIM-2 and SPM-1 in non-frequent hosts, which are released in vesicles as misfolded
proteins.*30 Instead, in 2 aeruginosa, in the absence of stress, these enzymes are not
packaged into OMVs. On the contrary, NDM-1 is tailored to be selectively secreted into
OMVs of a wide variety of hosts, in a folded active form, without generating an envelope
stress. Secretion of NDM-1 into vesicles has been proposed as a mechanism that has
contributed to the dissemination of the blayppm gene. This secretion implies an advantage to
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the organism under the presence of antibiotics by disseminating the carbapenemase activity
beyond the bacterial cell, thus titrating the available antibiotic at the infection site. At

the same time, these vesicles act as ‘care packages’ protecting communities of otherwise
susceptible bacteria, favoring the opportunity of uptaking the b/aypwm gene by any of the
HGT mechanisms described above, including the same vesicles transporting NDM protein
and plasmidic blaypp- This could be crucial in polymicrobial infections, resulting in lethal
treatment failure. This was recently validated using Galleria mellonella as an infection
model (Martinez et al., submitted) (see Section 8.3).

Overall, the faster and wider dissemination of NDM-1, compared to other MBLs, stems
from an optimized leader peptide sequence leading to multiple advantages. First, it allows
expression of the enzyme in wide variety of hosts without producing a fitness cost under
permissive conditions, thus reducing the loss frequency of acquired b/aypnm-1 in bacterial
populations. Second, the lipidation signal localizes the enzyme in the outer membrane
favoring its secretion into OMVs from different hosts. As discussed in Section 10, anchoring
to the outer membrane protects the enzyme from degradation by periplasmic proteases

in conditions of zinc limitation, as those encountered during infection. Secretion into

OMVs contributes to short-term survival of polymicrobial communities exposed to B-lactam
antibiotics while augmenting the probability of HGT.

The strict regulation of antibiotic use has been considered as a strategy to reduce
antimicrobial resistance, with the assumption that resistance genes impose a fitness cost
to the host and the absence of the antibiotic pressure will lead to their loss. In the case
of NDMs, however, reverting resistance development is expected to be challenging due
to the lack of fitness cost exerted by acquisition and expression of b/aypm, and potential
plasmid-host coevolution mechanisms guaranteeing plasmid maintenance.1060

of acquired blayg, genes

Acquired MBLs are thought to have emerged from the pool of intrinsic MBLSs present

in environmental bacteria. Several of these MBLs have been characterized biochemically,
including Bcll, JOHN-1, BlaB and TUS-1, among others.17: 20. 23 These endogenous
enzymes are generally chromosomally encoded and exist in specific bacterial species, most
of them belonging to Bacteroidetes or Proteobacteria phylum. The catalytic efficiencies

of these enzymes are close to or equal to those reported for acquired MBLSs, indicating

that these bacteria with intrinsic MBLs are potential reservoirs for future acquired
enzymes of clinical impact if mobilized by MGEs. Metagenomic studies on different
environmental niches revealed that intrinsic MBLs are much more widespread and diverse
than previously expected. Gudeta, Guardabassi and co-workers demonstrated that MBL
producers are widespread in soil samples, and that although the MBLs produced by these
bacteria are distantly related to MBLs identified in clinical samples, these enzymes can
potentially become resistance determinants of clinical relevance if acquired by pathogenic
bacteria.>3% Reconstruction of resistance genes directly from shotgun metagenomic data also
showed that MBLs are abundant in oil-contaminated deep-sea metagenomes and human
microbiome.1068 On the other hand, 27 unique MBL genes were identified in hospital
wastewaters from the city of Mumbai, India, containing fecal material from a large number
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of individuals, many of them under antibiotic therapy.1969 In general, these studies revealed
the presence of novel MBLs mostly related to previously characterized intrinsic B1 and B3
MBLs, and (to a minor extent) B2 MBLs.

Recent bioinformatics approaches based on Hidden Markov Models were used to search for
MBLs within bacterial genomes and plasmids in the NCBI databases as well as metagenome
data from human and environmental bacterial communities.221 467 A set of 2290 unique
blay gL genes were predicted, divided into 817 gene families, most of them previously
uncharacterized. Some of these novel MBLs were experimentally confirmed to confer
imipenem resistance or reported to be located within a genetic context that suggests they
may be mobile.#6” Based on phylogenetic analysis, Kristiansson and co-workers proposed
an updated classification of MBLs in which subclass B1 and subclass B3 enzymes are
divided into five and four monophyletic groups, respectively, where each group contains at
least one previously validated MBL (Table 4).221. 467 |n agreement with previous studies,
only 6 families belonging to subclass B2 were identified, indicating that B2 enzymes are
scarce compared to B1 and B3 MBLs. All groups reflect, to a large extent, the taxonomy

of the species carrying the MBLs, indicating that the great majority are not mobile or have
a restricted host range. Groups B1.1 and B1.2 are dominated by Proteobacteria while B1.3
and B1.4 by Bacteroidetes and Firmicutes to a minor extent in B1.4. In contrast, the groups
for B3 do not correlate as well with taxonomy: the first three groups (B3.1-B3.3) all contain
genes from multiple phyla although B3.1 is dominated by genes from Proteobacteria, B3.2
by Bacteroidetes and B3.3 by Acidobacteria. The B3.4 group is further divided into six
clades (a—f) and most identified species are from the phylum Proteobacteria. Importantly,
the vast majority of the mobile MBLs commonly encountered in clinical settings belong to
the B1.1, B1.2 and B3.4 groups, suggesting that they have originated from bacterial species
within Proteobacteria.

In the case of the widespread B1 enzyme NDM-1, although upon its discovery it showed the
greatest similarity to VIM-2, with 32% sequence identity, newer B1 MBLs were identified
exhibiting closer homology. The first of them was FIM-1, with 40% sequence identity,
which is also an acquired MBL, in this case associated to an ISCR1% like element.367
Intrinsic B1 MBLs related to NDM-1 were later identified from environmental sources,

such as MY X-1 from Myxococcus xanthus and ANA-1 from Anaeromyxobacter sp., and
most importantly EIBla2-1 from marine bacterium Erythrobacter litoralis, which displays the
highest homology to NDM-1 (56% sequence identity).467. 468 Furthermore, EIBla2-1 also
displays a putative lipidation signal within its signal peptide. This suggests that the precursor
of the NDM family may have already been a lipoprotein, and could have originated in
marine bacteria before being mobilized and beginning its spread among clinical pathogens.

The lack of clinically relevant MBLs from phyla different from Proteobacteria is likely

a result of the many barriers that prevent genes from being mobilized, transferred and/or
maintained within pathogens, including the host-range of MGEs, a lack of ecological
connectivity between hosts, non-optimal codons and/or signal peptides generating toxic
precursors as demonstrated for VIM-2 and SPM-1.221. 430 | addition to taxonomy, the
classification proposed by Kristiansson and co-workers reflect variations in zinc binding
sites. For instance, in B1 enzymes, the H116R/C221N substitution is present exclusively in
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B1.2 (in 2.5% of gene families) while H116G in B1.5 (in 31% of genes families). In B3
enzymes, H116Q substitution is present in B3.2 (75%), B3.3 (19%) and B3.4 (2%) while
H116E and H118R/H121Q/H263K in B3.4 (10% and 3% respectively). These variations in
active-site ligands might also be related to specific host requirements.

Finally, bioinformatic studies applied on databases from marine microbial communities
revealed a high diversity of distant MBL homologs related to the intrinsic B1, B2,

and B3 subclasses.1070 This is expected considering that low-impacted/pristine aquatic
environments, such as oceans, are unlikely the source of MBLs currently emerging in
clinics. The majority of them are related to the chromosomally encoded B3 GOB present

in Elizabethkingia genus; only a reduced number are related to acquired MBLs (VIM,
SPM-1, and AIM-1). Similar results were obtained in a functional metagenomics analysis of
a remote Alaskan soil, considered undisturbed by human activity; all of the recovered MBLs
(LRA2, LRA3, LRA7, LRA8, LRA12, LRA17, LRA19) fell into the B3 subclass.>3

All in all, MBLs present in the environmental resistome are far more diverse than what is
typically encountered in clinical settings, indicating that the pool for the recruitment of novel
potentially clinically relevant MBLs is enormous.

10. Zn(ll) homeostasis at the host-pathogen interface: Stability and Metal

uptake of MBLs in conditions of Zn(ll)-limitation

10.1.

As described in detail in Section 7.1, MBLs are synthesized in the cytoplasm and exported
as unfolded polipeptides by the Sec system into the periplasmic space of Gram negative
bacteria. Once processed and released into the periplasm as mature proteins, MBLs fold
and bind the Zn(ll) ions to become fully active carbapenemases. Thus, the activity of
MBLs depends on the availability of Zn(ll) in the periplasm. Here we will describe the
major processes modulating the pool of periplasmic Zn(l1) ions, and how they affect the
performance and evolution of MBLs. We will discuss in particular the scenario upon a
bacterial infection, in which the host immune system sequesters metal ions with the aim of
impeding bacterial growth.

Regulation of metal homeostasis in bacteria

Zn(I1) is ubiquitous in life and is required for the structure and/or function of thousands

of metalloproteins. Indeed, Zn(ll) proteins can represent from 4 to 10% of different
proteomes.529: 1071, 1072 | pacteria, Zn(11) is an essential micronutrient required for survival
and proliferation. Despite being essential for many bacterial cellular processes, this metal
ion is also toxic to the cell if present in high concentrations.1073 In the environment,
bacteria may be exposed to quite diverse Zn(ll) concentrations, ranging from Zn(lI1)-limited
environments to highly toxic Zn(Il) levels. Therefore, to be able to survive in these
conditions, both vertebrate hosts and bacterial pathogens have evolved processes to control
intracellular Zn(I1) homeostasis.

The bacterial response to changes in metal availability is primarily mediated
by metalloregulatory proteins, which generally sense changes in cellular metal
concentrations and alter the gene expression of metal homeostatic systems.1073-1075 These
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metalloregulators are widely distributed in bacteria, and they respond to metal limitation,
metal intoxication, or both conditions. Homeostatic systems involve mechanisms of Zn(l1)
acquisition, efflux or intracellular redistribution.

As a result, the levels of available Zn(ll) are variable and also difficult to measure. This has
led to several misunderstandings that extrapolate the metal loading of MBLs in the test tube
to the situation in the periplasm, which offers a different scenario. In addition, comparison
of /n vitro data is not straightforward since these studies rely on the measurement of affinity
constants of the enzymes towards Zn(ll) by using different methods which do not provide
comparable figures.

Nutritional immunity

Vertebrate immune systems have evolved sophisticated defense mechanisms to protect
themselves against invading pathogens. A primary line of host defense is to sequester

and starve invading pathogens from nutrient trace minerals, which are essential for growth
within the host.312. 1076-1078 This process, termed nutritional immunity, is a fundamental
part of the host innate immune response against many pathogens. The relationship between
trace minerals and immunity was first elucidated for iron, in which transferrin, an iron-
binding protein in egg whites and human plasma, was found to sequester iron from
pathogens preventing microbial growth.1079. 1080 The concept of nutritional immunity

has now expanded to host-mediated sequestering of Zn(l1) as a defense against invading
pathogens.312

Zn(11) is the second most abundant trace metal in humans, with 2—4 g of Zn(Il) distributed
throughout the body in various tissues.1081. 1082 |n the bloodstream, serum Zn(ll) (approx.
15 uM) is mostly bound to albumin, transferrin, and a2-macroglobulin, but remains
available to transporters to balance Zn(l1) levels within cells. The primary regulators of
mammalian Zn(l1) transport are the Zrt-1rt-like Protein (ZIP) Zn(Il) importers and the
Zn(I1)-transport (ZNT) exporters.1083. 1084 | addition to direct import and export of Zn(Il),
intracellular Zn(I1) sequestration is also required to prevent toxicity. A major component
of Zn(I1) chelation within eukaryotic cells occurs through the action of metallothionein

and glutathione.1085-1087 These are cysteine-containing molecules that link reversible Zn(l1)
binding with the cellular redox state. reversible Zn(I1) binding allows these molecules to
serve as components of the intracellular Zn(11) buffering system that includes the potential
delivery of Zn(ll) to the apo forms of metalloenzymes.

During infection and inflammation, the host limits the availability of Zn(lIl) in diverse
ways. In a more general response to invading pathogens, during the acute phase of
inflammation the liver increases the levels of metallothionein and the zinc importer ZIP14,
in a process mediated by proinflammatory cytokines such as IL-6, with the aim of reducing
the availability of Zn(11) in the plasma.1088 In this case, ZIP14 sequesters circulating

zinc in the liver during infection/inflammation and metallothionein binds the resulting
intracellular zinc in hepatocytes. In a more localized response, nutritional immunity acts
by limiting Zn(11) ions directly at the immediate environment of bacterial pathogens.1973
Indeed, Zn(l1) may be actively removed from the lysosome of immune cells as a strategy
to limit nutrient Zn(I1) availability to pathogens trapped within this cellular compartment.
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Conversely, extracellular Zn(11) may be mobilized inside immune cells to impart toxicity.
However, the most crucial mechanism of Zn(ll) limitation involves the sequestration of
extracellular Zn(11) by members of the S100 protein family, of which calprotectin (S100A8/
S100A9) plays a key role in pathogen clearance during the innate immune response.312. 1073

10.2.1. S100 family of proteins. Calprotectin—The process of acute inflammation
(the initial response of the body to harmful stimuli) is initiated by resident immune cells
already present in the involved tissue, mainly resident macrophages, dendritic cells and mast
cells, among others. These cells possess surface receptors known as pattern recognition
receptors (PRRs), which recognize two subclasses of molecules: pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs).1089
PAMPs are compounds that are associated with various pathogens (and OMVs derived

from them), but which are distinguishable from host molecules.108% 1090 These include
bacterial cell-wall components such as lipopolysaccharide. DAMPs or alarmins, instead,

are endogenous and released upon host-related injury and cell damage. At the onset

of an infection, these cells undergo activation (PRRs recognize PAMPs or DAMPS)

and release inflammatory mediators responsible for the clinical signs of inflammation,
which involves an increased movement of plasma and granulocytes (leukocytes containing
granules) from the blood into the injured tissues. Neutrophils are the most abundant type

of granulocytes (40% to 70% of the leukocytes in humans) and the major components

of acute inflammation (Figure 67-a).1991 These cells play a key role in the first line of

host defense against pathogens and are the main phagocytic tool used by the immune
system to eliminate pathogens. During an infection, neutrophils rapidly move from the
bloodstream to inflamated tissues where they eliminate invading microbes. After initial
rolling, contact of blood-circulating neutrophils with activated endothelium close to the site
of infection makes these cells arrest and adhere firmly to the vessel wall. Further activation
of adherent neutrophils allows them to migrate across the endothelial cell layer and the
basal membrane (extravasation), and then through the extracellular matrix thanks to secreted
digestive enzymes. Neutrophils infiltrate the connective tissue and are attracted by a gradient
of chemotactic factors, created by the local activated immune cells (such as interleukin-8,
IL-8, and complement peptides), to the site of inflammation where they Kill and degrade
invading microorganisms. During this process, neutrophils express and release cytokines,
which in turn amplify inflammatory reactions recruiting and activating other cells of the
immune system.

Neutrophils have diverse methods for directly attacking microorganisms: a) phagocytosis, in
which neutrophils engulf and destroy small bacteria in phagolysosomes, b) degranulation, in
which multiple cytotoxic and proteolytic proteins stored in membrane-enclosed cytoplasmic
granules are released extracellularly or into the phagolysosomes, c) NETosis, i.e, generation
of neutrophil extracellular traps (NETS) - large extracellular web-like structures composed
of cytosolic and granule proteins assembled on a scaffold of decondensed chromatin -
aimed to trap, neutralize and kill microorganisms, d) release of reactive oxygen species
(ROS) extracellularly or into the phagolysosomes, and e) nutritional immunity by the S100
family of proteins (Figure 67-b).1091. 1092 These processes are generally triggered when
pattern recognition receptors and opsonin receptors, located in the surface of neutrophils,
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recognize PAMPs and opsonins (i.e., plasma-derived antibodies or complement C3b coating
the invading microorganism), respectively, in addition to proinflammatory cytokines such as
IL-8.

S100AS8 (also named calgranulin A; myeloid-related protein 8, MRP8), S100A9 (calgranulin
B; MRP14) and S100A12 (calgranulin C; extracellular newly identified RAGE binding
protein, EN-RAGE) are among the major proteins secreted by activated neutrophils at

the site of infection.1993 These cytosolic proteins, belonging to the calcium-binding S100
protein family, are specifically linked to innate immune functions by their expression in cells
of myeloid origin, where they are intensely produced and secreted during infection.1094
While S100 proteins have multiple intracellular functions, most are secreted into the
extracellular milieu and bind PRRs receptors which generally results in the initiation and
upregulation of an inflammatory response. In contrast to what is considered an ancestral
proinflammatory response characteristic of nearly all S100 subgroups, the calgranulin
subgroup, composed of S100A7, S100A8, S100A9 and S100A12 in humans, has recently
evolved a unique antibacterial activity defined by sequestration of transition metal ions,
while also retaining pro-inflammatory activity.312

S100A8 and S100A9 are expressed to high levels in neutrophils, representing close to 40%
of the cytoplasmic proteins, and less abundantly in monocytes and early differentiation
stages of macrophages.1995 Their expression can also be induced in keratinocytes and
epithelial cells under inflammatory conditions. In contrast, SI00A12 is more restricted to
granulocytes and represents ca. 5% of the cytoplasmic proteins. SL00A8 and S100A9 form
a heterodimer in the cytosol of neutrophils, known as calprotectin (CP, Figure 67-c), which
forms a protease-resistant heterotetramer in the extracellular milieu after secretion or cell
necrosis.199 Extracellular concentrations of CP can be as high as 1 mg/ml at the infection
sites, especially in tissue abscesses composed mostly of dead neutrophils. Although the
mechanism is not completely understood, it has been proposed that neutrophils secrete CP
through phagocyte activation by a Golgi-independent pathway, NETosis (both as a soluble
protein or bound to NETS), and/or through neutrophil death in which the cytoplasmic
content is released.1093. 1097, 1098 | the extracellular form, (S100A8/S100A9),, CP acts as
a potent metal-chelating host-defense protein, which starves the pathogens from zZn(ll) and
other first-row divalent cations acting as an extracellular chelator.10% Similarly, S1I00A12
homodimers were shown to chelate Zn(I1) and Cu(ll) although its broader contribution to
immunity has been difficult to define since it is not present in mice.199° Finally, S100A7
(known as psoriasin) is a homodimeric protein produced by keratinocytes which acts as a
skin antimicrobial agent by sequestering Zn(11).1100

Early works on CP disclosed a link between metal chelation and its antimicrobial activity.
CP is a broad-spectrum inhibitor of bacterial and fungal growth, and its antimicrobial
activity can be reversed by supplementation with extra Zn(lIl) or by mutation of its transition
metal-binding sites.1101-1103 pyrified CP inhibits the growth of multiple species in vitro,
including E. coli, Candida albicans, S. aureus, K. pneumoniae, P. aeruginosa, A. baumannii
and S. typhimurium, among others.19%5 A unifying feature among S100 proteins is that

they form dimers and may form transition metal binding sites at the dimer interface (Figure
67-c).312. 1096, 1104 Both S100A8 and S100A9 in human CP possess two EF-hand Ca(ll)-
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binding domains. Apo CP, without bound Ca(ll), is a SI00A8/S100A9 heterodimer of low
affinity for transition metals. Given the relatively low Ca(ll) ion levels in the cytoplasm of
neutrophils (nM concentrations in a resting cell), CP heterodimer is likely to be an abundant
intracellular species. Calcium binding to apo CP triggers association of two heterodimers

to form a (S100A8/S100A9), heterotetramer that is resistant to extracellular proteases and
exhibits increased affinity for transition metals (from nM or sub-nM in apo-CP to sub-pM
in the case of Zn(I1) binding to site 1 in Ca(l1)-CP). This occurs upon release of CP into

the extracellular environment, containing high levels of Ca(ll) (~2 mM), which potentiates
the growth inhibitory activity of CP. Each CP heterodimer has two transition metal-binding
sites that form at the S100A8/S100A9 interface: a HiszAsp motif (site 1) selective for Zn(ll)
(also conserved in S100A12 and S100A7), and a unusual Hisg motif (site 2) that endows
CP with its functional versatility. This site captures Mn(lI1) and other divalent metal ions,
including Fe(I1), Ni(ll), and Zn(11).109 Given its high extracellular levels, CP is usually in
excess compared to the concentration of bioavailable metal ions at infection sites. Thus, all
bioavailable divalent transition metal ions present at an infection site may be sequestered by
CP. In fact, the two metal-binding sites were shown to be important for the antimicrobial
activity of CP.

S100A8, S100A9 and S100A12 can also form short-lived homodimers that act as pro-
inflammatory cytokines or DAMPs, signaling through two different pattern recognition
receptors as endogenous ligands: the receptor for advanced glycation end products (RAGE)
and toll-like receptor 4 (TLR4) present in neutrophils and monocytes/macrophages.109°
Extracellular SI00A8 and S100A9 have been shown to stimulate the recruitment of
neutrophils and other leukocytes to the site of infection, to activate neutrophil functions
such as degranulation and phagocytosis, etc. Finally, S100 proteins accomplish different
intracellular functions such as tubulin polymerization and cytoskeleton rearrangement,
important for enhancing leukocyte migration, phagocytosis and exocytosis, among others.

Imaging mass spectrometry studies have revealed that CP concentration at infection sites
correlates with the amount of recruited neutrophils (Figure 67-c).311 1105 Stydies using
CP-knockout mice (S100A97/~, which renders a CP~/~ phenotype as S100A8 is destabilized
in the absence of S100A9) have demonstrated that STO0A8/S100A9 plays a crucial role

in the control of bacterial infections.109 Lack of S100A8/S100A9 leads to a significant
increase in the bacterial burden in blood, liver, lungs and spleen. The major mechanism by
which CP inhibits pathogen proliferation is through its Zn(ll)-chelation activity, especially at
the initial stages of infection.1106 aser ab/ation with ICP-MS revealed that staphylococcal
liver abscesses are devoid of detecTable Zn(Il) and Mn(11), unequivocally establishing

the abscess as a cation-starved environment due to the presence of CP.311 The lack of
immunomodulatory functions associated to S100A8 and S100A9 as DAMPs may not be
evident in CP-deficient mice, suggesting that they play a secondary role, in some cases

being replaced by immune factors induced to correct for the deficit in CP, or that they

act predominantly at a later stage of infection.1995 Corbin et. al. showed that neutrophils
extracted from wild-type and CP-deficient mice kill S. aureus in vitro with similar efficiency,
suggesting that intracellular CP does not contribute to phagocytic killing.311 In the same
line, /n vivo studies indicated that recruitment of neutrophils to the sites of infection is
unaffected by CP deletion. This was observed in abscessed livers and lungs after infection
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with S. aureus (96 hour post infection; hpi) and A. baumanni (36 hpi), respectively.311. 1105
Hence, SI00A8/S100A9 seems to inhibit the growth of pathogens at infectious sites during
the initial phase of infection, allowing time for recruitment and posterior activation of
phagocytes, in a process dependent on S100A8 and S100A9, to accelerate the clearance of
pathogens. Raquil et. al., however, demonstrated that blockade of S100A8 and/or S100A9
with neutralizing antibodies inhibits phagocyte migration to the alveoli (70% and 80% less
neutrophils and macrophages, respectively) in a mouse model of streptococcal pneumonia
at 48 hpi, suggesting that S100A8 and S100A9 play a key role in the transmigration of
phagocytes from the lung tissue to the alveolar space.1197 In conclusion, the interplay
between metal-chelation and immunomodulatory functions of S100 proteins is still a matter
of debate and remains to be clarified. In addition, it is important to note that the activities
of immune cells such as recruitment or phagocytosis, among others, are also modulated by
Zn(I1) availability, providing an additional level of complexity.1108

10.3. Zinc homeostasis in Gram-negative bacteria

Under circumstances of Zn(l1) deprivation, microorganisms compete for this essential
nutrient by increasing the expression of (1) Zn(l1) importers or (2) Zn(l1)-independent
surrogates of essential Zn(Il) proteins, with the aim of reutilizing intracellular Zn(11) (Figure
68).1073 The outcome of this competition not only depends on the efficiency of the microbial
stress response but also on the tissue where the infection occurs. Kidney abscesses in mice
infected with Candida albicans revealed a maximum increase in the expression of Zn(ll)-
acquisition genes in the fungi 24 h post-infection.1196 The expression levels of these genes
were unaltered in CP-deficient mice, pinpointing the key role of CP in this process. At 72

h, the stress response attenuated and the levels of Zn(ll) in the kidney restored, even though
neutrophil infiltration and CP expression continued to rise. Since the fungal burden in the
kidney was mostly unaffected by CP, this reveals how the expression of Zn(Il) acquisition
systems allows C. albicans to successfully survive the initial Zn(I1) restriction exerted by CP
while maintaining its intracellular Zn(ll) levels. Instead, in lungs, CP-deficient mice were
shown to be substantially more susceptible to C. albicans infection.

Bacteria have different strategies to maintain the cytoplasmic Zn(11) levels when challenged
by CP (Figure 68). The primary regulator of Zn(l1) homeostasis in many bacterial pathogens
is the Zn(l1) uptake transcriptional regulator (Zur).1109. 1110 Zyr js a member of the ferric
uptake regulator (Fur) family of metallosensing DNA-binding proteins and is conserved

in Proteobacteria, Firmicutes, Cyanobacteria and Actinobacteria.1111 Metal binding to the
metalloregulators induces conformational changes and alters the affinity of the regulator
for DNA, acting as metal sensor. Zur exhibits sensitivity to fluctuations at femtomolar
levels of free intracellular Zn(11).1112 In Zn(I1)-replete conditions, Zur is metallated, and
binds to conserved palindromic inverted repeat regions (Zur boxes) in the DNA promoter
region of its regulon, inhibiting gene transcription. Upon Zn(ll) starvation, Zur becomes
Zn(11)-depleted and undergoes a conformational change that decreases the affinity to DNA,
resulting in derepression of the Zur regulon.1111

In Gram-negative organisms, Zur-regulated derepression involves the induction of genes
encoding the high-affinity ZnuABC Zn(II) transporters, 1105, 1113-1121 7n, ABC transporters

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 127

are the major mechanism by which bacteria overcome the action of CP. The ZnuABC
complex is a member of the ATP-binding cassette (ABC) transporter protein family located
in the inner membrane of Gram-negative bacteria. ZnuA is a periplasmic zinc-binding
protein; ZnuB is an integral membrane protein that transports zinc across the cytoplasmic
membrane to the cytoplasm; and ZnuC is an ATPase coupling ion transport to ATP
hydrolysis.1110. 1122 An auxiliary periplasmic component, ZinT, binds and delivers Zn(11)
ions to ZnuA, collaborating in the mechanism of Zn(ll) recruitment from the periplasmic
environment.1123 This protein, produced by many Gram-negative bacteria, is also regulated
by Zur. A strong induction of the A. baumannii znu operon promoter was observed during
a pulmonary infection in mice.2105 In line with this, disruption of zauBin A. baumannii or
znuAin S. typhimurium increases significantly the sensitivity of bacteria to CP and other
Zn(I1) chelators 1105, 1118

In addition to the highly conserved ZnuABC (ZinT) transporters, expression of non-Zn(ll)-
binding ribosomal proteins is also typically increased in response to Zn(ll) limitation, with
the aim of replacing Zn(l1)-requiring isoforms to effectively decrease the total cellular
requirement of Zn(I1) and promote Zn(ll) mobilization (Figure 68).1124

Intracellular Zn(I1) levels are relatively high (~0.2 mM for E. coli), but there is essentially
no free Zn(I1) within the bacterial cell.1112 Thus, Zn(ll) is present under different chelated
forms that become accessible during Zn(l1) starvation. Although bacterial metallothioneins
are able to buffer intracellular zinc, these have been identified in a limited number of
bacterial genomes.1125. 1126 |nstead, £. colf uses glutathione to buffer the concentration of
Zn(11) and other divalent cations. 127 A. baumannii utilizes the amino acid L-histidine as a
component of its labile zinc pool.1128 During Zn(11) starvation, A. baumannii upregulates
the histidine utilization (Hut) system in a Zur-dependent pathway, which catabolizes cellular
Zn(11)-His complexes, thereby increasing the levels of bioavailable Zn(I1). On the other
hand, there are mechanisms to ensure proper metallation of cytoplasmic metalloproteins.

In conditions of zinc shortage, this is important for guaranteeing the correct functioning

of core cellular processes requiring zinc.1129 G3E GTPases are metallochaperones and/or
metal insertases that couple metal (or metal cofactor) delivery to a target protein to GTP
binding and hydrolysis. The G3E GTPase superfamily is divided in four subfamilies, one of
them denoted COG0523.1130 Members of COG0523 were shown to be Zur-regulated, and
may therefore serve as Zn(1l) metallochaperones when the metal is limited. These include
E. coli YjiA and YeiR and A. baumannii ZigA, which bind Zn(I1) and possess GTPase
activity.1131v 1132

10.4. Regulation of periplasmic Zn(ll)

Most bacterial responses to Zn(11) starvation are aimed to preserve the cytoplasmic pool

of this metal ion. Instead, in the periplasmic space of most Gram-negative bacteria, Zn(Il)
levels are not regulated and depend on the availability of Zn(l1) in the extracellular medium.
Transport of Zn(11) across the outer membrane is thought to occur by passive diffusion
through non-selective porins such as OmpF and OmpC in £, coli (Figure 68).1133. 1134 For
this reason, under conditions of Zn(I1) limitation, the periplasmic levels of free Zn(Il) are
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expected to be equal to or lower than those in the extracellular milieu due to active import
from the periplasm to the cytoplasm by the up-regulated ZnuABC system.

Some bacteria regulate the expression of specific porins in response to Zn(l1) availability,
such as P, aeruginosa OprD.1135. 1136 Others harbor mechanisms of active Zn(11) transport
from the extracellular medium to the periplasm. In N. meningitidis, Zn(1l) starvation induces
the expression of an outer membrane TonB-dependent Zn(l1) transporter named ZnuD
(Figure 68).1137 Transport through TonB-dependent receptors requires mechanical energy
from the TonB-ExbB-ExbD system, which harnesses energy from the proton motive force
generated at the inner membrane to facilitate transport across the outer membrane.1138
ZnuD, conserved in Neisseriaceae, Acinetobacteriaceae, Bordetellaceae and Moraxellaceae
families, has been identified as a crucial resistance factor used by N. meningitidisto
overcome the NETosis response elicited by neutrophils during the innate host defense.1090
Structural studies on N. meningitides ZnuD demonstrate that large extracellular loops

act like a fishing net, facilitating acquisition and sequestration of free Zn(ll), although

it is possible that ZnuD binds zinc in some chelated form.113% A. paumannii encodes

ZnuD homologs that are directly regulated by Zur: a protein with high homology to A.
meningitidis ZnuD1, and a second protein present in some A. baumannii strains, named
ZnuD2.1199 The specific contribution of each of these ZnuD transporters to A. baumannii
Zn(11) homeostasis is unknown.

Another strategy for acquiring extracellular Zn(l1) into the periplasmic space is the secretion
of Zn(I)-binding small molecules termed zincophores (Figure 68), which bind the crucial
metal ion and deliver it to a specific membrane transporter.1140. 1141 Thjs process is
analogous to the iron chelation by secreted siderophores, in which the delivery of iron-
loaded siderophores back to the microorganism occurs via specific membrane receptors and
transport proteins.

Pseudomonas putida secretes the siderophore/zincophore pyridine-2,6-bis(thiocarboxylic
acid) (PDTC) that is capable of binding both Fe(l11) and Zn(11) ions.1142 Other siderophores/
zincophores that were shown to bind Fe, Zn(Il) and in some cases other metals, include
pyochelin, micacocidin, pyoverdine and yersiniabactin.1143-1146 Bobrov et. a/ demonstrated
that the Gram-negative pathogen Yersinia pestis uses a dedicated Zn(l1)-yersiniabactin
importer in the inner membrane, named YbtX, to acquire Zn(I1) from the metallophore.1146
In P, aeruginosa, the operon zrmABCD, regulated by Zur, was shown to encode for a
metallophore-mediated zinc import system.1147 Type VI secretion systems (T6SSs) have
also been implicated in Zn(ll) acquisition. Burkholderia thailandensis secretes a Zn(l1)-
scavenging molecule, TseZ, through a specific type VI secretion system (T65S4).1148
Zn(11)-bound TseZ is then imported into the bacterial cell, via the heme transporter HmuR,
upon sensing extracellular conditions of oxidative stress. Incorporated Zn(Il) may be used
to metallate Cu/Zn superoxide dismutase enzymes and prevent potential damage from
reactive oxygen species. A similar situation occurs in Yersinia pseudotuberculosis, in which
T6SS4 secretes a Zn(lI1)-binding molecule, YezP, that aids in Zn(11) uptake in conditions of
oxidative stress.1149 Furthermore, the production of YezP is increased upon zinc limitation.
In addition to the production of metal-chelating molecules by bacterial pathogens, some
bacteria can utilize host-derived molecules as a metal source. The N. meningitidis TonB-
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dependent outer membrane receptor protein CpbA is expressed during Zn(l1) starvation, 1150
CpbA binds human CP, and the presence of CpbA permits N. meningitidis to use CP

as its sole Zn(11) source, in a process termed Zn(ll) piracy (Figure 68). In addition, the
CpbA homolog in Neisseria gonorrhoeae, TdfH, directly binds to CP allowing Zn(11)
acquisition from this protein.1150 The Zur-dependent expression of TdfH was shown to
enhance bacterial survival after exposure to neutrophil NETSs. Finally, changes to the
bacterial cell envelope may occur during zinc starvation to accommodate upregulated type
VI secretion systems and Zn(I1)-uptake machineries. In A. baumannii, one of the most
upregulated genes during Zn(l1l) starvation encodes a cell-wall-modifying enzyme named
ZrlA. 1151 This Zn(11)-binding peptidase, member of the M15 metallopeptidase family,
regulates the abundances of peptidoglycan muropeptides, promotes efficient Zn(Il) uptake,
and modulates cell envelope permeability and membrane barrier function. In V. cholerae,
the M23 family Zn(11)-binding endopeptidase ShyB is involved in peptidoglycan hydrolysis
(necessary for cell growth) during Zn(l1) limitation.1152 Both ShyB and ZrlA are regulated
by Zur, evidencing that bacterial pathogens encode peptidoglycan-modifying enzymes that
are important for surviving Zn(I1) limitation.

Despite the presence of these mechanisms of active Zn(lI1) transport to the periplasm,

most bacteria lack mechanisms for periplasmic Zn(ll) accumulation to respond to metal
starvation. Even when these mechanisms are present, bacteria may not accumulate Zn(1l) in
the periplasm under Zn(1l) starvation, except for some cases in which essential periplasmic
Zn(l1)-enzymes are required. Instead, the periplasmic space may serve as a route of
transitory passage to the cytoplasm, driven by receptors for zincophores or the ZnuABC
system located in the inner membrane. In this regard, Crowder and co-workers reported
that the metal content of periplasmic MBL L1 depends strongly on the bioavailability of
metal ions present in the extracellular medium, unlike L1 expressed in the cytoplasm, whose
metal content was almost insensitive to changes in extracellular metal composition.841 In
fact, metal analyses on the cytoplasmic and periplasmic fractions of £. coli showed that

the concentration of metal ions in the periplasm is not tightly controlled and increases with
higher concentrations of metal ions in the growth medium. In contrast, the concentration of
Zn(11) in the cytoplasm is tightly controlled while that of Fe is less so.

10.5. Effects of Zn(ll) limitation on MBLs

MBLs fold and bind one or two Zn(l1) ions in the periplasmic space in order to

confer resistance against -lactam antibiotics.838 Exposure of MBL-producing bacteria

to sub-inhibitory amounts of metal chelators (EDTA or dipicolinic acid, DPA) renders
bacteria sensitive to B-lactam antibiotics, supporting the notion that the levels of
periplasmic free Zn(I1) are minimally regulated and depend on the availability of
extracellular Zn(11).1153 The same effect was observed when using N, N, N”, N’-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN), a specific Zn(ll) chelator, or Chelex-treated media,
indicating that inhibition of MBLs is due to a reduction in extracellular Zn(Il) levels and
not to a direct interaction of these enzymes with the metal chelators in the periplasmic
space. 1154 1155 |n this line, Hood et. a/. demonstrated that exposure of A. baumanniito
sub-inhibitory concentrations of TPEN activating the Zur regulon renders this bacterium
susceptible to carbapenems, despite the up-regulation of ZnuD1 and ZnuD2 located in

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 130

the outer membrane.1195 Hence, during the initial stages of infection, bacterial resistance
to carbapenems is expected to be strongly challenged by the CP-mediated nutritional
immunity response elicited by the host. In fact, Gonzalez et. al. showed that strains of

E. coli expressing NDM-1 or VIM-2 become sensitive to carbapenems upon exposure to
CP concentrations lower than those typically encountered at infections sites.#21 Therefore,
nutritional immunity may play a dual action during infections, limiting not only bacterial
growth but also MBL-mediated antibiotic resistance.

Classification of MBL producers as carbapenem-resistant is typically based on /n

vitro susceptibility tests performed on Mueller-Hinton broth (MHB), which contains a
concentration of Zn(Il) of around 15 pM, largely exceeding the physiological concentration
of free Zn(l1) in body fluids.11%6 Nicolau and co-workers recently proposed that MBL-
mediated resistance in Enterobacterales is an artefact of these /n vitro methods, suggesting
that, unlike SBL carbapenemases, MBLs are not a relevant mechanism of resistance against
carbapenems under physiological Zn(I1) concentrations.11% This contention is supported by
the finding that the /n vivo activity of meropenem against MBL-producing Enterobacterales
in murine lung and thigh infection models correlates with the MICs measured in zinc-
depleted MHB, which are markedly lower than those measured in regular MHB. The

levels of Zn(l1) in bronchoalveolar lavage fluid (representing the site of infection in

murine lung infection model) drop from 4.5 uM in uninfected mice to undetecTable levels
in lung-infected mice, highlighting that Zn(l1)-depleted MHB is a better mimic of the
physiological conditions encountered during infection. In the same line, there are several
reports describing positive clinical outcomes in patients infected with MBL-producing
Enterobacterales that were prescribed with p-lactam agents, despite /n vitro tests classified
these isolates as carbapenem resistant.664 1157-1159 | addition, animal models of infection
with MBL-producing Enterobacterales have demonstrated marked reductions in bacterial
counts following administration of simulated human regimens of carbapenems.1160 |n
contrast, Hobson et. al. showed that the efficacy of MBLs ex vivo in urine from healthy
patients is similar to the one observed in regular MHB, due to similar levels of Zn(lIl) in both
media.1161 Although these determinations overlooked the Zn(ll) restriction in urine that the
immune system imposes in infected patients, collectively these studies evidence the need of
improving /n vitro susceptibility tests to achieve clinically meaningful MIC values in MBL
producers. The Zn(11) content in growth media employed as well as in the sites of infection
should be assessed in order to fill the gap between /n vivoand in vitro assays, especially
given the heterogeneity in Zn(Il) levels encountered in different host tissues. In this regard,
it has been shown that the modified Hodge test, albeit having an excellent sensitivity for
detecting enterobacterial isolates producing Ambler class A (KPC) and class D (OXA-48)
carbapenemases, improves its sensitivity for NDM-1 producers from 50% to 85.7% if
excess Zn(l1) is added to the culture medium.1162 Overall, these studies suggest that MBL-
producing Enterobacterales may not exhibit carbapenem resistance in certain host tissues or
fluids, casting doubt on the actual role of MBLSs as resistance determinants in these bacteria.
The situation may differ in other bacteria. For instance, non-fermenters expressing similar
levels of MBLs exhibit markedly higher values of carbapenem MICs compared to £. coli,
indicating that a stronger Zn(11) limitation is needed to render these bacteria susceptible to
carbapenems.*30 Hence, although the contribution of MBLs to resistance in Enterobacterales

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bahr et al.

Page 131

in clinical settings remains to be clarified, it is clear that these pathogens acquire and
maintain genes coding for MBLs, which would imply that MBLs are an effective mechanism
of resistance. One possibility is that MBLs can be advantageous in conferring resistance

to Enterobacterales against penicillins or cephalosporins, whose MIC values are generally
higher than those for carbapenems. Despite these controversial issues, it is well established
that clinical relevant MBLs are strongly challenged by Zn(ll) restriction, and the nutritional
immunity response possibly stands as one of the major forces shaping the evolution of these
enzymes. In the next section we will describe the mechanisms by which Zn(I1) limitation
affects MBL performance in the periplasm.

10.6. Zn(Il) limitation and MBL stability

In the past few years, a growing body of evidence shed light into how periplasmic Zn(ll)
mediates MBL resistance, and how these enzymes manage to circumvent conditions of
Zn(11) restriction. Initial studies on Bcll, an extracellular enzyme secreted by Gram-positive
B. cereus, revealed that the metal-binding site is optimized to bind tightly two Zn(Il) ions,

a condition that is necessary in harsh environments such as the extracellular medium.3%°
Directed evolution experiments on this enzyme unveiled how substitutions of second-shell
residues surrounding the conserved active sites allow MBLs to enhance their Zn(1l) binding
affinities. Competition experiments of apo-enzymes with chromophoric zinc chelators or
EDTA showed that the metal binding affinities of MBLs from the three subclasses increase
upon substrate binding.2%4 Based on this in vitro observation, Wommer et. al. suggested that
in Gram-negative bacteria MBLs exist as apo-forms /17 vivo, increasing their metal affinity
and binding one equivalent of Zn(1l) in the presence of substrates. This work, however, did
not take into account the effect of Zn(l1) binding in MBL stability. Different studies on

Bcell, B/aB, NDM-1, CphA and L1 (i.e., MBLs from all subclasses) have shown that these
enzymes are significantly stabilized /n vitro by Zn(11).247. 284, 295, 421, 1163 |y conclusion,
despite these studies provide fruitful insights into the biochemistry and biophysics of MBLSs,
they do not address the relative stability of the metallated and apo forms in the bacterial
periplasm.

The hypothesis suggesting the apo variants as the dominant species in the cell was
challenged by different studies. The B3 lactamase L1 does not fold properly in the
periplasm of £. coliin the absence of Zn(ll), indicating that thermodynamic binding
studies with properly folded apo-enzymes cannot be extrapolated to /n cell conditions,

and that incorporation of Zn(11) may be under kinetic control.1164 In 2016, Gonzalez et

al. demonstrated that Zn(l1) deprivation by DPA or CP from the extracellular medium
provokes a marked drop in the levels of clinically relevant periplasmic MBLs in E. coli
cells, rendering the bacteria susceptible to p-lactam antibiotics.#2! This is due to the fact
that soluble apo-MBLs generated under Zn(I1)-limiting conditions are unsTable and undergo
degradation and/or aggregation in the periplasm (Gonzalez et al. submitted). Thus, the
stability of MBLs /in vivo s tightly controlled by the availability of periplasmic Zn(Il). This
contrasts with the picture of MBLs /n vitro. apo-MBLs are well-folded sTable proteins, as
revealed by different spectroscopies and the availability of several crystal structures (PDB
codes: 6UAL, 3PG4, 310V, 3SBL, 2FU6, 3T9M, 3RKJ, 2YNU, 3RKK) while /n vivo, these
species are much less sTable. Therefore, Zn(ll) is not only required for enzyme activity but
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also for the MBL /n cel/ stability. The lifetime of MBLs in the periplasm depends on an
exquisite balance between the kinetics of different processes: metallation, de-metallation,
aggregation and degradation (Figure 69), which are not taken into account during /in vitro
assays. Overall, this contrast reveals that /n vitro studies cannot be extrapolated to /n vivo,
and that specific experiments are required to test /n vitro hypotheses.

Some MBLs are more fit to endure conditions of nutritional immunity. Bcll, SPM-1 and
NDM-1, to a lesser extent, are among the most refractory to periplasmic degradation,
followed by IMP-1.421 Instead, VIM-2 readily forms insoluble aggregates in the periplasm
upon metal starvation. Recently reported clinical alleles from the NDM and VIM families
were shown to be more tolerant to metal deprivation.439: 452, 479 Gjven that these variants
exhibit similar resistance profiles when tested under high Zn(1l) availability (such as in
MHB assays), we conclude that the catalytic activity of the fully metalated enzymes is
already optimized, while the clinical evolution of many MBLs seems to be strongly driven
by evolutionary constraint of the nutritional immunity response.

According to this model, the performance of an MBL during an infection can be improved
by an increase of the Zn(lI1)-binding affinities (that will avoid the accumulation of unsTable
apo-enzymes), and/or by mechanisms leading to stabilization or protection of the apo-
enzymes.#21 This is the case of the NDM enzymes, since membrane-anchoring to the

outer membrane protects NDM-1 from degradation. The soluble variant apo-NDM-1 C26A,
instead, is rapidly degraded by periplasmic proteases /n vivo. Conversely, an engineered
membrane-anchored variant of the otherwise unsTable VIM-2 was more refractory to
degradation upon Zn(ll) starvation, indicating that lipidation at the N-terminus is a
mechanism for stabilizing unsTable apo-MBLs. The stabilities of apo-MBLs cannot be
explained solely based on their protein structure. The crystal structures of apo and metal-
loaded MBLs are mostly superimposable, indicating that metal removal marginally affects
the protein structure (PDB codes: 3S0Z, 3PG4, 1BC2, 310V). However, limited proteolysis
experiments and NMR studies of holo- and apo-MBLs have revealed that the C-terminus
of the protease-sensitive apo forms is much flexible than those of apo-MBLs refractory

to degradation (Gonzalez et al. submitted). In other words, the lifetime of apo-MBLs in

the periplasm depends on protein dynamics, which allows the exploration of degradation/
aggregation-prone conformations (Figure 70). This mobility at the C-terminus may be
transmitted from the active site (L7 loop) through the a3 region, which loses secondary
structure upon metal removal. In Bcll, although the L7 loop and a3 region increase in
flexibility, the effect is more confined and the secondary structure of a3 is marginally
affected (Gonzélez et al. submitted).1163 Metal binding quenches these dynamics, giving rise
to more rigid structures, less prone to degradation.

DegP and Prc have been identified as the periplasmic proteases responsible for degradation
of apo NDM-1 in E. coli (Gonzalez et al. submitted). These proteases, albeit unrelated,
harbor a PDZ-domain that selects substrates with flexible or unfolded C-terminal regions, as
is the case of soluble apo-NDM-1. Thus, these findings not only provided the structural basis
for the degradation/aggregation processes occurring /7 vivo, but also unveiled a C-terminal
degron that tags NDM-1 for degradation upon metal removal from the active site. The

L7 loop and a3 region, apart from modulating the flexibility of the C-terminal region,
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may also be implicated in the delivery of Zn(Il) from other periplasmic Zn(Il)-proteins to
apo-MBLs.1163

The stabilization effect provided by membrane-anchoring is the consequence of a sub-
compartmentalization mechanism, since the apo-enzyme cannot be accessed by the main
periplasmic protease, DegP, due to restricted permeability of the murein layer (Figure

70) (Gonzélez et al. submitted). The resting state of soluble Prc is monomeric (74 kDa)
while that of DegP hexameric (280 kDa).1165. 1166 Considering that the permeability of

the murein layer allows free diffusion of proteins up to 100 kDa,167 it has been proposed
that outer-membrane apo NDM-1 can only be accessed by Prc (Gonzélez et al. submitted).
Soluble NDM-1 (and possibly other soluble periplasmic p-lactamases), instead, is mostly
degraded by DegP. Membrane-anchoring stabilizes NDM-1, but does not completely prevent
degradation of the apo-enzyme by Prc. As a result, NDM-1 producing Enterobacterales may
not resist the action of carbapenems during an infection. Since the first report of NDM-1,
new allelic variants have been reported, most of them exhibiting higher tolerance to Zn(Il)
deprivation.452: 479 This improved fitness has been achieved by accumulating mutations

that enhance either the kinetic stability of the apo-enzyme or the Zn(l1) binding affinity /n
vivo without affecting the antibiotic resistance phenotypes.#>2 In particular, the ubiquitous
substitution M150aL increases Zn(l1) binding affinity, preventing the formation of apo-
enzymes. A248V substitution, located in the C-terminal region in alleles 6, 15, 19 and 27,
reduces the flexibility of this region (and a.3 region) in the apo-enzyme, thereby limiting
proteolysis by Prc (Gonzélez et al. submitted). The M150aL and A248V substitutions

seem act independently of the genetic background: similar K;values were obtained for
NDM-4 (M150aL) and NDM-15 (M150aL, A248V), and a similar increase in tolerance to
Zn(11) restriction was observed when comparing NDM-6 (A248V) vs. NDM-1 and NDM-19
(NDM-7 A248V) vs. NDM-7.489 Alleles combining these substitutions, such as NDM-15
(M150aL, A248V), are those showing the best performance under Zn(l1) limiting conditions.
Crowder and co-workers proposed that NDM-15 has evolved the ability to function as a
mono-Zn(I1) enzyme with high catalytic efficiency.4’® The E152K substitution present in
NDM-9 (in the a3 region) was shown to reduce degradation of the apo-enzyme, similar

to A248V.452 Crystal structure of NDM-9 shows that a lysine in this position generates

a salt-bridge with D236 from loop L10, linking and stabilizing the a3 and C-terminal
regions.501

Within the VIM family, initial studies showed that metalated VIM alleles (VIM-1, VIM-2,
VIM-4, VIM-5, and VIM-38) exhibiting small variations in the kinetic parameters, display
considerable differences in their thermal stabilities, with variations of up to 20°C in T;,,.4%1
A recent study compared the tolerance to Zn(ll) deprivation of 45 clinically derived VIM
variants from the VIM-1-group, VIM-2-group and VIM-4-group when expressed in £.
coli*39 As reported for the NDM family, differences in MIC values were noticeable at
limited Zn(lI) concentrations. Within the VIM-2-group, VIM-20, harboring the H254R
substitution with respect to VIM-2, granted the highest levels of resistance in Zn(l1)-
depleted medium. The H254R mutation generates a salt bridge between the Glu184 side-
chain carboxylate and the Arg254 side-chain guanidino group, increasing the stability

of VIM-20 /in vitroand in vivo without affecting the catalytic parameters nor the metal-
binding affinities. Interestingly, this substitution is located at the C-terminal region of the
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enzyme, suggesting a similar mechanism of apo-protein stabilization compared to A248V

or E149K substitutions in NDMs. The H254R substitution is present in several alleles from
different VIM groups (VIM-1, VIM-2 and VIM-7), and it had been previously proposed to
accomplish an adaptive role, given variable epistatic effects in antibiotic resistance.2° Given
that Glu184 is highly conserved along the entire VIM family, it is expected that a salt-bridge
in the C-terminal region will protect various VIM alleles from degradation during Zn(ll)
scarcity. Similarly, although not characterized structurally, VIM-28 from the VIM-4-group
harbors a single substitution proximal to the C-terminus (H224L) compared to VVIM-4.439
This variant showed the highest tolerance to metal limitation inside the VIM-4-group.
Substitution H224L (and H224Y) is also ubiquitous among different VIM groups.

Finally, in the case of IMP enzymes, a recent work demonstrated that the IMP-1-

group (comprising 25% of IMP allelic variants) has evolved towards variants exhibiting
higher catalytic activities against newer carbapenems, with no apparent effect coming

from zinc limitation conditions.39 Given that IMP-1 exhibits moderate tolerance to

zinc deprivation,#21 and apparent higher metal-biding affinities compared to VIM-2 and
NDM-1,39 these results suggest that IMP enzymes, at least from the IMP-1-group, are
already (or partially) optimized to resist conditions of nutritional immunity. However, given
the great heterogeneity of the IMP family, further studies are required to evaluate this
hypothesis in the remaining IMP groups.

In conclusion, the clinical evolution of the NDM and VIM families evidences how the
immune system has forced MBLs to adapt to Zn(l1) restriction conditions by increasing
either their Zn(11) binding affinities and/or the protein stability in their non metallated form
in the periplasm in order to resist the action of periplasmic proteases or to avoid protein
aggregation. Zn(lI1) binding may not only protect already folded MBLs but may also assist
in protein folding of newly synthesized MBLs. While metal limitation has been the major
force guiding the evolution of the more recent NDM family, diversification of the broader
VIM family, which begun earlier in the late 80s, has also been impacted by exposure to
antibiotics, in particular ceftazidime, which selected variants exhibiting higher resistance
against this antibiotic.2> VIM-2 is an enigmatic case. VIM-2 is the most commonly found
VIM variant in clinical settings despite being highly unsTable in conditions of Zn(ll)
limitation.#21 However, this enzyme is mostly found in 2 aeruginosaisolates, in which

the levels of resistance granted by MBLs are higher compared to other microorganisms,
due to the lower permeability of the outer membrane towards carbapenems.123. 1058 |t js
likely that higher levels of Zn(Il) limitation are required to sensitize this bacterium. Finally,
considering that the nutritional immunity response and bacterial homeostatic systems are
in constant co-evolution,312 it is expected that MBLs will be progressively challenged by
Zn(11) restriction in the near future.

Metallation of MBLs from Gram-positives

A somewhat different situation is expected for MBLs produced by Gram positive bacteria,
namely the Bcll family. Intrinsic to B. cereus, B. thuringiensis and B. anthracis, the Bcll
family comprises 195 closely-related allelic variants that are produced as extracellular
enzymes (http://bldb.eu/).262. 373, 1168 gimjlar to MBLs from Gram negatives, Bcll enzymes
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harbor a signal peptide for secretion through the Sec system, indicating that these enzymes
are synthesized as precursors in the cytoplasm, exported across the cell membrane as
unfolded polypeptides, and processed by type | signal peptidases to be finally released

as mature enzymes into the extracellular medium.1169 Based on this, it is possible that

Bcll variants fold and bind Zn(I1) ions in the space between the cell membrane and the

cell wall, before diffusing away from the cell. Zn(Il)-homeostasis systems in Bacillus
species are similar to those from Gram negative organisms: under Zn(ll) limitation, Zur
de-represses the expression of ZnuABC, which imports Zn(l1) ions from the extracellular
medium to the cytoplasm.1073 Therefore, in conditions of Zn(11) scarcity, metallation of
Bcll in the surroundings of the cell membrane will be challenged not only by the low
availability of extracellular Zn(l1) ions but also by the action of the ZnuABC importer.
However, the high thermostability and rigidity of apo-Bcll, together with its optimized
metal-dissociation constants, suggests that these enzymes are adapted to thrive as sTable
extracellular apo-enzymes, capable of binding Zn(ll) ions efficiently upon different stringent
circumstances, and being resistant to extracellular proteases (Gonzalez et al. submitted).3%°
MBLs from Gram-negatives, instead, require the shield of outer membrane vesicle scaffolds
for being secreted into the extracellular medium.421

Detection of MBL producers

In a context of increasingly prevalent antibiotic resistance among clinical pathogens, the
ability to detect the resistance mechanisms present in a specific isolate is of crucial
importance both for defining therapeutic options for the affected patient and for maintaining
resistance surveillance and updated epidemiologic information to prevent and control
outbreaks. There is a very large variety of methods that allow detection of MBL production
(or more generally, B-lactamase production) within bacteria. These detection strategies, and
their relative diagnostic merits, have been reviewed extensively elsewhere.471 1156, 1170-1176
Here we present a summary of the main methods currently available for detection of
organisms producing MBLs.

Prior to a detailed characterization of their resistance mechanisms, clinical isolates are
generally subjected to antimicrobial susceptibility testing (AST) methods to identify their
resistance profile towards a panel of antibiotics. These range from simple disc diffusion
tests and minimum inhibitory concentration (MIC) determinations to automated systems
that allow combined microorganism identification and AST such as Vitek2 (bioMérieux) or
Phoenix (BD Diagnostics).2177 If reduced susceptibility to certain antibiotics is detected,
e.g. reduced diameter of the inhibition zone in a disk diffusion test or MICs above the
established breakpoints, subsequent tests may be carried out to determine the underlying
resistance mechanisms. There are two general types of methods: those evidencing the
presence or activity of the resistance mechanism itself (phenotypic methods) and those
detecting the coding gene (genotypic or molecular methods).1170. 1171, 1173 pmyltiple factors
influence the choice of detection method to be carried out, including its performance (i.e.
sensitivity and specificity) and the possibility that these may vary among different types of
isolates, the turnaround time required to obtain the final result, cost, equipment requirements
and the level of expertise needed to perform it and analyze the results. It is unlikely that any
test procedure will be optimal across all these criteria.1156 Furthermore, it should be noted
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that not all tests may have been approved as clinical diagnostic assays, most of them being
for research use only. The standard workflow of AST followed by identification of resistance
mechanisms may take several days,1174 but due to the value of rapid resistance diagnosis
some newer phenotypic and molecular tests allow the direct use of patient specimens.

An unifying characteristic of MBLSs is their capability to degrade carbapenems. Many
phenotypic detection methods are based in the hydrolytic activity presented by these
enzymes, together with other carbapenemases, using it to differentiate their occurrence from
other forms of resistance carbapenem. Although most of these phenotypic tests lack by
themselves the capability to identify the type of carbapenemase involved, they can provide
this information when combined with appropriate inhibitors (such as EDTA or DPA for
MBLs) that abolish activity for specific carbapenemases.

The hydrolysis reaction carried out by p-lactamases generates protons as a side product, and
can thus be detected via the resulting acidification of the reaction medium. This principle

is exploited in the Carba-NP test (Figure 71-b),1178 in which an imipenem solution is
incubated with bacterial extracts in presence of the pH indicator phenol red, that visually
confirms the presence of carbapenemase activity by a color shift (red to yellow). The

test presents relatively high sensitivity in Enterobacterales, although it was found to have
issues detecting OXA-48 type carbapenemases and with mucoid isolates presenting false
negatives.1179 Low sensitivity was also observed for detection of carbapenemases in A.
baumanniiisolates, although the CarbAcineto NP variant was developed to overcome these
limitations using altered lysis conditions and a larger inoculum.1180 Although these tests do
not discriminate between carbapenemase classes, the Carba-NP test Il grants this capability,
via the use of assays in presence of tazobactam to detect KPC and EDTA to infer the
presence of MBLs.1181

Various tests use solid medium in which the isolate to be tested has been spread, and are
performed by placing a disc or strip containing the drug within the plate. The diffusion of
the antibiotic creates a concentration gradient and results in an inhibition zone in which

the bacterium cannot grow, and whose size informs of the resistance level (i.e. growth
closer to the source implies lower susceptibility). The popular eTest uses a manufactured
strip that contains a longitudinal antibiotic gradient (imipenem or meropenem in the case
of carbapenemase detection), and antibiotic MICs can be directly read from a grading on
the strip according to the point in which the edge of the inhibition zone contacts it.1182 A
version of the test allows specific detection of MBLs by incorporating a duplicate antibiotic
gradient on the opposite half of the strip with EDTA.1183 Differences in resistance under
both conditions reveal the presence of MBLs. The combined disc test (CDT) works by
placing two discs, one containing a carbapenem alone and the same drug plus a metal
chelator (or other MBL inhibitor), on a plate streaked with the bacterial isolate.1184 After
growth, the inhibition zones around both discs are compared and a sufficiently larger zone
around the disc containing the inhibitor indicates the presence of MBL-mediated resistance.
Similarly, the double disc synergy test (DDST) also uses two discs on a plate in which the
isolate to be tested has been spread, but one disc contains the carbapenem and the other the
inhibitor alone (Figure 71-g).1184 1185 The discs are placed in proximity to each other, and
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the synergy between the two compounds (revealing the presence of an MBL) is indicated by
a larger inhibition zone in the space between the two discs.

Mass spectrometry is widely used in clinical microbiology for the identification of genus
and species of bacterial isolates, but it can also be applied to detect carbapenemase activity.
MALDI-TOF protocols allow very sensitive and specific detection of carbapenemases
through the observation of mass peaks corresponding to hydrolyzed antibiotic molecules
after incubation with bacterial extracts.1186. 1187 Similarly to other methods, comparison of
assays ran in presence or absence of metal chelators can add the ability to distinguish the
presence of these enzymes from other carbapenemases.1188

Other phenotypic methods such as the carbapenem inactivation method (CIM) and the
modified Hodge test (MHT) are growth-based.1156: 1175 |n these cases, detection of
carbapenemase activity depends on an antibiotic sensitive indicator strain being able to grow
under specific conditions.

The CIM tests the hydrolysis of carbapenems by a bacterial strain, by incubating a
suspension of the isolate to be assayed for 2 h with a meropenem-containing disk.1189
After incubation, the disc is placed in a plate streaked with a carbapenem sensitive £.

coli strain and, following overnight growth, the diameter of the inhibition zone around the
disc is measured. In a positive test, a small inhibition area is observed, since it implies

that the tested isolate possessed carbapenemase activity and hydrolyzed the antibiotic in

the disc during the previous incubation. The most widely used variant of this test in

the modified CIM (mCIM, Figure 71-c, d), in which the incubation period is extended

to 4 h and the bacterial isolate is resuspended in tryptic soy broth instead of water,

leading to a very high sensitivity (around 97%) in Enterobacterales while maintaining
specificity.11%0 For non-glucose-fermenting organisms, although the mCIM presents similar
detection parameters in £ aeruginosa, the sensitivity and specificity are considerably lower
for A. baumannii. A variant (CIMTris) which used 0.5 M TrisHCI for extraction was

found to possess high sensitivity and specificity for detection of carbapenemases in both 2
aeruginosaand A. baumannii1®1 While the CIM-type tests do not identify the particular
type of carbapenemase, the EDTA-mCIM (eCIM) test allows discrimination of MBLs from
carbapenem-hydrolyzing SBLs by means of a duplicate assay in which the disc is incubated
with the bacterial isolate in presence of EDTA.1192 Thus, the production of an MBL is
revealed by an increase in the radius of the inhibition zone in the plate that received the disc
from the assay with added chelator with respect to that which followed the standard mCIM
procedure (Figure 71-¢, f). However, coproduction of MBL and SBL type carbapenemases
may lead to false negative results.

In the MHT (Figure 71-a), the carbapenemase activity is detected by monitoring the
protective effect towards a p-lactam sensitive £. colistrain used as an indicator. In the
MHT, the carbapenemase activity is detected through the protection it grants to a p-lactam
sensitive £, colistrain used as an indicator.1162 A lawn of the indicator strain is spread on
the surface of a plate, upon which a disk containing a carbapenem is placed in the center,
while each tested isolate is streaked in a radial stripe from the center towards the edge. The
stripes containing resistant bacteria will grow towards the center further than the indicator
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strain, for which an inhibition zone will be visible. However, if the resistance is caused by a
B-lactamase, the degradation of the antibiotic by the cells and the enzyme they release into
the medium will generate a zone of lower concentration of the drug near the corresponding
stripe in which the indicator strain may grow. Thus, for positive results the indicator strain
will grow along the corresponding stripe into the inhibition zone, giving rise to a distinct
clover-like shape. The modified Hodge test is known to display low sensitivity for detection
of NDM-1 producing bacteria (although this can be partially remedied by the addition of
ZnS0O, to the growth media).1162 A variation, termed the Triton Hodge Test (THT), greatly
improves the detection of strains producing this enzyme, also increasing sensitivity for other
enzymes without resulting in a greater false positive rate.?28 The assay is carried out as the
MHT, but with the addition to the solid medium of the non-ionic detergent Triton X-100.
This inexpensive modification aids in dissolving the membrane-anchored NDM-1 from the
producer bacterium membranes, allowing it to diffuse into the surrounding medium. Due

to its difficulties in detecting NDM-1 and other enzymes, the MHT was removed from the
recommended tests in the 2018 CLSI guidelines, although it is still widely used due to its
simplicity and low cost.1173. 1175

Lateral flow immunoassays (LFIA) are immunochromatographic methods that allow the
detection of MBL proteins (or other B-lactamases) within cell lysates using specific
antibodies.1193. 1194 These assays can be multiplexed, enabling the simultaneous detection
of a predetermined set of enzymes. Furthermore, the tests can be very rapid, offer extremely
high sensitivity and specificity, and do not require technical expertise nor additional
equipment. However, detection of allelic variants of an enzyme may be impaired if the
mutations differentiating them affect the epitope recognized by the antibody. A commercial
LFIA test, termed NG-Test Carba 5 (Figure 71-h), was developed to detect the 5 main
carbapenemase families (KPC, VIM, NDM, IMP, OXA-48).1193 Starting from a single
colony of a clinical isolate resuspended in extraction buffer, the test offered reliable
detection at 15 min of incubation, with 100% sensitivity paired with very high specificity.
The LFIA test RESIST-4 K-SeT also offers similar performance characteristics,1194
detecting the same set of enzymes with the exception of IMPs, which remain infrequent

in Western countries.

Various molecular/genetic methods allow the direct detection of b/ay g genes and

are generally considered the reference methods due to their high sensitivity and
specificity.1170. 1171, 1174 Fyrthermore, these methods generally allow for a higher degree
of information regarding the detected resistance determinant, i.e. identification of the
particular enzyme or enzyme family instead of a general detection of the type of resistance
mechanism involved, and can be considerably faster than phenotypic methods requiring
bacterial growth. It should also be noted, however, that most of these methods require prior
knowledge of the genes to be detected, and will not be able to identify novel resistance
determinants. Additionally, some molecular methods require greater technical expertise and
specialized equipment which may only be available at reference labs.

PCR-based methodologies are widely applied. These include simple end-point PCR with a
single pair of primers followed by gel electrophoresis to detect the amplification products,
but can also be multiplexed to allow parallel detection of multiple resistance genes.1195. 1196
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This requires a greater technical effort to develop compatible primer sets to simultaneously
amplify a set of distinct resistance genes, and generating products of sufficiently different
molecular weight to allow detection of each amplicon. Amplification products can also be
sequenced to obtain nucleotide-level data on each detected gene.

Real-time PCR can also be used to detect resistance genes. It has the distinct advantage

that amplification and result visualization is performed by the thermocycler, which typically
monitors a fluorescent signal from a probe informing the amount of generated product along
the reaction, instead of requiring a subsequent step of gel electrophoresis. Real-time PCR
detection tests exist in single1197-1199 and multiplex1200. 1201 yariants, with commerecial
platforms also available. Multiplex real-time PCR may use probes labeled with different
fluorophores to increase specificity in detection with respect to end-point PCR. The
automated commercial test Xpert Carba-R can detect the most common carbapenemases
(blakpe, blanpm, blayiv, blawe, blaoxa-4g) With a sensitivity of 100% and 97% specificity,
and can perform detection both from cultured isolates or directly from rectal swab
specimens.1202. 1203 gimilar capabilities are found in the BD MAX Check-points Check
CPO1204 and the GenePOC Carbal205 automated assays.

Loop-mediated isothermal amplification (LAMP) methods have also been reported for
carbapenemase detection.1206. 1207 The | AMP technique is based on DNA amplification
by a DNA polymerase with strand-displacement activity (such as Bstpolymerase), using a
set of 4 or 6 specially designed primers binding to the region to be copied.1208. 1209 Methods
using LAMP offer comparative advantages with respect to PCR detection in that they do
not need a thermocycler, as the amplification is carried out at a constant temperature in

a thermal bath, and their tolerance to typical polymerase inhibitors. Furthermore, they are
faster to perform (reaction times can be below 1h) and do not require gel electrophoresis,
as visualization can be performed by turbidity reading or using fluorescent dyes.1206., 1207
The commercial assay Eazyplex SuperBug CRE is based on LAMP coupled to detection
via fluorescent probes, and allows detection of VIM, NDM, KPC and OXA-48 family
carbapenemases with high sensitivity and specificity.1210

DNA microarrays also offer capabilities for detection of antibiotic resistance, either coupled
to PCR amplification or directly using DNA from bacterial sources.1171: 1174 They offer
advantages particularly in parallel screening for a large range of different genes, potentially
offering the simultaneous detection of hundreds of targets with nearly 100% sensitivity.
Furthermore, appropriately design oligonucleotide probes on the DNA array can allow
detection of different allelic variants, which can be challenging with other genotypic tests
without sequencing. Commercial microarray-based tests include Verigenel211. 1212 gng
Check-MDR CT103,1213 with the former reporting a turnaround time of <3 h for detection.

The growing adoption of advanced DNA sequencing platforms and the continuous reduction
in their operative costs, have led to whole-genome sequencing (WGS) of microorganisms
constituting a possible alternative for the detection of resistance genes.1214-1217 Alpeit at

a higher technical complexity and requirement of computational power for data analysis
than other procedures, WGS techniques allow for the direct identification of allelic variants
that may not be detected by other molecular methods, in addition to permitting the
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simultaneous characterization of their genetic environment, organism identification, and
detection of additional resistance mechanisms.1218 WGS methods have shown sensitivities
>87% and specificities >98% in the detection of antimicrobial resistance.1215 1216 These
techniques are being increasingly used for antimicrobial resistance surveillance, and are able
to predict accurately phenotypic resistance profiles.1214 Currently, the minimum estimated
cost for sequencing of a bacterial genome is around US$ 80, with a 1 week turnaround

time (although sequencing is possible in 24h with higher associated costs).1216 While
current per-genome costs may still prevent use for routine diagnosis, WGS approaches

offer enormous future potential for detection of antibiotic resistance and other clinical
microbiology applications.1217

12. B-Lactamases as an unique model system to study protein evolution

This review has focused on the current and potential future impact of p-lactamases on
human health, and chemical strategies to limit it. There is, however, a different facet to the
scientific study of these enzymes, less directly related to their clinical role as mechanisms
of resistance and focused instead on the proteins themselves. B-Lactamases provide a unique
model to study protein evolution, in which the fitness and survival of the host bacteria in
presence of antibiotics is directly tied to the function of the enzyme. B-Lactamases are also
one of the most intensively studied enzyme families, many thousands of known proteins
and a wealth of available information regarding their capability to confer resistance and /n
vitro biochemical properties.35% 12181224 Ag g ch, the natural adaptation of B-lactamases
to different selective pressures, originating from the introduction of the various classes of
B-lactam drugs and by the impact of Zn(ll) starvation, can be observed and analyzed along
the timeline of first detection of variants within the largest enzyme families, as we have
reviewed in Section 4.7. Within the laboratory, this same characteristic can be exploited to
perform in vitro evolution studies. These involve challenging bacteria expressing libraries
of variants, generated either by random mutagenesis or site-saturation approaches, with
conditions that surpass the resistance granted by the original enzyme. Both with the natural
variants and those obtained from J/n vitro experiments, important insights can be obtained
into the molecular mechanisms allowing adaptation of the enzyme to challenges such as the
hydrolysis of a poor substrate.

Mutations have pleiotropic effects, being able to alter catalytic efficiency, affinity to
inhibitors, stability, dynamics, folding rates, expression levels, processing and secreation

to the periplasm and metal binding affinities (which are relevant for MBLs).1225. 1226 |
addition, many mutations are deleterious for the activity or stability of the proteins, severely
impairing their fitness in a biological context. However, some deleterious mutations can

be advantageous when combined with others. This evidences the existence of epistatic
interactions in evolution35%: 1227-1231 and partially accounts for the observation that different
families of B1 MBLs evolve by accumulation of different mutations, as discussed in Section
4.7. Thus, the understanding of epistatic interaction between mutations together with their
impact in different protein features helps to describe the adaptive landscape of a protein
under certain external, sometimes challenging circumstances (concentration of antibiotic,
temperature, presence of an inhibitor, Zn(Il) starvation, etc). Directed evolution also allow
to select the optimal variants in their physiological environment, providing lessons that may
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help understanding the evolution in the clinics, provided the environment for selection is
adequately chosen in the laboratory.

These type of studies in MBLs can be classified into two categories: (1) evolution
experiments aimed to improve or study the evolutionary features of existing MBLs or (2)
generation of MBL activity in a protein scaffold which is not able to hydrolyze p-lactams.

Evolution of MBLs

In 2004, Hall reported an /n vitro evolution study of IMP-1to explore its ability to

further improve its ability to confer imipenem resistance.1232 Different libraries with ca.
107 transformants each were generated with an average of 1.2 mutations per gene by
using an error-prone polymerase and screened for imipenem resistance. Since none of
the libraries resulted in variants with improved MIC, it was concluded that IMP-1 did

not have the potential to evolve further resistance to imipenem. These results are in line
with the resistance profile of the different clinical IMP alleles discussed in Section 4.7:
practically none of the 80 IMP alleles provides more resistance to imipenem compared to
IMP-1. Intriguingly, several alleles have evolved more resistance to other, more modern
carbapenems, as recently highlighted for the subgroup IMP-1 by Crowder, Bonomo

and coworkers.39° This may be due to the evolutionary pressure imposed by the new
carbapenems or to the possibility that the IMP scaffold has exhausted its capacity to evolve
further resistance to imipenem.

Directed evolution of Bcll by DNA shuffling towards a poorly hydrolyzed substrate,
cephalexin, resulted in an enzyme which increased the catalytic efficiency against this
cephalosporin by one order of magnitude.274 This gain of function was not in detriment of
the hydrolytic capabilities towards other substrates, therefore resulting in an enzyme with
a broadened substrate spectrum. The evolved variant (M5) included four mutations outside
the active site, one of which corresponds to a second sphere residue (G262S) (Figure 72).
The single G262S mutation increases the activity /n7 vitro by changing the hydrogen bond
network at the active site and the flanking loops,34 showing a high epistatic interaction
with mutation N70S. These two mutations have been shown to increase the flexibility of
the active-site loops L3 and L10 by NMR spectroscopy,347 accounting for the expansion
of the substrate profile of the evolved enzyme and revealing the high plasticity of the

MBL scaffold to evolve new functions. Mutation G262S is also relevant in shaping the
substrate spectrum of the IMP family1233 (Section 4.7). Reconstruction of the possible
evolutionary pathways reveals that the accumulation of mutations cannot occur in a random
order, but is highly conditioned by strong epistatic interactions.3%° This study also revealed
that the accumulation of some mutations resulted in increased resistance but in spite of
these variants being equally active in vitro. In other words, the catalytic efficiency cannot
account for the MIC data in £. coli. Instead, measurement of enzymatic activity in an
environment resembling bacterial periplasm could provide an accurate description of the
resistance profile. This gap between /n vitro and in cell studies is due to the different Zn(Il)
binding affinities of the enzymes. /n vitro assays are always performed in excess Zn(1l)
conditions that ensure that the active site of the MBLs are fully metallated, but in the
periplasm the amount of metallated enzyme depends on the Zn(l1) availability. As a result,
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enzyme variants with impaired Zn(ll) efficiency provide less resistance since the actual
concentration of active, metallated enzyme is lower. This work also showed that the evolved
M5 variant had an improved affinity for Zn(1l) with respect to Bcll.

Phage display technology was also applied to perform directed evolution on Bcll by
Galleni and Fastrez, which resulted in different variants with increased activity against
benzylpenicillin distributed in the protein structure, all of them being destabilizing with
respect to wt Bcll.1234

Schenk and Ollis performed directed evolution on the B3 enzyme AIM-1 by error-prone
PCR using cefoxitin as the antibiotic for selection. Initial rounds of selection were
performed by sublethal concentrations of cefoxitin to induce neutral drift, and then higher
concentrations of the antibiotic were employed.>%® This resulted in a large number of
mutations, but F114L turned to be the most relevant, broadening the resistance profile of
AIM-1 by improving the catalytic efficiency towards antibiotic from different families.

There are some important lessons that can be learned from these directed evolution
experiments: (1) they can predict the limits of evolution of a given MBL scaffold towards
specific antibiotics, since epistatic effects limit the number of mutations that can accumulate
and provide fitness at the same time, (2) they are useful in discovering mutational hotspots
that are hard (or impossible) to identify rationally as drivers leading to optimized resistance
levels.

in vitro generation of MBL activity

There have been several attemps to generate MBL activity into scaffolds unable to hydrolyze
B-lactams. The first successful report relied on exploiting one member of the MBL
superfamily, glyoxalase 11, that shares the same protein fold and a metal binding motif.

Kim, Benkovic and coworkers!235 redesigned rationally the active site of glyoxalase 11 by
removing the substrate recognition domain and by grafting the metal ligand set and the
loops of IMP-1. This protein scaffold was the starting point for directed evolution using
cefotaxime as selector antibiotic. The evolved protein (evMBL8) displayed & ./ Kjs values
of 102 against cefotaxime.

The Tezcan lab developed MBL activity on a different protein scaffold by using a
supramolecular assembly approach.123¢ This was pursued by assembling a four-helix bundle
scaffold (based on cytochrome cbsgo) that can self-assemble into a tetrameric arrangement
with Zn(I1) binding sites with His and Glu ligands at the interfaces between monomer and a
solvent molecule. Engineering this site resulted in an artificial metalloenzyme able to confer
resistance to ampicillin in £. cofi cells. Directed evolution experiments on this proteinl237
revealed that structural dynamics in the adjacencies of the metal site are essential for the
improvement of B-lactamase activity, in line with previous findings on natural MBLs.347

13. Can we fill the gap between in vitro and in vivo experiments?

As discussed along this review, the study of B-lactamases is of interest to different fields,
from clinical microbiology to biological inorganic chemistry, and as a consequence, there
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are different languages involved and communication barriers that have not been necessarily
sorted out despite many years of research. In addition, there are different observables that
need to be correlated or at least compared on a similar basis. Clinicians are interested in
knowing the minimum inhibitory concentration (MIC) of an antibiotic able to Kill a bacterial
strain expressing a p-lactamase, while biochemists are interested in determining kinetic
parameters in the test tube and the structural determinant of function. Unfortunately, the
most active enzymes are not necessarily those able to provide the largest resistance. There
are many issues that need to be taken into account for this comparison. The first aspect to be
considered is the impact of the permeability barrier of the outer membrane in Gram-negative
bacteria, that slows down the diffusion of the different antibiotics to reach the target enzyme.
This aspect has been addressed by Zimmermann and Rosselet, who combined for the first
time the Michaelis-Menten enzymatic treatment with the Fick diffusion model to predict the
behavior in bacteria.1238 Later, Nikaido and Normark1239 refined this model and proposed

a new parameter, the “target access index”, that was later analyzed and improved by Frére,
Joris and coworkers,1240

A second aspect that deserves attention is the impact of the physiological environment on
the B-lactamase itself. This aspect has been addressed in general by Pielak, Selenko and
others,1241-1243 \which involves considering the effect of macromolecular crowding, ionic
strength, the interaction with other molecules not present in the /in vitro studies, among
others. These differences have an impact not only on the enzymatic activity, but also on the
protein stability (which may be exposed to the action of proteases, highly abundant in the
periplasmic space). In the particular case of MBLs, in order to be active, the enzymes need
to be properly metallated, and this represents an additional factor to be considered which
may ultimately determine the fate of the enzyme in this cellular compartment. As already
discussed in Section 10, apo MBLs are sTable in solution /n vitro, while they are degraded
by periplasmic proteases in the cell. This inconsistency claims for parallel studies /n vitro
and in the cell.

To address this aspect, Vila, Gonzalez and coworkers have developed a simple experimental
approach to measure the activity of MBL in periplasmic extracts (in perijplasma) and
retrieve quantitative biochemical and biophysical parameters.355: 464, 1228 Thijs approach
also enables examining the impact of expression in different bacteria. This was relevant

in the case of SPM-1, expressed only in £ aeruginosa. Activities measured in periplasmic
extracts from P, aeruginosa normalized relative to the concentration of enzyme determined
by immunoblotting could account for the MIC levels measured in the same bacterial host.464
This enables an estimation of apparent k.,;and Ky, values. These values were shown to
correlate better with MIC values than those determined /7 vitro.3%° In the case of evolved
Bcll variants, the differences could be accounted for by changes in the Zn(Il) binding
affinity and by the impact of available Zn(I1) under physiological conditions. The amount
of Zn(I1) rich MHB medium, used for MIC determinations, ranges between 15 and 25

M, depending on the vendor.355: 928, 1162, 1244 Thjs js a source of discrepancy that poses

a dilemma: which is the adequate Zn(Il) concentration to be used? Without a simple and
unifying answer, and given that Zn(Il) concentrations are decreased during an infection

due to the process of nutritional immunity,31! it is mandatory to test different Zn(l1)
concentrations in these studies.*>2 An alternative approach involves measuring the metal
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concentration in the tissue or body fluid in which the infection occurs and performing /n
vitro susceptibility tests with similar levels of Zn(I1). Noteworthy, allelic variants or MBL
mutants obtained in the laboratory granting considerable levels of resistance under canonical
Zn(I)-replete conditions, may exhibit a differential behavior in zinc-scarce media, leading to
misinterpretations.300: 452, 464 Finally, enzymes with high catalytic efficiencies in vitro may
not confer adequate resistance levels if the expression of the enzyme generates a fitness cost
to the host, is not correctly processed, exported, etc.430. 1061, 1063

There are two approaches to determine the stability of MBLs under physiological
conditions. Thermodynamic stability can be determined in periplasmic extracts by
measuring the activity of the enzyme after incubation at different temperatures for a fixed
period of time. This enables the quantitation of an apparent Ty, /n periplasma that can be
compared with the i vitro T,3%° More relevant to the resistance is the measurement of
the kinetic stability, that can be quantitated by measuring the periplasmic degradation of the
apo MBL by immunoblotting after treatment with a chelating agent.#21: 452 The degradation
process can be fit to a single exponential curve, providing a #;,>that provides information
about the lifetime of an MBL upon Zn(l1) starvation conditions, that is a critical factor for
these enzymes to confer resistance.

In the case of membrane-anchored lactamases, such as NDM variants, a similar approach
has been devised to study these proteins in a medium mimicking as close as possible

their physiological environment. Bacterial spheroplasts are devoid of soluble, periplasmic
lactamases, but retain the membrane-bound NDM-1.421 These preparations can be exploited
to retrieve reliable biochemical and biophysical parameters, especially when the protein-
membrane interactions are expected to affect the enzyme performance.124° An alternative,
more controlled, approach includes the insertion of recombinant lipidated MBLs in artificial
liposomes. This strategy has allowed the identification of specific interactions between the
globular domain of NDM-1 and the bacterial outer membrane.*”6

The field of biochemistry under physiological conditions is blooming now, and there will be
more biophysical tools to address these aspects in the coming years. We envisage that these

approaches will have a great impact on the study of MBL activity and evolution in the near

future.

14. Future Perspectives and Concluding Remarks

The challenge of understanding the diverse facets underlying the action of MBLs as

a powerful machinery conferring resistance to antibiotics has been fascinating, and has
claimed for efforts from different disciplines. The initial report of an MBL, Bcll, dates
back to 1956, while its characterization as such from Sabath and Abraham was achieved

in 1966. During these six decades of research, the three latest decades have witnessed the
largest grow on MBL research accompanying their clinical dissemination. At this moment,
the structural determinants of function of main MBLs are well known, as well as the
essential features of their mechanism of action against different antibiotics. Among the
thousands of tested inhibitors, the boronate-based compounds offer a promising future, as
well as the possibility of using cefiderocol. However, it is clear that the IMP, VIM, and
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NDM enzymes continue to evolve with different driving forces, providing different scaffolds
that not only increase resistance, but could also provide future escape mechanisms to the
newly developed antibiotics. There is an urgent need to improve our understanding of the
evolutionary landscapes of these clinically relevant MBL families, as well as to keep an eye
alert on the environmental niches of related resistance genes that may offer surprises, as was
the case of the membrane-bound NDM.

The understanding of the MBL physiology in the bacterial cell requires solid efforts, from
the behavior under metal-starvation conditions, their adaptation to different bacterial hosts
and the dissemination mediated by Outer Membrane Vesicles. This aspect has been mostly
overlooked, and the knowledge gained on the biochemistry of these enzymes should be
reinforced by going deeper on the birth, life and death of these enzymes within and outside
the bacterial cell. This knowledge could provide alternative to conventional inhibitors to
thwart the scourge that these enzymes represent to maintain the potential of antibiotics to
save lives.
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and Gram-positive (right) bacteria. OM (outer membrane), PG (peptidoglycan), IM (inner
membrane), CM (cytoplasmic membrane). The B-amino acid moiety resulting from -

lactam cleavage is shown in red.
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Figure 3.

Minimalistic outlines of -lactam hydrolysis mechanisms by SBLs (a) and MBLs (b). B1
is a general base activating the nucleophilic Ser residue in SBLS, and B2 is a general base

involved in the deacylation step of SBL-mediated hyd
in the mechanism are discussed in the text.

rolysis. The specific residues involved
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Figure 4.
Reaction scheme of SBLs and PBPs with p-lactam antibiotics, showing the formation of

the Michaelis complex, enzyme acylation and the final deacylation step that regenerates the
enzyme.
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Figure 5.
a) Structural comparison of the global fold of the transpeptidase domain of a PBP enzyme

(PBP2a - PDB 3ZG0) and SBLs from classes A (KPC-2 - PDB 20V5), C (PDC-3 - PDB
4GZB) and D (OXA-10 - PDB 1K55), and a class B enzyme, i.e., an MBL (NDM-1 - PDB
4EYL). The Q-loop region in SBLs are highlighted in yellow. b) Active sites of class A, C
and D SBLs, with key catalytic residues displayed as sticks.
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BBL Position
MBL 59 60 61 64 67 84 87 116 118 120 121  150a 196 221 224 228 233 263
Bcll G62  S63  Fe4 - V69 D86 W89 H116 H118 D120 RI121 Y150 H179 C198 K201 A205 N210 H240
IMP-1 E41  E42 V43 W46 V49 D66  F69  H95  H97 D99  S100 K129 H157 C176 K179 G182 N185 H215
CcrA A44  E4S 146 W49 V52 D69 172 H99  H101 D103 C104 L133 H162 C181 K184 A188 N193 H223
VIM-2 Q60  S61  F62 - Y67 D84 W87 H1l4 H116 D118 R119 N148 H179 C198 Y201 R205 N210 H240
BlaB N44  T45  F46 - Y51 D68 W71  H98 H100 D102 R103 K132 H161 C180 K183 S187 Y192 H222
NDM-1 65 D66 M67 F70 V73 D90 W93 H120 H122 D124 K125 MI154 H189 (208 K211 A215 N220 H250
SPM-1 D56  F57 - - Y58  S76  F79  H106 H108 D110 G111 K140 H195 (214 K217 - Y223 H251
CphA Y46 Y47 - - V48  G65 W68 N95  H97 D99  R100 Al29 H174 C193 K196 - N201  H231
PFM-1 E42 Y43 - - V44  Gel W64 N91  H93 D95  R96 R125 H170 C189 K192 - N197 H231
sfh-I E44 Y45 - - V46 G633 W66 N93  H95 D97  R98  GI27 H172 C191 K194 - N199  H233
L1 - - - - - D74 M77 H105 H107 D109 H110 S140 H181L  S206 - G211 - H246
FEZ-1 - - - - - N59 162  H90  H92 D94  H95 K125 H168 S193 - G199 . H234
AIM-1 - - - - - D73  T76 H104 H106 D108 H109 P139 H182 5207 - S212 - H250
GOB-1 - - - - - N67 T70 Q98 H100 D102 H103 K133 H175 M200 - V205 - H241
THIN-B - - - - - D77 180 H108 H110 D112 H113 N143 H188 5213 - 5218 - H256
Figure 6.

Correlation between consensus BBL numbering positions?18: 219 and actual residue numbers
in various MBLs.
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B1 B2

Figure 7.
Structures showing the general fold of the B1, B2 and B3 subclasses of MBLs. Enzymes

represented are B1: IMP-1 (PDB 1DD6), B2: CphA (PDB 1X8G) and B3: BJP-1 (3LVZ).
Zn(11) ions are shown as grey spheres.
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Figure 8.

Typical active-site metal coordination geometry for B1, B2, and B3 MBLs (Top). The
non-standard Zn(ll) coordination spheres for the enzymes SPS-1 (B1) and GOB-18 (B3) are
displayed (Bottom). Zn(ll) ions and water molecules / hydroxide ions are displayed as grey
and red spheres, respectively. For SPS-1, Gly116(bb) and Tyr117(bb) indicate that only the
backbone atoms for these residues are represented, while only side chains are represented
for all other residues. In images showing binuclear enzymes, Zn1 is displayed at the left,
and Zn2 is displayed at the right. The PDB codes for the structures used are: 5SN5G (B1 -
VIM-1), 3SD9 (B2 - Sfh-1), 3LVZ (B3 — BJP-1), 6CQS (SPS-1), 5KO0W (GOB-18).
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Protein Percent sequence identity

Bcll IMP-1 CcrA VIM-2 BlaB NDM-1  SPM-1 CphA PFM-1 Sfh-1 L1 FEZ-1 AIM-1 GOB-1 THIN-B  BJP-1 CAR-1
Bcll 1 0.338 0.322 0.347 0.348 0.275 0.262 0.273 0.227 0.231 0.153 0.11 0.106 0.135 0.127 0.14 0.142
IMP-1 0.338 1 0.335 0.299 0.295 0.3 0.316 0.211 0.204 0.204 0.133 0.118 0.13 0.123 0.103 0.139 0.131
CecrA 0.322 0.335 1 0.288 0.279 0.281 0.238 0.253 0.228 0.241 0.108 0.085 0.121 0.103 0.08 0.138 0.101
VIM-2 0.347 0.299 0.288 1 0.248 0.33 0.239 0.223 0.195 0.199 0.118 0.092 0.107 0.097 0.127 0.101 0.128
BlaB 0.348 0.295 0.279 0.248 1 0.229 0.271 0.264 0.231 0.235 0.133 0.139 0.134 0.175 0.119 0.132 0.12
NDM-1 0.275 03 0.281 0.33 0.229 1 0.212 0.191 0.164 0.159 0.152 0.107 0.125 0.096 0.145 0.131 0.106
SPM-1 0.262 0.316 0.238 0.239 0.271 0.212 1 0.254 0.209 0.209 0.097 0.11 0.099 0.111 0.085 0.15 0.109
CphA 0.273 0.211 0.253 0.223 0.264 0.191 0.254 1 0.566 0.593 0.129 0.123 0.146 0.127 0.134 0.152 0.12
PFM-1 0.227 0.204 0.228 0.195 0.231 0.164 0.209 0.566 1 0.754 0.1 0.126 0.117 0.142 0.129 0.134 0.101
Sth-1 0.231 0.204 0.241 0.199 0.235 0.159 0.209 0.593 0.754 1 0.12 0.142 0.121 0.166 0.125 0.146 0.123
L1 0.153 0.133 0.108 0.118 0.133 0.152 0.097 0.129 0.1 0.12 a 0.282 0.313 0.21 0.274 0.302 0.207
FEZ-1 0.11 0.118 0.085 0.092 0.139 0.107 0.11 0.123 0.126 0.142 0.282 3 0.214 0.343 0.237 0.343 0.213
AlM-1 0.106 0.13 0.121 0.107 0.134 0.125 0.099 0.146 0.117 0.121 0.313 0.214 1 0.241 0.4 0.252 0.173
GOB-1 0.135 0.123 0.103 0.097 0.175 0.096 0.111 0.127 0.142 0.166 0.21 0.343 0.241 1 0.214 0.288 0.198
THIN-B 0.127 0.103 0.08 0.127 0.119 0.145 0.085 0.134 0.129 0.125 0.274 0.237 04 0.214 1 0.285 0.195
BJP-1 0.14 0.139 0.138 0.101 0.132 0.131 0.15 0.152 0.134 0.146 0.302 0.343 0.252 0.288 0.285 1 0.252
CAR-1 0.142 0.131 0.101 0.128 0.12 0.106 0.109 0.12 0.101 0.123 0.207 0.213 0.173 0.198 0.195 0.252 1

Figure 9.

Percent sequence identity matrix for a representative set of B1, B2 and B3 MBLs. Sequences

(without leader peptides) were aligned using PSI-Coffee, and the resulting alignment was
manually edited in Jalview to match as closely as possible the latest published BBL
alignment.219 The percent sequence identity among each pair of MBLs was calculated by

dividing the number of matching residues by the average of the length of the two proteins.
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Figure 10.
a) Structural model of non-hydrolyzed cephalexin bound to NDM-1. Structural model kindly

provided by Dr. Nisanth N. Nair.321 b) Structure of cyclobutanone inhibitor bound to
SPM-1243 (PDB 5NDB). Zn(ll) ions are shown as grey spheres and water molecules /
hydroxide ions as red spheres, while bound compounds are shown as colored sticks and
protein residues as white sticks (Zn(ll) ligands are displayed as thinner sticks). Interactions
between the compound and the protein residues and Zn(ll) ions are indicated with yellow
dashed lines, while coordination interactions of Zn(ll) ions by protein residues are shown as
green dashed lines.
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Figure 11.

Page 225

Fluorescence signal cefotaxime

Binding of imipenem (solid lines) or cefotaxime (dashed lines) to apo-Bcll (gray lines)
and to Zn(11)-Bcll (black lines) followed by Trp fluorescence. The absence of changes
in the fluorescence of apo-Bcll upon substrate addition reveals the lack of binding to

this variant. Reproduced with permission from reference23® Rasia et al. Copyright 2004

American Society for Biochemistry and Molecular Biology.
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Figure 12.
Crystal structure of the adduct of a bi-Zn(ll) model complex synthesized by Meyer and

coworkers with sulbactam. The oxygen atoms of the carboxylate from sulbactam (O1 and
02) bind the binuclear metal center. Reproduced with permission from reference331 Meyer
et al. Copyright 2012 American Chemical Society.
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Aztreonam
Lys224

Zn1 site
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Figure 13.
Structural model of aztreonam binding to the active site of Bcll. Structural model based on

NMR data from Poeylaut-Palena et a/33°.
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L1 (B3) FEZ-1 (B3)

Figure 14.
Structures of MBLs from each subclass highlighting key structural features. Zn(ll) ions are

shown as grey spheres and the metal ligands as white sticks. The L3 loop (and its shorter
counterpart in B2 enzymes) is shown in orange, while the a3-p7 loop in B3 enzymes, the
L7 loop and the L10 loop are shown in cyan, magenta and red, respectively. The extended
a3 helix present in SPM and B2 enzymes is displayed in dark green, and the extended
N-terminus in the L1 enzyme is highlighted in blue. PDB codes for the structures: NDM-1 —
4EXY, SPM-1 - 4BP0, CphA — 1X8G, L1 — 1SML, FEZ-1 - 1KO07.
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SPM-1 (B1 MBL)

open form o3 region

o3 region
movement

Figure 15.
Equilibrium between the ‘open’ (PDB 2FHX) and ‘closed’ (PDB 4BPQ) conformations of

SPM-1. Mobile regions are highlighted in blue (L3 loop), red (L10 loop) and green (a3
region). Reproduced with permission from reference348 Brem et a/. Published by The Royal
Society of Chemistry.
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Figure 16.
Active-site bonding networks in subclass B1 MBLs?81 : Bcll (PDB 1BC2), NDM-1 (PDB

6TWT), BlaB (PDB 1M2X), IMP-1 (PDB 1DDK), CcrA (PDB 1ZNB), VIM-2 (PDB
1K03) and SPM-1 (PDB 4BP0). Hydrogen bonding and ionic interactions are shown

as dashed green lines. The different protein regions connected through the conserved
interaction network are depicted as cartoon representations of different colors. Zinc ions
are rendered as grey spheres, sodium ions as magenta spheres and water molecules as red
spheres
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Figure 17.
Phylogenetic tree of the IMP enzyme family. The location of IMP-1 is shown in green.

Protein sequences were aligned using Clustal Omega, phylogenetic trees were constructed
using PhyML (via the phylogeny.fr web server) and tree representations were generated with
iTOL.
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Figure 18.
Structure of IMP-1 (PDB 4C1G) highlighting the positions presenting sequence variation

within the IMP family. The positions are colored (from black to red) in the cartoon
representation according to an increasing absolute frequency of mutation within all IMP
enzymes with respect to IMP-1. The side chains of positions with a frequency of substitution
in the top 4 categories are shown as sticks.
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Figure 19.
Front and back view of IMP-1 showing the active-site loops (L10 and L3) and second-shell

sphere regions involved in substrate recognition and turnover. Side chains of most relevant
residues are shown as sticks, metal ligands as lines and Zn(Il) ions as spheres (PDB 5EV®).
L3 loop and Phe87 are shown in magenta, L10 in cyan.
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Figure 20.
Structures of unbound IMP-1 (PDB 1DDK, open) and IMP-1 in complex with a

mercaptocarboxylate inhibitor (PDB 1DD6, closed). The change in the position of Trp64
side chain is highlighted.
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Figure 21.
Binding of substrates/inhibitors to IMP enzymes. a) Cartoon representation of of IMP-1

active site in complex with mercaptocarboxylate inhibitor (PDB 1DD6). b) Surface of
IMP-13 in complex with hydrolyzed doripenem (PDB 6SOH). c) Cartoon representation
of IMP-13 active site with hydrolyzed meropenem (PDB 6S0H). Residues involved in
interactions (dashed lines) with inhibitor/substrate are shown as sticks. L3 loop and Phe87
are shown in magenta, L10 in cyan.
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Figure 22.
Conformation of the L3 loop from IMP-1 (PDB 1DDK, open), IMP-1 in complex with

mercaptocarboxylate (PDB 1DD6, closed), IMP-2 (PDB 4UBQ) and IMP-18 (PDB 5B3R).
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Figure 23.
Phylogenetic tree of the VIM enzyme family. The 5 groups present within the family are

highlighted in colors, and the locations of the reference enzymes within each group are
shown in green. Protein sequences were aligned using Clustal Omega, phylogenetic trees
were constructed using PhyML (via the phylogeny.fr web server) and tree representations
were generated with iTOL.
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Figure 24.
Structures of VIM-1 (a, PDB 5N5G) and VIM-2 (b, PDB 1KO03) highlighting the positions

presenting sequence variation within the VIM-1 and VIM-2 enzyme groups. The positions
are colored in the cartoon representation according to increasing absolute frequency of
mutation within VIM enzymes belonging to each group. The side chains of those positions
with a frequency of substitution in the top 4 categories are shown as sticks.
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Figure 25.
Comparison of VIM active sites.2 a) Active site of VIM-1, showing positions of His224

and Ser228 and location of Cys221-bound water Wat3. Hydrogen bonding interactions are
shown as dashed lines (PDB 5N5G). b) Active site superpositions of VIM-2 (PDB 4BZ3,
orange) and VIM-4 (PDB 2WHG, white) showing variations at positions 224 and 228.
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His116

His/Lys224 Ser228

Figure 26.

Binding of hydrolyzed meropenem to VIM-1 (PDB 5N5lI, green) and NDM-1 (PDB 5NOH,
gray).25% Bound hydrolyzed meropenem is shown in pink and orange for VIM-1 and
NDM-1, respectively. Interactions of substrate C3/C4 carboxylate with active site residues or
water molecules are shown as dashed lines.
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Figure 27.

Phylogenetic tree of the NDM enzyme family. The location of NDM-1 is shown in green.
Protein sequences were aligned using Clustal Omega, phylogenetic trees were constructed
using PhyML (via the phylogeny.fr web server) and tree representations were generated with
iTOL.
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Figure 28.
Structure of NDM-1 (PDB 4EXY) highlighting the positions presenting sequence variation

within the NDM enzyme family. The positions are colored in the cartoon representation
according to increasing absolute frequency of mutation within NDM enzymes belonging to
each group. The side chains of those positions with a frequency of substitution in the top 4
categories are shown as sticks.
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Figure 29.

Network diagram of the NDM family, showing residue substitutions generating the different
allelic variants. The color coding indicates the number of mutations with respect to NDM-1,
as indicated in the figure.
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Figure 30.

Allelic variants of NDM display an increased tolerance to Zn(I1) starvation with respect to
that of NDM-1.452 MIC values of cefotaxime for £. coli cells expressing different NDM
variants in growth medium supplemented with increasing concentrations of dipicolinic acid
(DPA), shown relative to the MIC in 0 uM DPA.
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Figure 31.
Angle determined by the loop L3 and the plane of the active site of NDM-1 (PDB 3SPU,

green), and L3IMP (PDB 6C6l, cyan) and L3Pro (PDB 6CAC, yellow) mutants.33” Angles
between Zn1, Ca of Ser69 and Ca of Gly63 are as follows: L3IMP, 68°; NDM-1, 88°; and
L3Pro, 110°. L3IMP corresponds to NDM-1 in which the L3 loop (residues 57 to 68) was
replaced by the one from IMP-1; L3Pro is a mutant of NDM-1 with a Pro inserted after
Ala68.
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B1 (NDM-1) B2 (CphA) B3 (L1)

Figure 32.
Active-site topology in B1, B2 and B3 enzymes. Structures of NDM-1 (B1) (PDB 3S02),

CphA (B2) (PDB 1X8G) and L1 (B3) (PDB 1SML) are shown as surfaces. Zn(ll) ions are
depicted as grey spheres.
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Figure 33.
Phylogenetic tree showing the clustering of the different subclasses of MBLs with respect

to other members of the MBL superfamily. Protein sequences were aligned with PSI-Coffee,
alignments were trimmed using JalView to remove highly gapped and poor-quality regions,
and phylogenetic trees were calculated using PhyML (via the phylogeny.fr web server). Tree
representations were constructed using iTOL.
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Figure 34.

a) Comparison of the general structures of various members of the MBL superfamily. For

each protein, the characteristic MBL fold domain is indicated in green, while additional

domains present in some MBL superfamily members are highlighted in other colors. Metal
ions within the active site are shown as spheres, and the Zn2 (or equivalent) site is oriented

towards the front. Proteins names ending in an asterisk indicate that the physiological

form of protein comprises homodimers or other homooligomers, which are not shown. b)
Active-site metal coordination spheres for the MBL superfamily members indicated in panel

a). Zn(11), Fe(IN)/Fe(111) and Mn(ll) ions are represented as grey, orange and light violet

spheres, respectively, while water molecules / hydroxide ions are shown as red spheres. PDB
codes for the structures are: CcrA — 1ZNB, ZipD — 2CBN, SdsAl - 2CFU, CPSF73 - 217V,

FIRd - 4D02, GloB - 2QED, UlaG - 2WYM, PhnP - 3P2U.
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Figure 35.
Photodiode array stopped-flow spectra of di-Co(ll) Bcll showing changes in the ligand-to-

metal charge transfer (LMCT, 343 nm) and ligand field bands (d-d, 500-650 nm) during the
hydrolysis of benzylpenicillin. The inset shows an amplification of the ligand field bands (in
the 450-700 nm region of the spectra). The arrows indicate whether there is an increase or a
decrease in the intensity of the corresponding absorption bands in the transition from an ES

complex to the resting state enzyme. Adapted with permission from reference28” Llarrull et
al. Copyright 2008 American Chemical Society.
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Figure 36.
Titration of apo-Bcll with Co(lIl). The simultaneous growth of the LMCT band and the

ligand field bands shows that (under these conditions) both metal sites are simultaneously
loaded. Adapted with permission from reference2®6 Llarrull er al. Copyright 2007 American
Society for Biochemistry and Molecular Biology.
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Figure 37.

Mechanism of penicillin hydrolysis by bi-Zn(11) MBLs, with two proposed pathways for the
protonation step. a) The nucleophilic hydroxide (blue) detaches from Zn2 upon substrate
binding in ES. The water ligand originally bound to Zn2 (red) becomes a bridging ligand,
becoming acidic and acting as the proton donor and regenerating the nucleophilic hydroxide.
Based on the work from Llarrull, Vila and coworkers?8’. b) The Zn2-bound apical water
(red) is detached from the metal site upon substrate binding. An additional water molecule
from the bulk solvent (green) is incorporated into the active site in the subsequent step,
acting as the proton donor. Based on the work from Nair and coworkers.244
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Figure 38.
Structure of NDM-1 bound to hydrolyzed oxacillin (PDB 4EYB). Zn(ll) ions and water

molecules / hydroxide ions are shown as grey and red spheres, respectively, while the ligand
is shown as green sticks and protein residues as white sticks. Interactions between the Zn(Il)
ions and their coordination residues are shown as green dashed lines, and interactions of the
ligand with the protein are shown as yellow dashed lines.
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Figure 39.
possible reactions occurring after hydrolysis of the -lactam ring in cephalosporins.
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Figure 40.
Chromogenic cephalosporin substrates.
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Figure 41.

a) Spectral changes during nitrocefin hydrolysis by CcrA, monitored by stopped-flow
absorbance meassurements. The first spectrum was acquired at 1.28 ms after mixing, and
each subsequent spectrum 2.56 ms after its predecessor. Reproduced with permission from
reference807 Wang and Benkovic. Copyright 1998 American Chemical Society. b) Structure
postulated for the anionic reaction intermediate of nitrocefin hydrolyzed by a binuclear
Zn(11) complex. Adapted with permission from reference®>* Kaminskaia, Lippard et a/.
Copyright 2001 American Chemical Society.
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Figure 42.
Mechanism of nitrocefin hydrolysis by bi-Zn(l1l) MBLs. Based on the work from Wang, Fast

and Benkovic?42,
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Figure 43.
Structure of NDM-1 bound to hydrolyzed cefuroxime32° (PDB 4RLO0). Zn(l1) ions and water

molecules / hydroxide ions are shown as grey and red spheres, respectively, while the ligand
is shown as orange sticks and protein residues as white sticks. Interactions between the
Zn(11) ions and their coordination residues are shown as green dashed lines, and interactions
of the ligand with the protein are shown as yellow dashed lines.
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Figure 44.
possible tautomers in hydrolyzed carbapenems.
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Figure 45.

Spectral changes during hydrolysis of imipenem by bi-Co(l1) Bcll, monitored by stopped-
flow absorbance meassurements. The absorption at 408 nm is due to the anionic
intermediate, obscuring the Cys-Co(Il) LMCT band. The inset shows changes in the ligand
field band during turnover, that reveal modifications in geometry of the Co(ll) center.
Adapted with permission from reference240 Tioni, Llarrull, Vila and coworkers. Copyright
2008 American Chemical Society.
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Figure 46.

Mechanism of carbapenem hydrolysis by di-Zn(11) MBLs. Reproduced with permission
from reference?4! Lisa, Palacios and coworkers. Copyright 2017 Springer Nature under
Creative Commons Attribution 4.0 International License https://creativecommons.org/
license/by/4.0/.
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Figure 47.
Structure of NDM-1 bound to meropenem328 (PDB 5YPN). Zn(l1) ions are shown as grey

spheres, while the ligand is shown as orange sticks and protein residues as white sticks.
Interactions between the Zn(ll) ions and their coordination residues are shown as green
dashed lines, and interactions of the ligand with the protein are shown as yellow dashed
lines.
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Figure 48.

Mechanism of carbapenem hydrolysis by mono-Zn(1l) MBLs. Reproduced with permission
from reference?4! Lisa, Palacios and coworkers. Copyright 2017 Springer Nature under
Creative Commons Attribution 4.0 International License https://creativecommons.org/
license/by/4.0/.
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Figure 49.
a) Structure of the bi-Zn(11) form of CphA (PDB 3F90). b) Structure of NDM-1 (PDB

3SPU, chain B). Zn(ll) ions and water molecules / hydroxide ions are shown as grey and red
spheres, respectively, while protein residues are shown as sticks. Interactions between the
Zn(I1) ions and their coordination residues are shown as green dashed lines.
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Figure 50.

a) Structure of the penicillin core, and p-lactam based SBL inhibitors. b)
Diazabyciclooctanone (DBO) p-lactamase inhibitors.
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Figure 51.

Dendrogram of NDM-1 inhibitors. Inhibitors are classified into three main categories
(small molecules, natural compounds, and B-lactams) and clustered based on their chemical
similarity. Each inhibitor is represented by a colored dot at the end of each branch. The
color coding indicates the potency of the inhibitor against NDM-1, as indicated in the

color bar at the bottom. Gray colors correspond to compounds with no inhibitory action.
Reproduced with permission from referencel® Linciano et a/. Copyright 2019 American
Chemical Society.
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Figure 52.
a) MBL inhibitors inspired on -lactam scaffolds. b) Crystal complex of L-15:NDM-1697

(PDB 4UA4L) c) Crystal complex of D-15:1MP-1412 (PDB 5EV8). Zn(1l) ions are shown as

grey spheres, protein residues are shown as white sticks, while the bound ligands are shown
as colored sticks and water molecules are shown as red spheres. Protein-ligand interactions
are shown as dashed lines.
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a) Thiol-based inhibitors. b) Model of meropenem bound to NDM-1 (base PDB 3SPU). ¢ —
e) Crystal complexes of 17:IMP-1382 (¢, PDB 1DD6), D-22:IMP-179 (d, PDB 4C1G), and
24:NDM-17%7 (e, PDB 6ZYP). Zn(ll) ions are shown as grey spheres, protein residues are
shown as white sticks (green sticks for residues involved in hydrophobic interactions with
the ligand), while the bound ligands are shown as colored sticks and water molecules are
shown as red spheres. Protein-ligand interactions are shown as dashed lines.
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Figure 54.
a) Structure of carboxylate-based inhibitor 25. b) Crystal complex of 25:IMP-1717 (PDB

1JJT). Zn(I1) ions are shown as grey spheres, protein residues are shown as white sticks,
while the bound ligand is shown as colored sticks. Protein-ligand interactions are shown as
dashed lines.

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bahr et al.

b)

Page 269

|\ 0. .0
NP OH 3
HO-P=0 o) OH
OH P-OH
26 27 ©
C)

Ser119

L 7
e V4
~

&
Figure 55.
a) Phosphonate-based inhibitors. b) Crystal complex of 26:IMP-1732 (PDB 5HH4). c)
Crystal complex of 27:NDM-1733 (PDB 6D1D). Zn(ll) ions are shown as grey spheres,
protein residues are shown as white sticks (green sticks for residues involved in hydrophobic

interactions with the ligand), while the bound ligands are shown as colored sticks. Protein-
ligand interactions are shown as dashed lines.
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Figure 56.
a) Boronate-based inhibitors. b-e) Crystal complexes of 29:VIM-2736 (b, PDB 6SP7),

29:NDM-1737 (¢, PDB 6RMF), 30:NDM-1738 (d, PDB 6V1M) and 31:Bcl1%3! (e, PDB
5FQB). Zn(ll) ions are shown as grey spheres, protein residues are shown as white sticks,
while the bound ligands are shown as colored sticks and water molecules are shown as red
spheres. Protein-ligand interactions are shown as dashed lines.
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Figure 57.
a) Rhodanine inhibitor ML302 32a, and its product generated upon MBL-mediated

hydrolysis 32b. b) Crystal complex of 32b:VIM-2767 (PDB 4PVO). Zn(ll) ions are shown as
grey spheres, protein residues are shown as white sticks, while the bound ligands are shown
as colored sticks. Protein-ligand interactions are shown as dashed lines.
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Figure 58.
a) Inhibitors that covalently bind to the Cys ligand. b) Inhibitors that covalently bind

to Lys224. c) Crystal complex of 36:1MP-189 (PDB 1VGN) d) Crystal complex of
37:NDM-1891 (PDB 60VZ). Zn(ll) ions are shown as grey spheres, protein residues are
shown as white sticks, while the bound ligands are shown as colored sticks. Protein-ligand
interactions are shown as dashed lines.
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Figure 59.

Metal chelator MBL inhibitors.
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Figure 60.

a) Structure of inhibitors leading to metal replacement in MBLs. b) Metal coordination
sphere of NDM-1 bound to Bi(111)82% (PDB 5XP9). c) Metal coordination sphere of NDM-1
bound to Au(l) ions826 (PDB 6LHE). Bi(l11) and Au(l) ions are shown as purple and gold
spheres, respectively, while protein residues are shown as sticks and water molecules are
shown as red spheres. Ligand-metal interactions are shown as dashed lines.
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Figure 61.
General scheme for the regulation of p-lactamase by AmpR, and its interface with

the PG recycling pathway in Gram-negative bacteria. Reproduced with permission from
reference®8. Copyright 2015 American Society for Biochemistry and Molecular Biology.
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Figure 62.
a) Biogenesis pathways for Gram-negative bacterial lipoproteins vs. soluble periplasmic

proteins secreted through the Sec system. b) General structure a tri-acylated bacterial
lipoprotein. The amide-linked acyl group is highlighted in green, while the S-linked
diacylglycerol is shown in blue.
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Figure 63.
Structural model of the interaction of NDM-1 with the surface of lipid membranes (obtained

from MD simulations by Prunotto et a/47®). Active-site Zn(l1) ions are shown as grey
spheres. The N-terminal lipidated Cys and key residues for membrane interaction (Arg 39
and Arg46) are shown as spheres.
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Figure 64.
a) Schematic representation of the mechanism of OMV biogenesis. Reproduced with

permission from reference®33 Jan. Copyright 2017 Markley and Wencewicz under Creative
Commons Attribution License (CCBY) https://creativecommons.org/licenses/by/4.0/ b)
Scanning electron micrograph of OMVs (indicated by arrows) attached to the surface of
Prochlorococcus cells. Scale bar, 1 pm. Reproduced with permission from reference939
Biller et al. Copyright 2014 American Association for the Advancement of Science c)
Transmission electron micrographs of S. Typhimurium cells expressing PagL from a vector,
or containing the empty vector, showing induction of OMV production by PagL. Adapted
with permission from reference®40 Elhenawy, Feldman et a/. Copyright 2016 American
Society for Micrbiology under Creative Commons Attribution 4.0 International License
https://creativecommons.org/license/by/4.0/.
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Figure 65.

Resistance gene

a) Schematic representation of antibiotic resistance gene mobilization and horizontal
transfer into a new host. b — g: Structure of commonly encountered mobile genetic elements

(MGEs).
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Figure 66.

Examples of genetic contexts of blayim-1,20%3 blayim-2,19%0 blapp-g, 104 blagpp.1*61 and
blanpm-147" 1945 genes. Resistance genes are indicated as red arrows, and MBL genes are
highlighted with bold outlines.
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Figure 67.
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The action of neutrophils in bacterial infections. a) Migration to the sites of infection. b)

Mechanisms of pathogen clearance. ¢) Metal limitation at sites of infection through secretion

2008 American Association for the Advancement of Science.
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Figure 68.
Mechanisms of Zn(Il) homeostasis in Gram-negative bacteria, including Zn(ll) import by

the ZnuABC transporter, replacement of Zn(ll)-dependent ribosomal proteins, Zn(I1) passive
entry into the periplasm through porins and through active transport by the action of ZnuD,
and the acquisition of this metal ion by the use of zincophores and zinc piracy.
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Figure 69.
Kinetic stability of MBLs in the bacterial periplasm depends on a balance between

competing processes of MBL metallation (4,,), de-metallation (k,z), apo enzyme
degradation (kgg) and aggregation (Kygp)-
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Figure 70.

Model of zinc-dependent modulation of MBL stability /n vivo for NDMs, VIMs, Bcll and
SPM-1. Apo enzymes generated during metal limitation are susceptible to degradation and
aggregation. Anchoring of NDM-1 to the outer membrane prevents degradation by DegP
due to the permeability barrier of the peptidoglycan layer preventing passage of this high
molecular weight protease. Mutations H254R (in VIM-2) and M150aL and A248V (in
NDM-1) improve tolerance of these MBLs to Zn(ll) depletion either by improving stability
of the apo enzymes or by increasing their Zn(l1) affinity.
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Figure 71.
Methods for carbapenemase detection. a) Modified Hodge Test (MHT). b) Carba NP
positive result, showing tube with no imipenem added (red) and with imipenem added
(yellow). c-d) Modified carbapenem inactivation method (mCIM) positive (c) and negative
(d) results. e-f) mCIM and EDTA-mCIM (eCIM) for a SBL producer (e) and for an MBL
producer (f). g) double disk synergy test for detection of MBLs, using imipenem (IMP)
and EDTA disks. h) NG-Test Carba 5 (NG Biotech) lateral flow immunoassay (LFIA)
showing the different carbapenemase detected. Panels a), b), c), d), e), f) and h) adapted
with permission from refencell’> Tamma et a/. Copyright 2018 American Society for

Microbiology. Panel g) adapted with permission from referencel185 Lee et a/. Copyright
2003 American Society for Microbiology.
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Page 286

L250S

Figure 72.
Structure of evolved variant of Bcll, M5 (PDB 3FCZ). Mutations with respect to wild type

Bcll are indicated as spheres. Zinc ions are shown as magenta spheres.

Chem Rev. Author manuscript; available in PMC 2022 July 14.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bahr et al.

Table 1.

Zn(I)-ligand, Zn(I1)-Zn(I1) and Zn(I1)-water distances in the active site of MBLs in the unbound forms
obtained from X-ray crystallographic structures.

Chem Rev. Author manuscript; available in PMC 2022 July 14.

Distance (A)
PDB code | Enzyme (subclass) | Resolution (A) | Reference | Chain | zn1-zn2 | Watl-Znl | Watl-Zn2 | Wat2-Zn2
A 38 1.9 25 2.6
1BC2 Bell (B1) 1.90 226
B 44 1.9 31 2.7
52GZ NDM-1 (B1) 0.95 258 A 3.6 2.0 2.0 2.2
5N5G VIM-1 (B1) 1.29 28 A 3.6 1.9 2.2 21
6CQS SPS-1 (B1) 1.70 230 A 35 - - 2.7
A 35 1.9 1.9 25
2FM6 L1(B3) 1.75 260
B 35 1.8 21 25
A 34 1.9 21 25
3Lvz BJP(B3) 1.4 261
B 34 2.0 2.0 24
A 35 21 21 -
5KOW GOB-18 (B3) 2.61 4
B 3.8 23 2.2
Wat1-H118 | Wat1-D120 | Watl-H196 | Watl-Zn2 | Wat2-Zn2
1X8G | CphA(B2) | 1.70 | 245 31 34 44 4.0 -
A 2.0 3.8 25 35 2.2
3SD9 | Sfh-1(B2) | 1.83 | 246
B 2.0 4.4 24 34 2.3
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Table 2.

Page 288

Mutations present in NDM allelic variants, indicated both in the numbering corresponding to the primary
sequence of the protein, and also using BBL numbering.

Allelic variant

Mutations with respect to NDM-1

Primary sequence numbering

BBL numbering

NDM-1
NDM-2
NDM-3
NDM-4
NDM-5
NDM-6
NDM-7
NDM-8
NDM-9
NDM-10
NDM-11
NDM-12
NDM-13
NDM-14
NDM-15
NDM-16
NDM-17
NDM-18
NDM-19
NDM-20
NDM-21
NDM-22
NDM-23
NDM-24
NDM-25
NDM-26
NDM-27
NDM-28
NDM-29

P28A

D95N

M154L

V88L, M154L

A233V

D130N, M154L

D130G, M154L

E152K

R32S, G36D, G69S, A74T, G200R
M154V

M154L, G222D

D95N, M154L

D130G

M154L, A233V

R264H

V88L, M154L, E170K
Duplication of G42-F46 (GDQRF)
D130N, M154L, A233V
V88L, M154L, R270H
G69S, V88L, M154L
M248L

1101L

V88L

A55S

V88L, M154L, G222S
D95N, A233V

A266V

D130N

P22A

D89N

M150aL

V82L, M150aL

A248V

D126N, M150aL

D126G, M150aL

E149K

R26S, G30D, G63S, A68T, G207R
M150aV

M150aL, G235D

D89N, M150aL

D126G

M150aL, A248V

R305H

V82L, M150aL, E177K
Duplication of G36-F40 (GDQRF)
D126N, M150aL, A248V
V82L, M150aL, R311H
G63S, V82L, M150aL
M261L

195L

V82L

A49S

V82L, M150aL, G235S
D89N, A248V

A307V

D126N
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Table 3.

Page 289

Relevant inter-Zn(I1), Zn(ll)-water, amino acid side chains-water, and hydrolysis product-enzyme distances in
the active site of MBLs obtained from X-ray crystallographic structures of EP(2) or EI(?) complexes. Res.
crystal structure resolution (in A); ch. : crystal structure chain; ref. : reference publication for the crystal

structure.
Penicillins Distance (A)
POB | oo | Res. | FYVAOWZedB- ) f | znn | wat | wan- | war- | cro- | cro- | cso- | Na-
code Y A) (adduct) : | zZn2 Znl Zn2 Zn2 Znl Zn2 Zn2 | Zn2
Al a6 | 21 3.0 ; 2.4 43 22 | 22
306X NDB'\Q‘P 1.3 | ampicillin (EP) 258
(B1) B | 46 | 20 3.0 . 25 43 22 | 22
. Al 46 [ 19 31 ; 25 44 22 | 22
JEYE NDE’)I\Q—la 18 benzy(lgir;lcnlln 229
(B1) B | 46 | 20 31 . 2.4 44 21 | 22
Al 46 [ 20 3.0 ; 25 44 22 | 21
4EY2 NDB'\Q‘P 1.2 | methicillin (EP) 229
(B1) B | 46 | 20 3.0 . 25 44 22 | 22
Al a5 | 20 2.9 ; 25 44 22 | 21
4EYB NDB'\Q‘P 12 | oxacillin EP) 229
(B1) B | 46 | 20 3.0 . 25 44 21 | 21
Cephalosporins
PDB | oo | Res | FYQOMZedB- ) f |zl | wat | wat- | war- | cso- | cso- | cdo- | Ns-
code Y A (adduct) ' lzn2 | zon | zn2 | zn2 | zn1 | zn2 | zn2 | zn2
2A10 | L1(B3) | 17 mO?aE'ggtam 30 Al 37| 20 22 24 42 23 | 24
b A | 38 | 20 2.2 - 2.8 42 21 | 24
4RLO NDBI\11 1.3 | cefuroxime (EI) 329
(B1) B | 38 2.0 22 - 2.9 42 22 | 23
A | a5 | 18 3.0 - 25 43 23 | 24
4RL2 NDB’\Q‘F 20 | cephalexin (EP) 329
(B1) B | 45 2.0 2.8 - 24 43 23 | 24
Carbapenems
POB | oo | Res. | FVAOMZedB- ) f | znn | wat | wau- | war- | cro- | cro- | cso- | Na-
code 4 A) (adduct) ) | zZn2 Znl Zn2 zZn2 Znl Zn2 Zn2 | Zn2
VIM-12 meropenem 259 } 6.0; 6.3;
5N ey | 22 ) Al 35 | 18 2.3 " 25 26 | 30
A | 40 - - - 2.3 25 30 | 22
AEYL NDBI\Q-la 19 merog)snem 229
(B1) (EP) B | 39 - - ; 22 27 29 | 23
To be A | 40 - - - 2.0 33 30 | 21
NDM-12 meropenem published
4RBS 2.4 _
(B1) (EP) (Ke't“;'l)Y B | 40 22 3.0 31 | 21
] A | a1 - - ] 2.0 26 30 | 20
5YPN Ng;"'bl 212 | MEREGNET 328
(B1) (EF) B | 43 ; ; . 22 2.9 27 | 20
A | 42 - - ] 21 3.2 26 | 20
B | 42 - - - 21 3.0 24 | 20
5YPM NDM-bl 215 merop(inem 208
(B1) (EIF) c 42 - - - 2.1 31 2.5 1.9
D | 42 - - - 2.0 32 23 | 20
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E 4.2 - - - 2.2 31 24 2.0

F 4.3 - - - 2.1 3.2 2.4 2.0

G 4.2 - - - 23 2.8 23 1.9

H 3.9 - - - 2.3 3.0 2.6 2.0

Watl- | Watl- | Watl- | Watl- | Wat2- | C30- | N4-

H118 D120 H196 zZn2 zZn2 zZn2 zZn2

1X8I %gg? 1.9 biapenem (EP) 245 A 2.7 2.8 4.0 3.4 - 24 2.2

Chem Rev. Author manuscript; available in PMC 2022 July 14.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bahr et al.

Page 291

Table 4.

Proposed subdivisions of MBL subclasses B1 and B3 according to Berglund et al.22! The main phyla from
which MBLs were isolated and representative enzymes with experimentally confirmed p-lactamase activity
are indicated for each group.

Group  Main phyla (in order of abundance)

Representative MBLs with experimentally confirmed activity

B1.1
B1.2
B1.3
B1.4
B1.5
B3.1
B3.2
B3.3
B3.4a
B3.4b
B3.4c
B3.4d
B3.4e
B3.4f

Proteobacteria

Proteobacteria

Bacteroidetes

Bacteroidetes, Firmicutes

Firmicutes, Proteobacteria, Spirochaetes
Proteobacteria, Firmicutes
Bacteroidetes, Proteobacteria, Acidobacteria
Acidobacteria, Proteobacteria
Proteobacteria

Proteobacteria

Proteobacteria

Proteobacteria

Gemmatimonadetes

Proteobacteria

NDM, VIM, FIM
IMP, GIM, DIM, SIM, KHM, TMB
CcrA

Bcll, BlaB, JOHN, IND, MUS, TUS
SPM, SPS

CAR

GOB, LRA3, PEDO-1, PEDO-2
FEZ

BJP, CAU

L1

AIM, SMB, LMB

THIN-B

RM3, LRA2
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