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LAY ABSTRACT

Bacteria are all around us. While some bacteria can promote human health, others can
cause serious infections. These infections are typically treated with antibiotics. f-Lactam
antibiotics, such as penicillins and cephalosporins, are especially important to medicine.
Unfortunately, an increasing number of bacteria employ enzymes, known as -
lactamases, which negate the effects of p-lactam antibiotics. Previous studies
demonstrated that a natural product, known as aspergillomarasmine A (AMA), could
inhibit some B-lactamase enzymes. Consequently, the inhibitory power of AMA was
further explored against a larger number of B-lactamase enzymes and in combination with
different B-lactam antibiotics. After discovering that AMA had more inhibitory power
when combined with a B-lactam antibiotic known as meropenem, the efficacy of the
AMA/meropenem pairing was evaluated against resistant bacteria in the presence and
absence of avibactam, another B-lactamase inhibitor. The AMA/avibactam/meropenem
combination was shown to be effective against some of the world’s most antibiotic-

resistant bacteria.
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ABSTRACT

While antibiotics have saved the lives of millions of people since the discovery of the first
B-lactam, penicillin, their continued effectiveness is being increasingly threatened by
resistant bacteria. Bacterial resistance to B-lactams is mainly achieved through the
production of serine-B-lactamases (SBLs) and metallo-B-lactamases (MBLs). Although
both types of B-lactamases are commonly isolated in clinical settings, MBLs represent the
greatest threat to public health since they are resistant to SBL inhibitors and most -
lactams. However, aspergillomarasmine A (AMA), a fungal natural product synthesized
by Aspergillus versicolor, was shown to be a rapid and potent inhibitor against two
clinically relevant MBLs: NDM-1 and VIM-2. In bacteria possessing these enzymes,
AMA could rescue the activity of meropenem, a broad-spectrum p-lactam that is usually
reserved for the treatment of the most severe bacterial infections. However, many
questions remain revolving around AMA's inhibitory potency and spectrum. Therefore,
the activity of AMA in combination with six f-lactams from three subclasses
(carbapenem, penam, cephem) was explored against 19 MBLs from three subclasses (B1,
B2, B3). After determining that AMA activity was linked to MBL zinc affinity and that
AMA was more potent when paired with a carbapenem, the efficacy of an
AMA/meropenem combination was evaluated with and without avibactam, a potent SBL
inhibitor. This study used ten Escherichia coli and ten Klebsiella pneumoniae laboratory
strains as well as 30 clinical strains producing at least one MBL and one SBL. Once
establishing that the AMA/avibactam/meropenem combination was effective against

carbapenemase-producing Enterobacterales, new Acinetobacter and Pseudomonas shuttle
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vectors were created. With these shuttle vectors, it was determined that the
AMA/avibactam/meropenem combination was effective against some of the bacteria

topping the World Health Organization’s priority pathogen list.
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1.1 Penicillins: A brief history

Although Selman Waksman was credited with coining the term antibiotic in 1941, fungal
and bacterial compounds capable of killing or hindering the growth of microorganisms
have existed for millennia [1-3]. Over 3000 years ago, the Chinese exploited the
antibacterial properties of fungi by treating infected wounds with moldy soya beans [3].
In modern medicine, the most common antibiotics synthesized by mold are penicillins.
The discovery of the penicillins began in 1928 when Sir Alexander Fleming noticed
something unusual on a petri dish containing the bacterium Staphylococcus aureus upon
returning from vacation [4—7]. The mold, later identified as Penicillium notatum, which
had contaminated the petri dish, was preventing the growth of S. aureus [4,6]. Upon
growing and isolating the mold, Fleming concluded that a substance with antibacterial
properties was being produced [5]. This substance was later named benzylpenicillin (or
penicillin G) (Figure 1.1) [6]. Although Fleming published his findings in 1929 [5], he
was never able to purify benzylpenicillin and, consequently, discontinued his research on
this antibiotic [4,6]. His research would be completed in the 1940s with the successful
production and purification of benzylpenicillin by Howard Flory, Ernst Chain and
Norman Heatley [4,6-8].

1.2 p-lactam antibiotics: A highlight on carbapenems

Benzylpenicillin was the first member of the B-lactam family of antibiotics [9]. From
1941, when Albert Alexander became the first recipient of benzylpenicillin [7], to the
present day, B-lactams remain among the most frequently prescribed antibiotics [10]. The

B-lactam ring, a four-membered cyclic amide, is the namesake for this family of
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antibiotics and is a distinctive feature present in the molecular structure of all B-lactams
[11]. Although sharing a common structural feature, B-lactams can still be separated into
five subclasses based on the structure of their B-lactam nucleus and side chain(s): 1) the
penicillins (or penams), 2) the cephalosporins (or cephems), 3) the carbapenems, 4) the
monobactams and 5) the clavams (Figure 1.1) [10]. Among these subclasses, the
carbapenems are the pB-lactams with the broadest antibacterial spectrum. Therefore,
carbapenems are typically used as last-resort antibiotics to treat the most severe bacterial

infections [12].
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Figure 1.1: Structures of different B-lactam antibiotics. The p-lactam nucleus is
highlighted in red. The five structural subclasses are shown in parentheses. Figure
adapted from reference [13].

The history of carbapenems began in 1976 when Kahan and colleagues conducted a

screen for peptidoglycan biosynthesis inhibitors using Streptomyces culture broths

[14,15]. In 1979, following many attempts, the biologically active compound was purified
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and named thienamycin (or thienpenem) [14]. Thienamycin, a natural product synthesized
by Streptomyces cattleya, was the first carbapenem antibiotic and one of the most potent,
broad-spectrum antibiotics ever discovered (Figure 1.2) [14,16]. However, thienamycin is
chemically unstable and decomposes in the presence of water [12,17]. Therefore, a stable
thienamycin-derivative named imipenem was the first clinically used carbapenem (Figure
1.2) [17]. Imipenem was developed by Merck & Co. [17] and approved for use in the
United States of America (USA) by the Food and Drug Administration (FDA) in 1985
[12]. Imipenem is typically co-administered with the dehydropeptidase inhibitor cilastatin
since this carbapenem is rapidly metabolized by a renal dipeptidase found in the human
kidney [17]. Since the development of imipenem, three more carbapenems have been
approved for use in clinics in the USA: 1) meropenem, 2) ertapenem, and 3) doripenem

(Figure 1.2) [15].
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Figure 1.2: Structures of the different carbapenem antibiotics.
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1.3 Mechanism of action of p-lactam antibiotics

Although carbapenems have the broadest spectrum of activity [12], all p-lactams function
by inhibiting the final stage of bacterial cell wall synthesis [18]. The cell wall is a critical
component of bacterial cells, composed of many elements, including a peptidoglycan
layer [19]. The basic structure of the peptidoglycan layer is formed by alternating N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) subunits (Figure 1.3) [20].
A specific pentapeptide attached to each NAM subunit allows for the cross-linking of
different peptidoglycan layers [9,20]. The cross-linking of these pentapeptides is
mediated by transpeptidase enzymes known as penicillin-binding proteins (PBPs) [9,21].
PBPs assist in the cross-linking of two peptidoglycan strands by removing the C-terminal

D-alanine residue from one of the pentapeptides [21].

D-alanine
PBP —— meso-diaminopimelate
D-glutamate

L-alanine

Figure 1.3: Structure of the peptidoglycan forming the cell wall of most Gram-negative
bacteria.

B-Lactams are structural analogues of the D-alanine-D-alanine sequence motif of the

pentapeptide terminus of the NAM subunits [9,22]. This structural similarity allows -
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lactams to irreversibly bind the PBPs, preventing the cross-linking of different
peptidoglycan strands [9,22]. The peptidoglycan subunit cross-linking creates a rigid cell
wall that protects bacteria cells from osmotic forces that would otherwise cause cell
rupture [18,22]. Therefore, the inhibition of this step of cell wall synthesis ultimately
causes the loss of integrity of the cell wall, and consequently, the lysis and death of the
bacterial cell due to the B-lactam antibiotics triggering the activity of cell wall lytic
enzymes (e.g., endopeptidases, lytic transglycosylases) [9,23,24].

1.4 Emergence of antibiotic resistance

Since benzylpenicillin was shown to successfully inhibit bacterial cell wall synthesis, the
B-lactams have been the most widely used antimicrobial agents worldwide in treating
bacterial infections [9,10,25]. Therefore, it is not surprising that the effectiveness of these
antibiotics has severely decreased over the years due to their misuse in modern medicine
and the increasing number of bacteria presenting antibiotic resistance mechanisms [26].
1.4.1 Causes of antibiotic resistance

A common cause of antibiotic resistance is their over-prescription, especially for the flu,
colds, and coughs, which are infections caused primarily by viruses, which are not
affected by antibiotics [26,27]. In 2015, more than 25 million prescriptions for antibiotics
were filled in Canada alone [28]. Furthermore, people often do not finish their antibiotic
treatment, which only eradicates the most susceptible bacteria while the resistant bacteria
survive [26,29]. Antibiotics are also overused in livestock and fish farming [26]. In 2015,
the FDA reported that 34 million pounds of antibiotics sold in the USA were used for

animals [30]. In addition, poor infection control in hospitals and lack of hygiene have
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been associated with antibiotic resistance since contaminated medical devices such as
stethoscopes and catheters can lead to cross-contamination of multiple patients by
resistant microorganisms [31]. Finally, the antibiotic resistance crisis is intensified due to
the lack of new antibiotics being discovered [32]. Indeed, for almost 30 years, from the
discovery of the lipopeptide antibiotics (e.g., daptomycin) in 1987 [33] until the report of

teixobactin in 2015 [34], there had been no new chemical class of antibiotics reported.

1.4.2 Mechanisms of antibiotic resistance

Although antibiotics have been misused in human medicine and agriculture, these are not
the only causes of the emergence of bacterial antibiotic resistance [26]. Over the years,
bacteria themselves have evolved to resist the adverse effects of antibacterial agents
through several mechanisms. Some of the most common include: 1) decreased
permeability of the cell wall through loss or mutations of porins, 2) active efflux of the
antibiotic by efflux pumps, 3) target alteration resulting in reduced susceptibility, and 4)
enzymatic inactivation of the antibiotic (Figure 1.4) [25,26,35]. The predominant
mechanism employed by Gram-negative bacteria to counteract the effects of B-lactams is
the production of enzymes capable of degrading these antibiotics [25,36,37]. B-
Lactamases are enzymes that hydrolyze the amide bond of the p-lactam ring [37,38]. As
the f-lactam ring is a core structural feature present in all B-lactams, the hydrolysis of one
of its bonds will inactivate these antimicrobial agents [36]. As first suggested by Ambler
in 1980 [39], B-lactamases can be separated into four different classes (A, B, C, D) based

on their catalytic and molecular properties [11].
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Figure 1.4: Mechanisms of antibiotic resistance in bacteria. The four most common
strategies used by bacteria to counteract the effects of antibiotics are depicted: decreased
permeability, active efflux, enzymatic inactivation, and target alteration. Antibiotics are
represented by the red circles in the figure.
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1.5 Serine-p-lactamases

Ambler classes A, C, and D are known as serine-p-lactamases (SBLsS) since a serine
residue is employed as the nucleophile that cleaves the p-lactam ring (Figure 1.5) [38].
Enzymes from all three classes share a serine-X-X-lysine motif [11,38,40]. The serine
residue in this motif is the same nucleophilic serine residue that resides in the active site
of these enzymes [11,38]. Although sharing a common motif, the three classes of SBLs

can still be separated based on their sequences and substrate specificity [11,38].
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Figure 1.5: Proposed mechanism of class A serine-p-lactamases. Figure adapted from
[11,41,42].
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1.5.1 Class A serine-g-lactamases

Class A enzymes are frequently found on plasmids in numerous Gram-negative bacteria
and are typically known as penicillinases since they are incredibly efficient at hydrolyzing
penicillins [43]. The proposed mechanism of class A B-lactamases begins with the
deprotonation of an active site serine by either a lysine [41,44] or a water molecule
activated by a conserved glutamic acid [45]. Upon deprotonation, the serine is activated
and attacks the B-lactam amide bond creating a tetrahedral intermediate [46]. The
breakdown of this intermediate causes the expulsion of the nitrogen leaving group, which
is subsequently protonated by a second serine, forming an acyl-enzyme intermediate [45].
Hydrolysis of the acyl bond of this intermediate is achieved by activating the nucleophilic
water molecule by glutamic acid, resulting in the proton being donated back to serine and
the release of the inactivated f-lactam from the active site (Figure 1.5) [47].

Class A contains the most encountered SBLs, such as enzymes from the TEM, SHV,
KPC, and CTX-M families [48,49]. TEM-1, the first TEM variant and the first clinically
relevant class A member, was initially described by Datta and Kontomichalou in 1965
(Figure 1.6) [50]. Initially isolated in 1963, this B-lactamase was found in a penicillin-
resistant clinical isolate of Escherichia coli originating from a patient receiving treatment
in Athens, Greece [50,51]. The patient’s name, Temoniera, was used as the namesake for

this family of enzymes [51].
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Figure 1.6: Crystal structure of TEM-1. The nucleophilic serine residue is depicted in
yellow. PDB code 1M40.

Since the isolation of TEM-1, over 230 variants of this enzyme have been discovered
according to the Comprehensive Antibiotic Resistance Database (CARD) [52]. However,
among all these variants, TEM-1 remains one of the most frequently isolated class A -
lactamases and was responsible for as much as 90% of the ampicillin resistance
encountered in E. coli by 1990 [53]. In addition, some TEM variants and other class A
enzymes can hydrolyze cephalosporins and monobactams in addition to penicillins. These
enzymes are known as extended-spectrum B-lactamases (ESBLs) [49]. Today, the CTX-
M family of B-lactamases, named for their ability to confer cefotaxime resistance,
includes the most prominent ESBLSs isolated in clinics worldwide (e.g., CTX-M-3, CTX-
M-9, CTX-M-14, CTX-M-15, CTX-M-32) [54]. Furthermore, a few class A enzymes
have evolved the ability to hydrolyze most -lactams, including carbapenems [55]. The
first Klebsiella pneumoniae carbapenemase (KPC) was reported in 2001 and originated

from a hospital in North Carolina, USA [56]. Today, according to the CARD, the KPC

11
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family of B-lactamases contains over 70 members [57], with KPC-2 being the most

frequently isolated class A carbapenemase worldwide (Figure 1.7) [58].

Figure 1.7: Crystal structure of KPC-2. The nucleophilic serine residue is depicted in
yellow. PDB code 2V05.

1.5.2 Class C serine-p-lactamases

In 1940, before penicillin was clinically used, Abraham and Chain described an enzyme
capable of degrading penicillin [59]. This enzyme, now referred to as an AmpC -
lactamase from E. coli, was the first B-lactamase ever reported and the first member of
class C [60]. Today, class C enzymes are commonly referred to as AmpC -lactamases or
cephalosporinases as they are very proficient at inactivating cephalosporins and
penicillins [60]. The general mechanism by which class C B-lactamases inactivate these
B-lactams is similar to class A enzymes, except an active site tyrosine acts as the proton
donor for the nitrogen leaving group upon acylation [61]. However, unlike class A serine-
B-lactamases, class C members are generally under inducible expression and encoded on
the chromosome of Gram-negative organisms, such as Enterobacter cloacae, Citrobacter

freundii, Serratia marcescens, and Pseudomonas aeruginosa [62]. However, over the past
12
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30 years, class C members have been increasingly discovered on mobile genetic elements
such as plasmids [63]. Presently, CMY-2 is the most frequently encountered plasmid-
encoded ampC gene from human and animal Enterobacterales isolates worldwide (Figure

1.8) [64].

Figure 1.8: Crystal structure of CMY-2. The nucleophilic serine residue is depicted in
yellow. PDB code 1ZC2.

1.5.3 Class D serine-p-lactamases

Class D enzymes or OXA-type B-lactamases are enzymes that hydrolyze oxacillin at a
greater rate than benzylpenicillin [65-68]. In comparison to class A B-lactamases, class D
members possess an N-carboxylated lysine and retain a serine as the nucleophile that
attacks the amide bond of the p-lactam antibiotics [66,69]. Class D is the most diverse of
the SBLs in term of amino acid sequence and substrate specificity since members possess
several point mutations, resulting in either narrow or extended spectrum of activity

against B-lactam antibiotics [67,68,70]. Indeed, some class D enzymes, such as OXA-2,

13
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can only hydrolyze penicillins and some cephalosporins, while other class D members
can inactivate most B-lactams, including carbapenems (e.g., meropenem) [65]. These
extended-spectrum enzymes are known as carbapenem-hydrolyzing class D B-lactamases
(CHDLs) [70]. The most widespread CHDLs are OXA-23, OXA-24/40, OXA-48, OXA-
51, OXA-58, and OXA-143 [70]. Interestingly, although OXA-48 is capable of
hydrolyzing carbapenems and penicillins, this CHDL demonstrates weak activity against
extended-spectrum cephalosporins, such as ceftazidime and cefepime [71]. Furthermore,
apart from OXA-48, which is predominantly produced by K. pneumoniae and E. coli
isolates (Figure 1.9) [72], the remainder of the CHDL enzymes are mostly isolated from
Acinetobacter spp., more specifically A. baumannii [70,71]. In 2017, the World Health
Organization (WHO) published a list of priority pathogens that posed the greatest threat
to human health, which identified carbapenem-resistant A. baumannii among the most

critical [73,74].

Figure 1.9: Crystal structure of OXA-48. The nucleophilic serine residue is depicted in
yellow. PDB code 4S2P.
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1.5.4 Serine-p-lactamase inhibitors

With the increasing number of SBL enzymes from all three subclasses being identified
worldwide, several B-lactamase inhibitors (BLIs) have now been developed to control the
spread of SBL-producing bacteria. Clavulanic acid, the first BLI to be approved for
clinical use, was isolated from the soil bacterium Streptomyces clavuligerus in 1976 and
possessed a B-lactam ring in its structure [75]. This inhibitor was discovered during a
screen of natural products for compounds capable of inactivating [-lactamases [75].
Although showing little antimicrobial activity on its own, clavulanic acid could restore
the activity of amoxicillin against S. aureus penicillinases, specifically the TEM -
lactamases [75,76]. Clavulanic acid is an irreversible mechanism-based (or suicide)
inhibitor, which covalently binds the serine residue located in the active site of the SBL,
forming an acyl-enzyme species [76,77]. Acylation and restructuring of the intermediate
leads to the formation of an enamine intermediate [76]. The attack of this intermediate by
a water molecule or another active site serine residue results in slow hydrolysis/
deacylation or prolonged irreversible inactivation of the SBL enzyme (Figure 1.10)

[76,77].
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The discovery of clavulanic acid prompted the development of other BLIs such as
sulbactam and tazobactam in 1978 and 1980, respectively [80,81]. Sulbactam and
tazobactam are synthetic penicillanic acid sulfones. They contain a sulfonyl functional
group, a penicillin core, and thus a B-lactam ring in their structure [82,83]. While both
sulbactam and tazobactam demonstrate some antimicrobial activity on their own, they are
typically combined with ampicillin or piperacillin, respectively, in the treatment of
bacterial infections [76]. Although exhibiting potent activity against class A -lactamases,
especially against those belonging to the TEM family, sulbactam and tazobactam are less
effective against class C and class D enzymes [60,71,76]. Sulbactam and tazobactam are
mechanism-based inhibitors that inactive SBL enzymes through a similar mechanism of

action as clavulanic acid (Figure 1.11) [76].
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In the 1990s, the ongoing search for new SBL inhibitors capable of inactivating
enzymes from classes A, C, and D led chemists at Hoechst Marion Roussel (now part of
Sanofi-Aventis) in Germany to investigate diazobicyclooctanes (DBO) as f-lactam
mimics [79,85]. Although early DBOs demonstrated poor antimicrobial activity, these
compounds could weakly inhibit both class A and class C B-lactamases [85]. In 2015,
avibactam became the first DBO BLI and the first non-p-lactam BLI to be approved for
clinical use by the FDA [86,87]. Avibactam is a rapid and potent inhibitor of class A,
class C, and some class D [B-lactamases [88]. Although the inhibitory spectrum of
avibactam includes class A ESBLs and carbapenemases, this BLI exhibited poor activity
against most CHDLs [85,89]. Furthermore, similar to its predecessors (e.g., clavulanic
acid), avibactam covalently modifies the active site serine residue of the SBL enzyme
[79]. More specifically, the five-membered DBO ring contains an amide functional group
that acylates the nucleophilic serine of the SBL, forming a carbamoyl-enzyme
intermediate [85]. However, unlike previously discovered BLIs, avibactam acts via a
reversible mechanism as the carbamoyl-enzyme intermediate can be deacylated and
recyclized to regenerate the active inhibitor (Figure 1.12) [85,90]. Since the development
of avibactam with its unique mechanism of action, modifications to the DBO scaffold
have led to the discovery of relebactam, zidebactam, nacubactam, and durlobactam
(Figure 1.13) [88]. Although relebactam has been approved for clinical use in the USA
since 2019, the remaining DBOs are currently undergoing clinical trials [88,90]. The
combination of durlobactam and sulbactam has even exhibited promising antimicrobial

activity against CHDL-producing Acinetobacter spp. [88].
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Figure 1.12: General mechanism of action of avibactam in inactivation of serine-f3-
lactamases. Figure adapted from [79].

Other non-p-lactam BLIs demonstrating promising antimicrobial activity across
different B-lactamase classes are boronic acids [91]. Although articles describing the
antimicrobial properties of boron-containing compounds have been published since 1882
[92], the ability of a boric acid-containing compound to inhibit SBLs would remain
unknown until 1971 [93]. In subsequent studies, boronic acids demonstrated significant
activity against SBLs and mammalian serine proteases [94]. Although this observation
represented a major problem in the clinical usage of boronic acids, the development of
cyclic boronates alleviated these concerns [88,95].

In 2017, vaborbactam, the first boron-containing BLI, was approved for clinical use
(Figure 1.13) [91,96,97]. Vaborbactam interacts with the serine residue in the active site
of the SBL enzyme, forming a covalent complex that mimics the tetrahedral intermediate
crucial to SBL activity [97]. Since the discovery of vaborbactam, three new boronates
have been developed and are currently undergoing clinical trials: 1) taniborbactam, 2)
VNRX-7145, and 3) QPX7728 (Figure 1.13) [88]. Some cyclic boronates have even

shown activity against class B B-lactamases [98].
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1.6 Metallo-g-lactamases

Ambler class B B-lactamases are metallo-B-lactamases (MBLS) requiring one or two zinc
ions to stabilize a water (or hydroxide) molecule that acts as a nucleophile that cleaves the
B-lactam ring (Figure 1.14) [13,36]. Other amino acids, such as a lysine (in NDM and
IMP enzymes), an arginine (in VIM enzymes), and an asparagine can be found in the
vicinity of the zinc-binding ligands [99]. These residues are situated in ideal positions to
interact or stabilize the B-lactams found in the active site cleft of the MBLs [99]. MBLs
can be separated into three subclasses (B1, B2, B3) based on their sequence similarity,
zinc coordinating residues, and substrate specificity [100]. Although sharing a very low
sequence similarity, MBLs from all three subclasses share a common four-layer fold
known as an of/fa sandwich since the two central B-sheets are flanked by two a-helices
(Figures 1.15A, 1.16A, 1.17A) [13,101]. Therefore, class B p-lactamases can still be
aligned through their conserved secondary structures (e.g., a-helices and B-sheets from
the aff/Ba fold) to create a standard numbering scheme known as the BBL numbering
scheme [100,102]. This scheme facilitates the comparison of the structures and catalytic

residues between members of the different MBL subclasses [36].
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Asp

Figure 1.14: General chemical mechanism of di-zinc metallo-f3-lactamases in inactivation
of carbapenem antibiotics. Figure taken from [99]. Reprinted from Current Opinion in
Microbiology, Volume 39, Caitlyn M. Rotondo and Gerard D. Wright, Inhibitors of
metallo-B-lactamases, p. 97, Copyright (2022), with permission from Elsevier.

1.6.1 Subclass B1 metallo-p-lactamases

Subclass Bl is the biggest MBL subclass [103] and contains the largest number of
clinically relevant MBLs, including NDM-, VIM-, and IMP-type enzymes [104]. These
enzymes are monomeric, share a sequence identity of over 23%, and can cleave most -
lactams except for monobactams (e.g., aztreonam) [13,36,105]. Subclass B1 members
contain two metal-binding sites and demonstrate more catalytic activity as dizinc
enzymes (Figure 1.15B) [106]. The first zinc (Znl) is tetrahedrally coordinated through
three histidine residues. The second zinc (Zn2) is trigonal-pyramidally coordinated by an

aspartic acid, a cysteine, a histidine, and one water molecule [13,105]. One additional
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water (or hydroxide) molecule is also involved in coordinating and bridging both zinc

ions (Figure 1.15B) [105].

His118

Figure 1.15: Crystal structure of dizinc NDM-1 from subclass B1. A) Overall af/pa fold
characteristic of metallo-p-lactamases. B) Zinc coordinating residues forming the active
site of NDM-1. Carbon, oxygen, nitrogen, and sulfur atoms are depicted in gray, blue,
red, and yellow, respectively. PDB code 4EY?2.

1.6.2 Subclass B2 metallo-p-lactamases

Subclass B2 is the least studied MBL subclass [107] and includes enzymes such as
CphA2 from Aeromonas hydrophila [108]. These metalloenzymes are monomeric and
only hydrolyze carbapenems (e.g., meropenem) [13]. Furthermore, members of subclass
B2 only share an 11% sequence identity with enzymes from subclass Bl [36,102].
Subclass B1 and B2 enzymes share almost identical zinc-binding residues, except one
histidine residue is replaced by an asparagine residue in the Znl site (Figure 1.16B)
[13,105]. Although containing two zinc-binding sites, subclass B2 enzymes are active
with only one zinc ion (in the Zn2 site) and are inhibited by the binding of a second zinc

ion in the Zn1 site [109].
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Figure 1.16: Crystal structure of mono-zinc CphA2 from subclass B2. A) Overall af/Ba
fold characteristic of metallo-p-lactamases. B) Zinc coordinating residues forming the
active site of CphA2. Carbon, oxygen, nitrogen, and sulfur atoms are depicted in gray,
blue, red, and yellow, respectively. PDB code 1X8G.

1.6.3 Subclass B3 metallo-p-lactamases

Subclass B3 enzymes demonstrate broad substrate specificity since they can hydrolyze
most B-lactam antibiotics except for monobactams (e.g., aztreonam) [13]. Distinct from
subclasses B1 and B2, enzymes from subclass B3 can be either monomeric (e.g., FEZ-1)
or multimeric (e.g., L1, which is tetrameric) [110,111]. Furthermore, B3 enzymes share
only a nine residue similarity with enzymes from subclasses B1 and B2, with most
conserved residues being found in the active site of these metalloenzymes [36]. Distinct
from subclass B1 and B2 enzymes, members of subclass B3 lack a cysteine residue in
their Zn2 site, which is replaced by a histidine residue (Figure 1.17B). In addition, a
glutamine residue can be found in the Zn1 site instead of a histidine residue in the case of
the subclass B3 GOB enzymes [36,112]. Although retaining some activity with only one
zinc ion, subclass B3 members demonstrate more catalytic activity as dizinc enzymes

[13,105].
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A) B)
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Figure 1.17: Crystal structure of dizinc L1 from subclass B3. A) Overall af/Bo fold
characteristic of metallo-p-lactamases. B) Zinc coordinating residues forming the active
site of L1. Carbon, oxygen, and nitrogen atoms are depicted in gray, blue, and red,
respectively. PDB code 1SML.

1.7 MBLs of Clinical Importance

Among the different classes of B-lactamases, MBLs are the most worrisome as they are
resistant to clinically available SBL inhibitors (e.g., clavulanic acid, sulbactam,
tazobactam, avibactam) [38], and are capable of inactivating most B-lactams including
carbapenems [113]. Although several types of MBLs exist, the imipenemases (IMPs), the
Verona integron-encoded metallo-p-lactamases (VIMSs), and the New Delhi metallo-p-
lactamases (NDMs) are the enzymes that are most commonly isolated in clinics around
the world [98].

1.7.1 Imipenemase (IMP)

The first MBLs to be extensively studied were the IMP enzymes. These MBLs were
found to have the ability to hydrolyze the carbapenem antibiotic known as imipenem,

hence the origin of the name of this new family of metalloenzymes. The first IMP variant,

IMP-1, was initially described by Watanabe et al. in 1991 [114]. This MBL was
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originally isolated from a carbapenem-resistant strain of the Gram-negative bacterium P.
aeruginosa in Japan in 1988 [114,115]. This was the first metallo-p-lactamase gene to be
found on a transferable plasmid [114,116]. Since the isolation of IMP-1, over 80 variants
of this enzyme have been reported according to the CARD [117]. However, among all of
these variants, IMP-1 remains the most widespread and clinically-isolated IMP enzyme
worldwide [118,119]. The fully active and mature IMP-1 has 228 amino acids, a

molecular mass of 25 kDa, and two zinc ions in its active site (Figure 1.18) [120,121].

His118

Asn233

Lys224

Figure 1.18: Structure of the active site of IMP-1. The zinc ions, associated invariant
metal ligands, and conserved amino acids, Lys224 and Asn233, are depicted. PDB code
5ACU.
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1.7.2 Verona integron-encoded metallo-B-lactamase (VIM)

VIM-1 was described by Lauretti et al. in 1999 [122]. Initially isolated in 1997, this MBL
was found in a carbapenem-resistant clinical isolate of P. aeruginosa [121,123]. The P.
aeruginosa strain carrying the blaviv-1 gene was originated from an Italian patient at the
Verona University Hospital in Verona, Italy. This city was referenced as the namesake for

this new family of metalloenzymes [122].

Asn233

His118

Figure 1.19: Structure of the active site of VIM-2. The Zn ions, associated invariant
metal ligands, and conserved amino acids, Arg228 and Asn233, are depicted. PDB code
5ACU. Figure taken from reference [99]. Reprinted from Current Opinion in
Microbiology, Volume 39, Caitlyn M. Rotondo and Gerard D. Wright, Inhibitors of
metallo-B-lactamases, p. 98, Copyright (2022), with permission from Elsevier.
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In 2000, a second VIM enzyme, sharing a 90% sequence identity with VIM-1, was
described by Poirel et al. [124]. This variant, known as VIM-2, was isolated in 1996 from
a 39-year-old French woman who had fallen ill with a carbapenem-resistant strain of P.
aeruginosa after receiving a bone marrow transplant in a hospital in Marseille, France
[116,124]. Since the isolation of VIM-1 and VIM-2, over 70 variants of these VIM
enzymes have been discovered according to the CARD [125]. However, among all of
these variants, VIM-2 remains the most widespread and clinically-isolated VIM enzyme
worldwide [115]. The fully active and mature VIM-2 enzyme has 240 amino acids, a

molecular mass of 25.5 kDa, and two zinc ions in its active site (Figure 1.19) [121].

1.7.3 New Delhi metallo-p-lactamase (NDM)

In 2009, a previously unknown MBL, NDM-1, was described by Yong et al. [126]. This
MBL was isolated from a carbapenem-resistant strain of the Gram-negative bacterium K.
pneumoniae and demonstrated low sequence identity with other MBLs. The most closely
related MBLs, VIM-1 and VIM-2, only shared a 32.4% sequence identity with this NDM
enzyme [126-128]. The resistant K. pneumoniae strain was isolated from a 59-year-old
male patient from Sweden who acquired a urinary tract infection after receiving treatment
in a hospital in New Delhi, India [116,126]. Therefore, this unknown MBL, now referred
to as NDM-1, was named after the Indian capital as the authors believed that the blanom-1
gene originated from the Indian subcontinent [126,127]. Nevertheless, since its isolation
in 2009, the NDM family of enzymes has rapidly spread around the globe, and over 30
variants have been reported according to the CARD [129]. However, NDM-1 remains the

most commonly isolated NDM variant in the clinical setting [128]. The full-length and
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fully active NDM-1 enzyme had 270 amino acids, a molecular mass of 28 kDa, and two

zinc ions in its active site (Figure 1.20) [130].

His263

Lys224

Asn233

His196

Figure 1.20: Active site of NDM-1. The Zn ions, associated invariant metal ligands, and
conserved amino acids, Lys224 and Asn233, are depicted. PDB code 4EY2.

1.8 MBLs found on broad host range plasmids

Although the IMP, VIM, and NDM enzymes remain the most clinically isolated MBLs
worldwide, all MBLs are becoming an increasing problem around the globe as they are
rapidly spreading among different bacterial species [113]. This rapid spread is attributed
to over 75% of MBL genes being located on mobile genetic elements such as transposons
and plasmids. These mobile genetic elements allow the MBLs to be transferred from one

bacterium to another through horizontal gene transfer [105,113,116].
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One of the MBLs that has spread the fastest worldwide is NDM-1. Since its isolation
in Sweden in 2009, the blanom-1 gene has been isolated in over 50 countries spread out
over every continent in the world, except for Antarctica [131]. Indeed, the rapid spread of
NDM-1 across the United Kingdom in 2009 and around the globe in 2010 triggered
warnings to be issued from the Health Protection Agency and the WHO, respectively
[126,132]. The quick dissemination of NDM-1 is due to the blanom-1 gene being found on
broad host range plasmids. These self-transferable and easily replicated plasmids allow
the blanom-1 gene to be easily transferred between phylogenetically distinct bacterial hosts
[133]. Therefore, although NDM was initially isolated from K. pneumoniae and E. coli in
2009, this MBL is now being expressed in a variety of distinct bacterial species. Today,
NDM-1 is most commonly isolated from bacteria belonging to the Enterobacteriaceae
family, Acinetobacter spp., and P. aeruginosa [128,133]. However, the blanom-1 gene has
also been found in the Gram-negative bacterium Vibrio cholerae. This is especially
problematic as this bacterium had not previously been reported in carrying the gene for

NDM-1, thus demonstrating the broad host range of the blanom-1 gene [128,134].

1.9 Metallo-g-lactamase inhibitors

The worldwide dissemination of NDM-1 and other MBLs highlights the importance of
finding an inhibitor of these metalloenzymes. Since all MBLs require zinc ions for their
activity, most potential inhibitors developed thus far negate the effects of these
metalloenzymes through a zinc-dependent approach [99]. However, in 2017, Dr.
Christopher Schofield’s group at the University of Oxford (Oxford, England) published

an article detailing the discovery of a series of zinc-independent inhibitors with an

31



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

isoquinoline core structure (Figure 1.21) [135]. These inhibitors were identified during a
structure-based virtual screen for compounds capable of interacting with some of the
conserved amino acids residing in or around the active site of VIM-2, such as Arg228,
Asn233, and Aspl120 (Figure 1.19) [135]. Although these findings establish that zinc-
independent MBL inhibition is possible, the diversity of the active site and catalytic
residues of the MBLs makes targeting anything other than the conserved zinc ions quite
challenging [99]. As for the zinc-dependent approach, MBL inhibitors can function by
one of two mechanisms: 1) ligand displacement resulting in the formation of a reversible

chelated complex or 2) zinc ion removal and sequestration [99].

1.9.1 Ligand replacement inhibitors
Captopril was first synthesized in 1975 [136,137] and has not only been shown to be a
promising inhibitor of several clinically relevant MBLs (e.g., IMP-1, VIM-2, NDM-1) but
was also the original angiotensin-converting enzyme (ACE) inhibitor [98,138,139].
Captopril was shown to have the ability to inhibit both the ACE and MBL enzymes
through chelation of active site zinc ions using a free thiol [98,138,139]. In 2015, Dr.
Schofield’s laboratory demonstrated that the D-captopril, a stereocisomer of the clinically
approved ACE inhibitor L-captopril, was the most active MBL inhibitor (Figure 1.21)
[98].

In 2014, Klingler et al. reported a series of thiol-containing drugs with the ability to
inhibit NDM-1, VIM-2, and IMP-7 [138]. Dimercaprol, the most promising MBL

inhibitor detailed in this study, was developed by British biochemists at the University of
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Oxford during World War Il as a chelating agent used to treat heavy metal poisoning

caused by arsenic-containing war gases (Figure 1.21) [138,140].
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Figure 1.21: Inhibitors of metallo-B-lactamases. Figure adapted from reference [99].
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In 2016, the laboratories of Dr. Robert Bonomo, Dr. Alejandro Vila, and Dr. James
Spencer reported that bisthiazolidines, such as CS-319, could inhibit MBLs (Figure 1.21)
[141,142]. Bisthiazolidines are small bicyclic compounds that mimic the penicillin
scaffold and contain an additional thiol group that can interact with the zinc ions located
in the MBL active site [141,142].

As previously mentioned in section 1.5.4, boronic acid-containing compounds, such as
vaborbactam, are rapid and potent SBL inhibitors [97]. However, in 2016, Dr. Schofield’s
laboratory demonstrated that cyclic boronates could also rescue the activity of
meropenem in NDM-1-producing bacteria by mimicking an intermediate of MBL
hydrolysis (Figure 1.21) [98]. Indeed, the cyclic boronate, now known as taniborbactam
(formerly VNRX-5133), is currently in phase III clinical trials and is the first f-lactamase

inhibitor to demonstrate activity against enzymes from classes A, B, C, and D [88,143].

1.9.2 Metal sequestering inhibitors

MBL zinc ion removal represents a promising approach in inhibiting these
metalloenzymes [99]. Indeed, various metal chelators have shown activity against MBL-
producing bacteria [144]. For example, in 2010, when bound to calcium,
ethylenediaminetetraacetic acid (EDTA), a chelating agent widely used to bind divalent
and trivalent metal ions, was shown to have the ability to reduce the minimum inhibitory
concentration of imipenem in MBL-producing P. aeruginosa isolates [145]. In mouse
models of P. aeruginosa infections, calcium-EDTA was not only able to block MBL
activity but could also neutralize tissue-damaging metalloproteases [145]. Furthermore, in

2015, Falconer et al. determined that a zinc-selective spiro-indoline-thiadiazole analogue,
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known as SIT-Z5, could rescue the activity of meropenem in NDM-1-producing K.
pneumoniae in both minimum inhibitory concentration assays and mouse models of
infections (Figure 1.21) [146]. The EDTA and SIT-Z5 studies demonstrate that potent in
vivo and in vitro MBL inhibition can be achieved with metal sequestering inhibitors
[146]. Moreover, effective bioassay and animal model activity was observed for another
recently discovered zinc-selective MBL inhibitor known as aspergillomarasmine A

(Figure 1.21) [147].

1.10 Aspergillomarasmine A

In 1956, a French group called the Société d'Etude et d'Applications Biologiques isolated
three unknown compounds from a strain of Aspergillus flavus oryzae [148]. These
compounds were originally known as lycomarasmic acids due to their structural similarity
to the compound lycomarasmine. Lycomarasmine was initially isolated from the fungal
plant pathogen, Fusarium lycopersici, in 1944 by Clauson-Kaas, Plattner, and Gaumann
[148,149]. However, as the lycomarasmic acids were isolated from Aspergillus and not
Fusarium like their namesake, Haenni et al. proposed changing their name to
‘aspergillomarasmine’ in 1965 [148]. As a consequence of this proposition, the three
compounds from 1956 would hereinafter be known as aspergillomarasmine A,

aspergillomarasmine B, and anhydroaspergillomarasmine B (Figure 1.22) [148].
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Figure 1.22: Structures of lycomarasmine, aspergillomarasmine A, aspergillomarasmine
B and anhydroaspergillomarasmine B. Figure adapted from reference [148].

As aspergillomarasmine A (AMA) was discovered to be the causative agent in the
wilting of leaves of tomato plants [148], the role of this compound in plant pathogenesis
was further investigated. Throughout the years, AMA was isolated as the biologically
active compound from different fungal plant pathogens such as Fusarium oxysporum f.
sp. melonis, which causes Fusarium wilt (especially in melon plants) and Pyrenophora
teres, which produces net-spot blotch disease in barley [150,151]. However, almost 60
years after its initial discovery, it was revealed that AMA not only functions as a plant
toxin but also as a potent MBL inhibitor [147]. In 2014, King et al. conducted a targeted
cell-based screen for new MBL inhibitors using microbial natural product extracts [147].
AMA, synthesized by Aspergillus versicolor, was discovered in a soil sample obtained
from Kejimkujik National Park in Nova Scotia, Canada [152]. Although exhibiting no
antimicrobial activity on its own, AMA could inhibit the activity of two clinically

relevant MBLs, NDM-1 and VIM-2 [147]. However, this inhibitor was less potent against
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another clinically relevant MBL, IMP-7 [147]. Furthermore, the activity of meropenem
against Enterobacteriaceae, Acinetobacter, and Pseudomonas clinical isolates producing
either NDM-1 or VIM-2 was restored when this antibiotic was given in conjunction with
AMA [147]. Rescue of meropenem activity was also observed when the AMA/
meropenem combination was tested against NDM-1-producing K. pneumoniae in a
mouse model of infection [147]. However, toxicity was observed in a canine model of
infection upon usage of higher concentrations of AMA (unpublished). Since AMA was
revealed to be a potent MBL inhibitor [147], further studies were conducted into its
specific mechanism of action. In 2021, Sychantha et al. demonstrated that AMA acts as a
selective zinc scavenger, which sequesters zinc from the low-affinity binding site of the

MBLs [153].

1.11 Combination Therapy

Although previous studies portrayed the therapeutic potential of an AMA/meropenem
combination against bacteria producing a single MBL enzyme, an increasing number of
clinical isolates contain multiple B-lactamases from each different class to resist multiple
antibiotics [154-156]. Due to the emergence of these multidrug-resistant bacteria,
antimicrobial combination therapy is rapidly gaining popularity worldwide [157,158].
This type of therapy has many advantages in treating bacterial infections, such as the
broadening of the antibacterial spectrum [158]. Furthermore, the utilization of multiple
compounds which function through different mechanisms decreases the likelihood of the
emergence of resistant mutants [159]. In addition, antimicrobial combinations represent

an excellent treatment option for polymicrobial infections such as gastrointestinal
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infections, which require more than one antibiotic to eradicate all the bacterial pathogens
in the gut [158]. Furthermore, synergy is usually observed upon combining two or more
antimicrobial agents. For example, a combination of meropenem-piperacillin and
tazobactam was shown to have the ability to inhibit methicillin-resistant S. aureus, one of

the most drug-resistant pathogens being isolated in clinics around the world [155,160].

1.12 Research hypotheses and objectives

With the growing number of MBL-producing bacteria, the development of new MBL
inhibitors is crucial in quenching the spread of these antibiotic resistance genes. Previous
studies have demonstrated that AMA was a rapid and potent inhibitor of two clinically
relevant MBLs known as NDM-1 and VIM-2. However, the results of this study also
revealed that AMA was less effective in inhibiting IMP-7, another widespread MBL.
Therefore, it was hypothesized that the inhibitory potency of AMA would differ between
different MBL families and subclasses. Consequently, the primary objective of my
research project was to determine the effect of AMA against a broader panel of MBLs.
Henceforth, AMA was paired with six different B-lactam antibiotic partners from three
subclasses (penicillin, cephalosporin, carbapenem), and the efficacy of each pairing was
evaluated against 19 MBLs from each subclass (B1, B2, B3).

The second objective of my research project revolved around the observation that
multiple B-lactamase enzymes can be expressed by one bacterial strain. It was
hypothesized that treating infections caused by these multidrug-resistant bacteria could be
achieved through combination therapy with different f-lactamase inhibitors and p-lactam

antibiotics. Therefore, in this study, the efficacy of an AMA (an MBL inhibitor),
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avibactam (an SBL inhibitor), and meropenem (a B-lactam antibiotic) combination was
evaluated against 20 laboratory strains and 30 clinical strains producing at least one MBL
and one SBL.

Finally, carbapenem-resistant Acinetobacter and Pseudomonas species are among the
bacteria posing the greatest threat to human health. Therefore, it was hypothesized that
infections caused by these pathogens could be treated with an AMA/avibactam/
meropenem combination as this pairing proved to be effective against carbapenemase-
producing Enterobacteriaceae. Consequently, new broad host range shuttle vectors for
cloning and expression in Acinetobacter and Pseudomonas species were developed.

Overall, a better understanding of the inhibitory potency and spectrum of activity of

AMA could be utilized in the development of future MBL inhibitors.
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CHAPTER 2: Suppression of B-lactam resistance by aspergillomarasmine A is
influenced by both the metallo-p-lactamase target and the antibiotic partner
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2.3 ABSTRACT

The rise of Gram-negative pathogens expressing metallo-s-lactamases (MBLS) is a
growing concern, threatening the efficacy of B-lactam antibiotics, in particular, the
carbapenems. There are no inhibitors of MBLs in current clinical use.
Aspergillomarasmine A (AMA) is an MBL inhibitor isolated from Aspergillus versicolor
with the ability to rescue meropenem activity in MBL-producing bacteria both in vitro
and in vivo. Here we systematically explored the pairing of AMA with six g-lactam
antibiotic partners against 19 MBLs from each subclass (B1, B2, and B3). Cell-based
assays performed with Escherichia coli and Klebsiella pneumoniae showed that bacteria
producing NDM-1 and VIM-2 of subclass B1 were the most susceptible to AMA
inhibition, whereas bacteria producing CphA2 and AIM-1 of subclasses B2 and B3,
respectively, were the least sensitive. Intracellular antibiotic accumulation assays and in
vitro enzyme assays demonstrated that the efficacy of AMA/g-lactam combinations did
not correlate with outer membrane permeability or drug efflux. We determined that the
optimal p-lactam partners for AMA are the carbapenem antibiotics and the efficacy of

AMA is linked to the Zn?* affinity of specific MBLs.

KEYWORDS: antibiotic resistance, aspergillomarasmine A, beta-lactams, carbapenems,

cephems, metallo-beta-lactamases, penams
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24 INTRODUCTION

S-Lactams are the most commonly prescribed family of antibiotics and are increasingly
ineffective against many serious bacterial infections (1). Resistance to p-lactam
antibiotics occurs predominantly through the production of B-lactamases. These enzymes
are divided into four classes based on their structure and amino acid sequence. Classes A,
C, and D are serine-B-lactamases (SBLs) that employ an active site serine residue to
promote hydrolysis of the B-lactam ring (1). Class B enzymes are metallo-S-lactamases
(MBLs) that require active site Zn?* ions for their catalytic activity (2). MBLs are further
organized into three subclasses (B1, B2, and B3). The B1 subclass is the largest and
incorporates most of the clinically relevant MBLs, including the NDM, VIM, and IMP
families (3-5). The enzymes from subclasses B2 (e.g., CphA2) and B3 (e.g., L1, AIM-1)
are less common in pathogens (6-8).

Several co-formulations of g-lactam antibiotics with g-lactamase inhibitors, including
avibactam, relebactam, vaborbactam, sulbactam, tazobactam, and clavulanic acid, are in
clinical use (9, 10). These inhibitors are specific to SBLs and do not affect MBLs,
revealing a growing therapeutic gap as MBL producers increase in frequency across the
globe. Selective inhibition of MBLs has proven challenging as a result of their low
sequence similarity, structurally fluid active sites, and poor selectivity over human
metalloenzymes (11, 12). Furthermore, while many MBL inhibitors display potent
activity in vitro, few exhibit comparable efficacy in whole-cell assays or in vivo animal

models.
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In a targeted screen for new MBL inhibitors, we discovered the fungal natural product,
aspergillomarasmine A (AMA), a potent inhibitor of the clinically important enzymes
NDM-1 and VIM-2 (13). AMA restores the in vitro activity of meropenem in MBL-
producing Enterobacteriaceae, Acinetobacter, and Pseudomonas isolates and was
previously shown to be effective in rescuing meropenem activity against NDM-1-
producing Klebsiella pneumoniae in a murine model of systemic infection (13). While
these findings establish the potential of AMA as an MBL inhibitor, the effect of AMA
against a broader panel of MBLs remains unknown.

In this study, we carried out a systematic analysis of the efficacy of AMA in
combination with six g-lactam antibiotic partners from three subclasses (carbapenem,
cephem, and penam). For susceptibility testing of the various antibiotic/inhibitor
combinations, we selected 19 MBLs from three subclasses. The potency of each
combination was evaluated using biochemical and cell-based assays, where individual
MBLs were expressed in isogenic Escherichia coli and K. pneumoniae strains. The
resulting data serve as a guide for the in vivo implementation of AMA and related MBL

inhibitors.

2.5 RESULTS

2.5.1 The potency of AMA and meropenem combinations depends on the MBL

subclass and allelic variant
We previously demonstrated that AMA could inhibit two clinically relevant MBLs,
NDM-1 and VIM-2, but was less effective toward IMP-7 (13). Consequently, we sought

to rigorously establish the inhibitory spectrum of AMA against 19 MBLs from each
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subclass (B1, B2, B3). Using cell-based assays, we evaluated the efficacy of AMA in
combination with meropenem. We scored efficacy based on the minimum concentration
needed to restore the level of meropenem growth inhibition to its EUCAST (European
Committee on Antimicrobial Susceptibility Testing) susceptibility breakpoint (2 pg/ml).
To ensure consistency between the different enzymes tested, all MBL genes were
identically cloned into the pGDP2 vector (low-copy-number plasmid with a Piac
promoter) (14) and transformed into E. coli BW25113. The MIC values of meropenem
against the wild-type and MBL-producing strains were measured in the absence of AMA
to serve as a benchmark for resistance (see Supplemental Table 2.1).

The results revealed that E. coli strains producing subclass B1 enzymes could be
resensitized to meropenem (<2 pg/ml) over AMA concentrations ranging from 4 to 32
pg/mL (Table 2.1; see also Supplemental Table 2.4). Producers of NDM-1, VIM-1, VIM-
2, VIM-7, CAM-1, and IND-1 from subclass B1 were the most susceptible to AMA (4 to
8 pg/mL). Cells producing NDM-4, NDM-5, NDM-6, NDM-7, IMP-1, IMP-7, and IMP-
27 were moderately sensitive (12 to 16 pg/ml). E. coli producing B2 or B3 enzymes,
except for L1, were the least sensitive to AMA (no rescue of meropenem at 2 pg/ml at
AMA >64 pg/mL) (Table 2.1; see also Supplemental Table 2.4). The extent of
meropenem potentiation by AMA was not necessarily related to the degree of antibiotic
resistance conferred by the MBL. For example, while IMP-7 conferred an MIC of 16
pg/mL, it was less susceptible to AMA inhibition than other MBLs that conferred MIC

values of 64 pg/mL.
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Table 2.1: Concentration of AMA needed to restore the activity of different p-lactam
antibiotics to the level seen with their EUCAST susceptibility breakpoint concentration in
MBL-producing E. coli BW251132

[AMA] at the susceptibility breakpoint of the antibiotic (ug/mL)P

MBL Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin
NDM-1 8 12 24 12 64 64
NDM-4 16 16 64 16 >64 >64
NDM-5 12 24 64 16 >64 >64
NDM-6 16 16 64 16 64 >64
NDM-7 16 24 64 24 >64 >64
VIM-1 8 8 12 12 24 64
VIM-2 8 8 8 8 12 16
VIM-7 8 8 8 8 8 16
CAM-1 4 12 8 8 24 64
DIM-1 12 12 16 8 24 64
IND-1 8 8 12 12 24 >64
GIM-1 12 12 32 12 >64 >64
IMP-1 16 12 64 24 >64 64
IMP-7 24 12 >64 16 >64 32
IMP-27 32 24 >64 <0.5 >64 12
SPM-1 16 24 64 8 >64 >64
CphA2 >64 64 >64 >64 <0.5 <0.5
L1 12 12 24 8 <0.5 >64
AIM-1 64 64 >64 24 >64 >64

aAll 19 MBL genes were cloned into the pGDP2 vector. All bioassays were conducted in
duplicate. This table shows the results from replicate 1.

bThe EUCAST susceptibility breakpoint concentrations for meropenem, doripenem,
ertapenem, imipenem, cefotaxime, and ampicillin are 2, 1, 0.5, 2, 1 and 8 pg/mL,
respectively.

To examine whether the inhibitory potency of AMA was simply dependent on
different levels of p-lactamase expression, a FLAG-tag was engineered at the C termini of
eight representative MBLs. These MBLs were specifically chosen because they covered a

broad range of sensitivity to various combinations of AMA and meropenem. The level of
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MBL production was quantified using an anti-FLAG monoclonal antibody via Western
blotting. The installation of the tag did not affect resistance. The relative protein levels of
NDM-4, NDM-5, NDM-6, NDM-7, VIM-2, and IMP-7 were all within a 2-fold range
(see Supplemental Figures 2.1, 2.2). Although NDM-1 demonstrated the highest
sensitivity to AMA inhibition, its relative expression was ~3-fold higher than any other
enzyme. In contrast, IMP-7, which has a low sensitivity to AMA inhibition, showed
lower protein levels. Together with our bioassay data, these results indicate that the MBL

inhibition spectrum of AMA is broad but that it is more active toward class B1 enzymes.

2.5.2 The efficacy of AMA depends on the B-lactam antibiotic partner

We partnered AMA with three different carbapenems (doripenem, ertapenem, and
imipenem), a cephem (cefotaxime), and a penam (ampicillin) to explore the optimal
AMA/antibiotic combination. We graded the efficacy of AMA based on its ability to
restore the activity of each antibiotic to its EUCAST susceptibility breakpoint
concentration (for doripenem, ertapenem, imipenem, cefotaxime, and ampicillin, 1, 0.5, 2,
1, and 8 pg/mL, respectively). As described above, the individual drug MIC values for
each antibiotic against MBL-producing E. coli served as benchmarks for resistance (see
Supplemental Table 2.1). We found that the carbapenem and cephem susceptibilities of
MBL-producing E. coli BW25113 were well (>7-fold) above the breakpoints. However,
as this strain of E. coli encodes a chromosomal cephalosporinase (AmpC), it showed a
baseline ampicillin MIC of 4 ug/mL and was much closer to the susceptibility breakpoint
(see Supplemental Table 2.1).

The levels of p-lactam potentiation by AMA were comparable for most of the
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carbapenems tested. Testing with AMA, the majority of strains producing MBLs showed
either equivalent or 2-fold increased susceptibility for doripenem and imipenem relative
to meropenem. Ertapenem, however, showed more variation. In particular, the IMP and
NDM alleles were 3-fold to 5-fold less sensitive to AMA when paired with ertapenem
relative to other carbapenems (Table 2.1; see also Supplemental Table 2.4). This pattern
of reduced susceptibility to AMA inhibition involving the VIM, IMP, and NDM enzymes
was also evident when cefotaxime and ampicillin were the partner antibiotics (Table 2.1;
see also Supplemental Table 2.4). E. coli producing CphA2 was the most refractory to
AMA combinations and showed high-level resistance against all carbapenem antibiotics

(Table 2.1; see also Supplemental Table 2.4).

2.5.3 p-Lactam potentiation by AMA is also MBL class-dependent in K.

pneumoniae

To investigate whether the inhibitory potency of AMA with different S-lactam antibiotics
was pathogen dependent, we transformed K. pneumoniae ATCC 33495 with plasmids
carrying one of eight selected MBL genes. The MIC values of the different S-lactams
against the wild-type and MBL-producing K. pneumoniae were measured in the absence
of AMA to serve as a control (see Supplemental Table 2.2). K. pneumoniae encodes a
chromosomal penicillinase (SHV) and is consequently resistant to ampicillin with a drug
MIC value of 64 pg/mL.

Similar to the results in E. coli, the potency of AMA combinations against MBLs
produced in K. pneumoniae varied with the subclass of the g-lactam antibiotic partner. K.

pneumoniae strains producing NDM-1 or VIM-2 were the most susceptible to
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carbapenems (Table 2.2; see also Supplemental Table 2.5). However, K. pneumoniae
producing other NDM variants demonstrated less sensitivity to AMA/carbapenem
combinations, requiring higher AMA concentrations to achieve efficacy (Table 2.2; see
also Supplemental Table 2.5). Meropenem was the f-lactam partner most strongly
potentiated by AMA. Concentrations of AMA ranging from 8 to 16 pug/mL reduced the
MIC values of this carbapenem for most MBL-producing K. pneumoniae to <2 pg/mL
(Table 2.2; see also Supplemental Table 2.5). Since the MIC of meropenem with most
MBL-producing K. pneumoniae strains was >32 pg/mL, this represents at least a 16-fold
improvement of the antibiotic's activity (see Supplemental Table 2.2). The AMA and
ampicillin pairing resulted in the poorest efficacy overall since all MBL-producing K.
pneumoniae strains remained resistant to this antibiotic due to the production of an
endogenous serine-dependent penicillinase (Table 2.2; see also Supplemental Table 2.5).
Like E. coli, CphA2 and AIM-1 were the least sensitive to AMA inhibition (Table 2.2;
see also Supplemental Table 2.5). These results suggest that the alteration of the potency
of the AMA combinations contributed by the antibiotic partner was not pathogen
dependent for two representative Enterobacteriaceae strains. Furthermore, the basal
levels of p-lactam resistance shown by chromosomal S-lactamases play a significant role

in determination of the appropriate S-lactam to be paired with AMA.
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Table 2.2: Concentration of AMA needed to restore the activity of different g-lactam
antibiotics to the level seen with their EUCAST susceptibility breakpoint concentration in
MBL-producing K. pneumoniae ATCC 334952

[AMA] at the susceptibility breakpoint of the antibiotic (ug/mL)P

MBL Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin
NDM-1 12 16 24 12 64 >64
NDM-4 16 24 64 24 >64 >64
NDM-5 16 24 64 24 >64 >64
NDM-6 12 16 64 24 >64 >64
VIM-2 8 8 8 12 16 >64
IMP-7 24 24 >64 64 >64 >64
CphA2  >64 >64 >64 >64 <0.5 >64
AlIM-1 64 64 >64 >64 >64 >64

aAll 8 MBL genes were cloned into the pGDP2 vector. All bioassays were conducted in
duplicate. This table shows the results from replicate 1.

bThe EUCAST susceptibility breakpoint concentrations for meropenem, doripenem,
ertapenem, imipenem, cefotaxime, and ampicillin are 2, 1, 0.5, 2, 1 and 8 pg/mL,
respectively.

2.5.4 Outer membrane permeability and efflux do not influence the activity of

different g-lactam antibiotics against MBL-producing bacteria
To probe whether the observed differences in the effects of S-lactam specificity on the
efficacy of AMA were the result of differences in outer membrane penetration or efflux
of these antibiotics, potentiation assays were conducted with hyperpermeable bamB/tolC
deletion strains of E. coli BW25113 expressing eight different MBL genes. The BamB
lipoprotein and the TolC outer membrane protein play essential roles in outer membrane
permeability and the efflux of antibiotics, respectively (15, 16). We found that apart from
ampicillin, for which the baseline MIC value decreased 8-fold, the carbapenem MIC

values against the AbamB AtolC strain were similar to those seen with the wild-type.
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Likewise, the levels of resistance shown by MBL-producing strains were comparable (see
Supplemental Table 2.3).

Table 2.3: Concentration of AMA needed to restore the activity of different f-lactam
antibiotics to the level seen with their EUCAST susceptibility breakpoint concentration in
MBL-producing E. coli BW25113 AbamB AtolC?

[AMA] at the susceptibility breakpoint
of the antibiotic (ug/mL)®

MBL Meropenem Doripenem Ampicillin
NDM-1 8 12 32

NDM-4 16 24 > 64
NDM-5 16 24 > 64
NDM-6 12 24 > 64
VIM-2 8 8 24

IMP-7 24 24 > 64
CphA2 64 > 64 <0.5
AlIM-1 64 64 > 64

aAll 8 MBL genes were cloned into the pGDP2 vector. All bioassays were conducted in
duplicate. This table shows the results from replicate 1.

bThe EUCAST susceptibility breakpoint concentrations for meropenem, doripenem, and
ampicillin are 2, 1 and 8 pg/mL, respectively.

AMA treatment of the MBL-producing AbamB AtolC strains revealed that the extent
of potentiation of each g-lactam was very similar to that seen with wild-type E. coli
(Table 2.3; see also Supplemental Table 2.6). We further probed the efficacy of the -
lactams by directly measuring the intracellular accumulation of AMA and each antibiotic
in both the E. coli wild-type and AbamB AtolC strains. Although it was not possible to
determine how much drug was lost to surface binding and periplasmic leeching, we
reasoned that this would be a constant for each g-lactam in both the wild-type and AbamB
AtolC strains. Any differences in accumulation should then be a result of increased

penetration and/or decreased efflux (17). We found that AMA and the carbapenem
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antibiotics were detectable in cell extracts in wild-type bacteria but that the extent of
accumulation varied with the subclass of the S-lactam antibiotic. Despite the drug MIC
values being similar to those seen with the wild-type, E. coli AbamB AtolC showed 5-
fold, 2-fold, and 1.5-fold increases in accumulation for meropenem, doripenem, and
imipenem, respectively (Figure 2.1). Ertapenem was the only member of the carbapenems

which showed no such change between the strains.
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Figure 2.1: Accumulation assay data for different p-lactam antibiotics in E. coli
BW25113 and E. coli BW25113 AbamB AtolC. All assays were performed in biological
triplicate and technical duplicate. The error bars represent the standard deviations.

Our initial attempts to detect the accumulation of ampicillin failed and were likely
hampered by its susceptibility to endogenous AmpC. To circumvent AmpC-mediated

hydrolysis, we cotreated the cells with avibactam. The treatment enabled for the detection

of ampicillin, which we found had accumulated similarly in the two strains, despite
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having a lower MIC in the hyperpermeable strain. It is possible that some of the
ampicillin had been hydrolyzed, resulting in an underestimation of the precise amount
present. We also faced challenges with cefotaxime since, despite several attempts, we
could not demonstrate robust accumulation levels for this antibiotic.

2.5.5 p-Lactam inactivation is affected by substrate-specific zinc requirements of

MBLs

Previous work had shown that Zn?* dissociates from MBLs during catalytic turnover of S-
lactams and that this can lead to enzyme inactivation (18, 19). This phenomenon is
particularly pronounced under conditions where excess Zn?* is unavailable to replenish
the enzyme. Since AMA binds to free Zn?, it could potentially withhold Zn?* from
MBLs, and the p-lactam could promote inactivation. We therefore hypothesized that
different p-lactam substrates could uniquely influence Zn?* dissociation from MBLs and
affect the efficacy of AMA.

We tested this hypothesis with a series of in vitro enzyme assays involving a subset of
purified MBLs and the panel of S-lactam substrates used in cell-based assays. In each
enzyme stock (20 puM), a limited amount of AMA (100 nM) was included to sequester
any residual Zn?* in the Chelex-treated buffer. The reaction mixtures contained enzyme (4
to 10 nM), saturating amounts of substrate, and various concentrations of ZnSO4 (0.001 to
20 puM). The resulting reaction rates exhibited clear Zn?* dependence for each substrate.
From the progress curves of the initial reaction rates, the Zn?* dissociation constant
(Ka,zn2) could be calculated as the concentration of ZnSQOa required to achieve half-

maximal velocity. We presume on the basis of previous observations made by several
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different research groups (20) that metal dissociation occurs primarily from the second
zinc site (Zn?) of the MBLs.

Table 2.4: Zinc-dependence of metallo-B-lactamase-catalysed hydrolysis of B-lactam
antibiotics?

Metallo-g-lactamase zinc dissociation constants® (Kg zn2)

Substrate  NDM-1 NDM-4 NDM-6 VIM-2 IMP-7 AIM-1

Ampicillin -~ 091+0.07 0.15+0.02 0.23+0.02 045+0.05 0.24+0.04 0.19+0.05
Cefotaxime 1.4+0.3 0.17+0.03 0.24+0.02 0.21+0.03 0.80+0.4 0.33+0.07
Meropenem 3.2+0.5 0.3+0.06 0.64+0.08 063+x0.1 046+0.08 0.52+0.08
Imipenem  04+0.04 0.06+0.007 0.14+0.01 0.34+0.09 0.95%+0.3 0.59 £ 0.07
Ertapenem 281 43+26 20+0.3 231 20+04 0.95+0.2
Doripenem 1.1+0.1 0.18+0.02 0.14+0.08 0.38+0.03 0.082+0.01 0.90+0.1

®Reactions were carried out with enzyme (4 to 10 nM) in Chelex-treated HEPES-NaOH, pH 7.5
(50 mM), supplemented with AMA (100 nM).

bAll constants are reported in micromolar (UM).

The levels of substrate-specific zinc dependence for each MBL differed greatly among
the MBLs and ranged from nanomolar to micromolar Kd.zn2 values. In reaction mixtures
containing ampicillin, cefotaxime, meropenem, and doripenem, NDM-1 showed the
lowest average level of affinity for Zn?" during catalysis, with substrate-specific Kd,zn2
values that were mostly in the low micromolar range (0.9 to 3.2 uM; Table 4; see also
Supplemental Figure 2.3). This finding contrasted with the results seen with other MBLs,
for which nanomolar (140 to 950 nM) Zn?* affinity was observed. Intriguingly, the Zn?*
dependence of imipenem and ertapenem hydrolysis did not follow this trend. For
imipenem, the Ka,zn2 values for NDM-1, VIM-2, IMP-7, and AIM-1 fell within a 2-fold
range (400 to 950 nM), while NDM-4 and NDM-6 showed the highest affinity for Zn*
during hydrolysis of this carbapenem (60 and 140 nM, respectively). Surprisingly,

ertapenem showed low micromolar Zn?* affinity (0.95 to 4.3 M) for every MBL tested,
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which contrasted with the trends that we observed for the other substrates (Table 2.4; see
also Supplemental Figure 2.3). Overall, these data allowed for the general estimation of
Zn?* affinity for each MBL and showed that the specific choice of g-lactam influences the
Ka,zn2 within a 3-fold range for each enzyme.

The Kazn2 values failed to explain our observations where AMA differentially
potentiated S-lactams. The results further support the hypothesis that the level of p-lactam
resistance conferred by each MBL is the primary factor that dictates AMA susceptibility.
However, the general level of Zn?* affinity determined for each MBL was consistent with
previous studies, where enzymes with higher affinity for Zn?* were found to be better
suited to withstanding its associated limitation in general (21). For example, NDM alleles,
other than NDM-1, have evolved to increase metal affinity. This was evident in the
current study as the concentrations of AMA needed to restore the activity of the
antibiotics to their susceptibility breakpoints were generally lower for NDM-1 than for
NDM-4, NDM-5, NDM-6, NDM-7, IMP-7, CphA2, and AIM-1. Interestingly, VIM-2
stands out as a particular case in that its low Kadzn2 values do not correlate well with the
bioassay data, suggesting that this enzyme has an unknown property which increases its

sensitivity to AMA.

2.6 DISCUSSION

AMA is an inhibitor of MBLs and potentiates the activity of meropenem against MBL-
producing bacteria. Here, we explored the inhibitory activity of AMA paired with five
other S-lactam antibiotics against 19 MBL enzymes produced in three bacterial strains.

Potentiation assays indicated that AMA achieved the highest inhibitory potency when
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combined with a carbapenem antibiotic. This was not influenced by the bacterial species
or strain used during the bioassays (Tables 2.1, 2.2, 2.3). The results of the intracellular
accumulation assays suggest that the inhibitory activity of AMA together with the
different g-lactam antibiotics is not correlated with outer membrane permeability or drug
efflux (Figure 2.1). One possible explanation for the advantage of using
AMA/carbapenem pairings may be related to the affinity of these drugs for their targets,
the penicillin-binding proteins (PBPs). Kocaoglu and Carlson determined that each f-
lactam antibiotic is selective for a subset of PBPs (22). While ampicillin targets a broader
spectrum of PBPs, none of them are not solely essential for bacterial growth, and the
bactericidal effect is the result of inhibition of several of these enzymes.

On the other hand, meropenem, doripenem, and cefotaxime all inhibit at least one
essential PBP and do so with high potency. Furthermore, unlike penams, which are prone
to hydrolysis by class C SBLs (e.g., AmpC) and low-molecular-weight PBPs,
carbapenems are not substrates for these enzymes. These observations are consistent with
previous studies which demonstrated that meropenem, doripenem, and imipenem are the
carbapenem antibiotics with the highest potencies and the broadest spectra of activity
against different bacterial species (23), including extended-spectrum A-lactamase
(ESBL)-producing isolates of E. coli and K. pneumoniae (24).

Our work supports previous studies indicating that MBL-mediated carbapenem
resistance is weaker than cefotaxime and ampicillin (21, 25-27). Considering our data in
conjunction with the current knowledge available for S-lactam efficacy and resistance,

AMA is most likely to succeed when paired with a carbapenem, in particular,
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meropenem, doripenem, or imipenem.

Given our observations that the p-lactam substrate uniquely influences AMA
susceptibility of different MBLs, we wondered if its inhibitory activity was
mechanistically dependent on substrate interactions. Substrate-induced Zn?* dissociation
(i.e., reduced Zn?* affinity) is well documented in several MBL studies (18, 19, 28-30)
and those results inspired us to develop the mechanistic basis for the following
hypothesis: -lactams promote the release of Zn?* from MBLs (presumably by increasing
the rate constant for dissociation), and then AMA acts as a recipient for the free metal. In
effect, AMA would withhold Zn?*, leading to essentially irreversible inhibition.
Precedents for this hypothesis can be found in the mechanism of inhibition proposed for
D-penicillamine (D-Pen) toward human Zn?*-dependent carboxypeptidase A (ZnCPD). D-
Pen directly catalyzes the removal of Zn?* from ZnCPD through increased metal
dissociation, but the high-affinity apoenzyme can rebind the metal and outcompete D-Pen.
However, if a potent chelator such as EDTA is present, Zn?* is sequestered, and ZnCPD
is wholly inhibited (31, 32). In general, our data show that Zn?" affinity seen during f-
lactam hydrolysis correlated well with the potency of AMA for numerous MBL/g-lactam
pairs. This was consistent with several studies that have shown that increased affinity can
overcome Zn?* scarcity. For example, NDM variants contain single-point or multiple-
point mutations which increase Zn?* affinity. Furthermore, this increases the
thermostability of these MBLs, which has been associated with an increase in resistance
(21). This is also consistent with our observation that CphAz2 is refractory to AMA, as

this MBL is a mono-Zn?* enzyme with a strong metal affinity (Kd,zn value of 6 pM (33)).
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Curiously, not all of the Kazn2 values correlated with the biological activity of AMA
and some of the results were counterintuitive. For example, the hydrolysis of ertapenem
resulted in the highest Kdzn2 values for every MBL tested, which currently eludes
explanation. Moreover, VIM-2 has a high Zn?" affinity during hydrolysis of most S-
lactams, although it is one of the most sensitive MBLs in our bioassays. Recently, it was
shown that membrane anchoring stabilizes NDM variants when Zn?* is scarce in the
environment (34). All other MBLs contain cleavable signal peptides and are released into
the periplasmic space and can be rapidly degraded in a manner depending on their
stability. In the case of VIM-2, Gonzalez et al. have shown that it is particularly
susceptible to degradation (34), which could explain why, despite high Zn?* affinity,
VIM-producing bacteria are more susceptible to AMA.

Our results demonstrate that an AMA/carbapenem pairing would be the most effective
combination for treating infections caused by MBL-producing bacteria in the clinics,
though higher concentrations of AMA are required to cover recently emerging NDM

alleles.

2.7 MATERIALS AND METHODS

2.7.1 DNA manipulations and pGDP2 plasmid construction

All oligonucleotide primers were purchased from IDT (Coralville, 1A). The MBL genes
used in this study were also purchased from IDT as gBlock gene fragments, except for
blanom-4, blanom-s, blanom-6, and blanom-7. The gBlock sequences for each MBL gene
were obtained from the Comprehensive Antibiotic Resistance Database (CARD;

https://card.mcmaster.ca/). The sequence of blaam1 from the CARD was codon
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optimized for E. coli K-12 to facilitate its expression in the E. coli and K. pneumoniae
strains. Each MBL gene fragment was subsequently cloned into the pGDP2 vector. As
blanom-4, blanom-s, blanom-s, and blanom-7 differ from blanom-1 by only a few point
mutations, constructs of these variants were generated by site-directed mutagenesis of
pGDP2:blanom-1 using the primers listed in Supplemental Table 2.7. In comparison to
NDM-1, the NDM-4 (M154L) and NDM-6 (A233V) variants required a single nucleotide
substitution whereas the NDM-5 (M154L and V88L) and NDM-7 (D130N and M154L)
variants needed two nucleotide substitutions. All MBL gene sequences were verified by
Sanger sequencing. For antibiotic susceptibility and AMA potentiation assays, the
purified plasmids were transformed into chemically competent E. coli BW25113 cells, E.
coli BW25113 AbamB AtolC cells, or K. pneumoniae ATCC 33495 cells. The freeze-
thaw transformation procedure of the K. pneumoniae cells followed the protocol
described in reference (35). These bacterial strains were chosen for the transformation
because E. coli BW25113, and K. pneumoniae ATCC 33495 are carbapenem-susceptible

(see Supplemental Tables 2.1, 2.2, 2.3).

2.7.2 pE-SUMOstar and pET-28b plasmid construction

For protein overproduction and purification, the MBL genes previously cloned into the
pGDP2 vectors were used as templates for cloning into overexpression vectors using the
primers listed in Supplemental Table 2.8. SignalP (http://www.cbs.dtu.dk/services/
SignalP/) was used to determine the sequence of the signal peptide, which was excluded
from the final constructs to facilitate cytoplasmic accumulation. The VIM-2, IMP-7, and

AIM-1 genes were ligated in a pET-28b vector in frame with a cleavable N-terminus
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6xHis tag. All NDM genes were ligated into a pE-SUMOstar vector in frame with an N-
terminus 6xHis-Smt3 tag. Smt3 is a ubiquitin-like protein from Saccharomyces
cerevisiae. The purified plasmids were then transformed into chemically competent E.
coli BL21(DE3) cells. Mature MBL gene sequences were verified by Sanger sequencing

before overexpression.

2.7.3 Western blot analysis

Engineering FLAG-tagged variants of each MBL was achieved through a PCR-based
procedure. The MBL genes previously cloned into the pGDP2 vectors were used as
templates for the addition of the protein tag by using the primers listed in Supplemental
Table 2.8. To allow for the addition of the FLAG-tag to the C terminal of the protein, the
stop codon needed to be removed from the C-terminal of the MBL gene. The tagged
MBL genes were ligated into the pGDP2 vector and transformed into chemically
competent E. coli BW25113 cells. Gene sequences were verified by Sanger sequencing
before immunodetection.

Cation-adjusted Mueller Hinton Il broth (CAMHB) supplemented with kanamycin (50
pHg/mL) was inoculated with E. coli BW25113 cells containing the FLAG-tagged MBL.
The inoculated medium was incubated at 37°C until the optical density at 600 nm (ODsoo)
reached 1.0. Cells (1 ml) were harvested by centrifugation (17,000 x g, 2 min, room
temperature). The cell pellet was resuspended in 100 pL of double-distilled water
(ddH20) and mixed with 100 pL of 2x SDS running buffer. Proteins resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were transferred to a

polyvinylidene difluoride membrane (PVDF) and probed with mouse-derived anti-FLAG
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monoclonal antibodies conjugated to horseradish peroxidase (HRP; GenScript,
Piscataway, NJ) (1:5,000). Chemiluminescence signals were detected using a ChemiDoc
MP imaging system (Bio-Rad, Hercules, CA). Following imaging, irreversible inhibition
of HRP was conducted by incubating the Western blot with 30% hydrogen peroxide for
15 min at 37°C (36). The Western blot was then reprobed with mouse-derived anti-RpoA
antibodies (BioLegend, San Diego, CA) (1:5,000) and anti-mouse IgG antibodies
conjugated to HRP (Cell Signaling Technology, Danvers, MA) (1:5,000).
Chemiluminescence signals were detected using a ChemiDoc MP imaging system.
Protein band intensities were quantified using Image Lab software (Bio-Rad). These
results were then plotted and analyzed using GraphPad Prism 8 (GraphPad, La Jolla, CA)
to determine the relative protein expression levels. The antibodies targeting the alpha

subunit of RNA polymerase (RpoA) served as loading controls for the analysis.

2.7.4 Protein purification

For each MBL, LB medium supplemented with kanamycin (50 pg/ml) was inoculated
with E. coli BL21(DE3) cells containing the appropriate plasmid. The inoculated medium
was incubated at 37°C until the ODsoo reached 0.6 to 0.8. Expression of the constructs
was induced by the use of isopropyl-f-D-thiogalactopyranoside (IPTG) at a final
concentration of 1 mM. Cultures were then incubated at 16°C for 16 to 20 h. Cells were
harvested by centrifugation (6,000 x g, 20 min, 4°C) using a Beckman Coulter Avanti J-
25 centrifuge with a JLA 9.1000 rotor (Beckman Coulter, Fullerton, CA) and frozen at
—20°C until required. For purification, the cell pellet was resuspended in lysis buffer (25

mM HEPES-NaOH, 300 mM NaCl, 10 mM imidazole, 100 puM ZnSOQOs4, pH 7.5). Cells
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were then disrupted by sonication (8-s intervals for 8 min) using a Microson XL-2000
ultrasonic liquid processor (Qsonica, Newtown, CT) set at level 12. Unbroken cells were
removed by centrifugation (40,000 x g, 20 min, 4°C) using a Beckman JLA 25.50 rotor
(Beckman Coulter). His-tagged proteins were then bound to 2 ml of HisPur nickel-
nitrilotriacetic acid (Ni-NTA) resin (Pierce, Rockford, IL) and applied to a gravity
column. The resin was washed three times with lysis buffer (60 ml total volume), and the
protein eluted with lysis buffer containing 300 mM imidazole. Fractions were analyzed
using SDS-PAGE. All fractions shown to contain purified g-lactamase were combined
and dialyzed for 16 to 20 h at 4°C in dialysis buffer (25 mM HEPES-NaOH, 150 mM
NaCl, 100 uM ZnSOs, pH 7.5). Following dialysis, the 6xHis tag was removed from the
protein using thrombin (Sigma-Aldrich, St-Louis, MO). The 6xHis tag and undigested
protein were removed by passage through HisPur Ni-NTA resin equilibrated in dialysis
buffer. Subsequently, thrombin was removed with p-aminobenzamidine-agarose resin.
Protein samples were then analyzed by SDS-PAGE to confirm tag removal. The purified
proteins were stored at 4°C or frozen at —20°C.

Purification of NDM-1 proceeded as described above, except for the addition of the
Ulp-1 (ubiquitin-like protein-specific protease 1) to the dialysis buffer. The dialyzed
protein was then applied to 2 ml of HisPur Ni-NTA resin to remove any uncleaved NDM-
1 as well as Ulp-1. Fractions containing cleaved NDM-1, as assessed by SDS-PAGE,
were pooled and stored at 4°C. NDM-4, NDM-5, and NDM-6 were purified using the

same procedure as that used for NDM-1 purification.
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AIM-1 was produced in an insoluble form and was acquired from the pellet obtained
after centrifugation of the cell lysate. The AIM-1-containing protein pellet was
solubilized using denaturation buffer (50 mM HEPES-NaOH, 150 mM NaCl, 6 M
guanidine HCI, pH 7.5), followed by centrifugation (30,000 x g, 20 min, 4°C). The
denatured protein sample (10 ml) was subsequently refolded in renaturation buffer (50
mM HEPES-NaOH, 150 mM NaCl, 50 mM L-arginine, 10 pM ZnSOa, pH 7.5) using a
slow dialysis method. The dialysis membrane containing AIM-1 was subjected to buffer
exchange in 50-ml volumes once per hour for a total of 8 h at room temperature.
Precipitated protein was removed by centrifugation (30,000 x g, 10 min, 4°C), and the
supernatant was then applied to HisPur Ni-NTA resin. The protein was eluted as
described above, concentrated, and further purified to remove aggregates using a size
exclusion column (HiLoad Superdex 200 16/600; GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) that was equilibrated and operated with dialysis buffer. SDS-PAGE-
analyzed fractions containing monomeric protein were combined, and the His tag was
removed as described above. The enzyme activity was tested and was comparable to

previously published kinetic data (8).

2.7.5 pB-Lactam potentiation assays

Bacterial antibiotic susceptibility assays were conducted using AMA in combination with
a p-lactam antibiotic based on the protocol described in reference (37). f-Lactam
antibiotics were dissolved in water, and AMA was diluted in water containing <5%
(vol/vol) ammonium hydroxide to ensure that the final pH was between 7.5 to 8.5.

Compounds were subjected to filter sterilization. All assays were conducted in a 96-well
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format with 10 dilutions of AMA (0.5, 1, 2, 4, 8, 12, 16, 24, 32, and 64 pg/mL) being
added to columns 1 to 10 while 8 2-fold dilutions of the g-lactam antibiotic (0.5-64
pg/mL) were added to rows A to H. The dilutions of the f-lactam antibiotics were also
added to column 11 to confirm the MIC value of the p-lactam antibiotic with each
different strain. The dilutions of AMA and the pg-lactam antibiotic were conducted
manually or with a Labcyte Echo 550 liquid dispenser (Labcyte, San Jose, CA) or with a
Thermo Scientific Multidrop Combi nL reagent dispenser (Thermo Fisher Scientific,
Waltham, MA). A bacterial inoculum was prepared from the bacterial cells of interest
using colonies picked from overnight plates whose ODe25s was adjusted to 0.08 to 0.10.
Once the optimal ODs2s was reached, a 200-fold dilution of the inoculum was conducted
before its addition to the MIC plate. The dilution of the inoculum was performed using
CAMHB. The final inoculum cell density was 5 x 10° CFU/mL. The inoculum was added
to columns 1 through 11. The bacterial inoculum and the CAMHB were then added
alternatively to column 12 to serve as growth and sterility controls. The final assay
volume was 100 pl when the assay was conducted in a 96-well round-base microtest plate
(Sarstedt, Nimbrecht, Germany) or 50 ul when the assay was scaled to a 384-well format
(flat bottom, clear, tissue culture treated, polystyrene; Corning, Kennebunk, ME).
Following a 20-h static incubation at 37°C, bioassay plates containing E. coli were shaken
for 5 min to resuspend the bacterial cells. However, K. pneumoniae cells were
resuspended manually using a pipette to minimize the formation of aerosols. The bioassay
plates were read spectrophotometrically at a wavelength of 600 nm using a SpectraMax

384 Plus UV/Vis spectrophotometer/microplate reader (Molecular Devices, San Jose,
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CA). All potentiation assays were done with at least two replicates. The susceptibility
breakpoints published by the European Committee on Antimicrobial Susceptibility
Testing (EUCAST,; http://www.eucast.org/clinical _breakpoints/) were used as a

reference.

2.7.6 Accumulation assays

Antibiotic accumulation was conducted as previously described using the E. coli wild-
type and AbamB AtolC strains (38). Briefly, meropenem, doripenem, imipenem,
ertapenem, cefotaxime, ampicillin, or AMA was added to cells in a volume of 875 ul ([5-
lactam] = 50 M and [AMA] = 100 xM). Avibactam (50 M) was added to the assays
containing either cefotaxime or ampicillin. Avibactam was used to inhibit the AmpC p-
lactamase, which is chromosomally encoded by the E. coli strains and prevented the
detection of these antibiotics. The antibiotics were incubated with the bacteria (10 min,
37°C), and 800 ul of the suspension was subsequently washed through 700 pl of ice-cold
silicone oil (9:1 AR20/Sigma High Temperature) by centrifugation (12,000 x g, 2 min,
room temperature). The cells were resuspended in 200 ul water and lysed by three freeze-
thaw cycles. Cell debris was collected by centrifugation (17,000 x g, 2 min, room
temperature) using a Fisher Scientific accuSpin Micro 17 microcentrifuge (Thermo Fisher
Scientific), and the pellet was extracted with 100 x«lI methanol (MeOH). The cell extracts
were pooled and quantitatively analyzed by the used of ultraperformance liquid
chromatography (UPLC) coupled to a high-resolution quadrupole-time of flight (Q-TOF)
6550 mass spectrometer (Agilent, Santa Clara, CA). In order to detect AMA, samples

were derivatized with benzoyl chloride (BzCl) based on the protocol described in
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reference (39). Briefly, samples were mixed with acetonitrile (1:1), and 0.5 volumes of
sodium carbonate (100 mM) and BzCl (2%) were added, and the mixture was subjected
to vortex mixing. Any precipitated material was removed by centrifugation (17,000 x g, 2
min, room temperature). Samples were loaded onto a Cs column (Agilent Eclipse XDB-
C8) (100 mm by 2.1 mm; 3.5-um pore size) that had previously been equilibrated with
solvent A (water, 0.1% formic acid) and 5% solvent B (acetonitrile, 0.1% formic acid),
and they were resolved using a linear gradient of 5% to 97% solvent B over 7 min,
followed by a 1-min wash step at 97% solvent B at a flow rate of 0.4 ml/min. The Q-
TOF was operated in extended dynamic range positive-ion targeted tandem mass
spectrometry (MS/MS) modes with an m/z range of 100 to 1,700 m/z and a capillary
voltage of 0.5 kV. The collision energies and respective parent-daughter ion transitions
used for AMA and each p-lactam antibiotic are listed in Supplemental Table 2.9.
Quantification was carried out with a calibration curve of each antibiotic using Agilent
MassHunter Quantitative Analysis software. For each compound, biological and technical

replicates were conducted in triplicate and duplicate, respectively.

2.7.7 Invitro enzymes assays

MBL-catalyzed hydrolysis of g-lactam substrates was monitored spectrophotometrically
by measuring the decrease in UV absorbance at 300 nm (meropenem, doripenem,
imipenem, and ertapenem), 265 nm (cefotaxime), or 235 nm (ampicillin) in UV-grade 96-
well flat-bottom microplates (Thermo Fisher Scientific). Before use in assays, enzymes
(20 uM) were preincubated with AMA (0.5 mM; 16 h, 4°C) and subsequently dialyzed

into reaction buffer (50 mM HEPES-NaOH [pH 7.5], 100 nM AMA,; 4°C) to ensure that
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residual Zn?* was removed from the enzyme preparation. HEPES-NaOH (1 M) buffer
was pretreated with 5% (wt/vol) Chelex 100 prior to use (24 h, 25°C). Enzyme (4 to 10
nM) in reaction buffer was added to varying concentrations ZnSQO4 (0.0007, 0.0015, 0.03,
0.15, 0.31, 0.62, 1.2, 2.5, 5, 10, and 20 uM) containing carbapenem (0.5 mM), ampicillin
(0.5 mM), or cefotaxime (0.25 mM) substrate to initiate the reaction. The reactions were
monitored using a BioTek Synergy H1 plate reader (Biotek, Winooski, VT) over 5 min at
25°C. To obtain Kgzn2 values, the initial rates of substrate hydrolysis at each ZnSOa4
concentration were plotted and analyzed using nonlinear regression by fitting the data to
equation 1 using GraphPad Prism 8. In cases where zinc inhibition was apparent, equation
2 was used. All enzyme assays were performed in duplicate.

Vmax [ZHSO4]
Vo =

= (1)
Kgzm + [ZnS0Oy4]

Vmax [ZHSO4]

= 2
K4z T [ZnSO4] (1 +[ZnSO4]/ K;) @

Vo
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2.10 SUPPLEMENTAL MATERIAL

Supplemental Table 2.1: Minimum inhibitory concentration (MIC) values of different j3-
lactam antibiotics against MBL-producing E. coli BW25113. All 19 MBL genes were
cloned into the pGDP2 vector. E. coli BW25113 containing the pGDP2 plasmid, but no
MBL gene was used as a control. All MIC assays were conducted in duplicate.

Minimum Inhibitory Concentration (ug/mL)

MBL Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin
None 0.06 0.03 0.03 0.25-0.50 0.06 4
NDM-1 32 32 > 64 16 > 64 > 64
NDM-4 64 64 > 64 > 64 > 64 > 64
NDM-5 64 64 > 64 32 > 64 > 64
NDM-6 64 32 > 64 64 > 64 > 64
NDM-7 64 32 > 64 32 > 64 > 64
VIM-1 32 8-16 16 8-16 > 64 > 64
VIM-2 16 8 16-32 16 > 64 > 64
VIM-7 32 8 64 64 64 > 64
CAM-1 8 16 16 32 > 64 > 64
DIM-1 16 16 32 4 > 64 > 64
IND-1 16 8-16 32 64 > 64 > 64
GIM-1 16 8 64 4 > 64 > 64
IMP-1 16 8 32 16-32 64 > 64
IMP-7 16 8 32 4 > 64 > 64
IMP-27 32 32 64 4 > 64 16
SPM-1 32 16 64 16-32 > 64 > 64
CphA2 16-32 16-32 > 64 8-16 <0.50 4-8

L1 16 16 16-32 4-8 1 > 64
AIM-1 32 16 > 64 64 64 > 64
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Supplemental Table 2.2: Minimum inhibitory concentration (MIC) values of different [3-
lactam antibiotics against MBL-producing K. pneumoniae ATCC 33495. All 8 MBL
genes were cloned into the pGDP2 vector. K. pneumoniae ATCC 33495 containing the
pGDP2 plasmid, but no MBL gene was used as a control. All MIC assays were conducted
in duplicate.

Minimum Inhibitory Concentration (ug/mL)

MBL Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin

None 0.06 0.06-0.13 0.06 1 0.13 64
NDM-1 > 64 > 64 > 64 64 > 64 > 64
NDM-4 > 64 > 64 > 64 > 64 > 64 > 64
NDM-5 > 64 > 64 > 64 32 > 64 > 64
NDM-6 > 64 > 64 > 64 64 > 64 > 64
VIM-2 64 32 > 64 >64 > 64 > 64
IMP-7 32 32 32-64 8-16 > 64 > 64
CphA2 > 64 > 64 > 64 > 64 <0.50 64
AIM-1 > 64 64 > 64 > 64 > 64 > 64
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Supplemental Table 2.3: Minimum inhibitory concentration (MIC) values of different [3-
lactam antibiotics against MBL-producing E. coli BW25113 AbamBAtoIC. All 8 MBL
genes were cloned into the pGDP2 vector. E. coli BW25113 AbamBAtolC containing the
pGDP2 plasmid, but no MBL gene was used as a control. All MIC assays were conducted
in duplicate.

Minimum Inhibitory Concentration (ug/mL)

MBL
Meropenem Doripenem Ampicillin

None 0.06 0.06 0.50
NDM-1 32 64 > 64
NDM-4 64 > 64 > 64
NDM-5 64 32 > 64
NDM-6 64 64 > 64
VIM-2 16 8 > 64
IMP-7 16 16 > 64
CphA2 32 16 2
AIM-1 64 32 > 64
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Supplemental Table 2.4: Concentration of AMA needed to restore the activity of
different B-lactam antibiotics to their EUCAST susceptibility breakpoint concentration in
MBL-producing E. coli BW25113. All 19 MBL genes were cloned into the pGDP2
vector. All bioassays were conducted in duplicate. This table shows the results from
replicate 2.

[AMA] at the Susceptibility Breakpoint of the Antibiotic (ug/mL) 2

MBL Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin
NDM-1 8 12 16 12 64 64
NDM-4 16 16 64 16 > 64 > 64
NDM-5 12 24 64 16 > 64 > 64
NDM-6 16 16 32 12 64 > 64
NDM-7 16 24 64 24 > 64 > 64
VIM-1 8 8 12 12 24 64
VIM-2 8 8 8 8 12 16
VIM-7 8 8 8 8 8 12
CAM-1 4 12 8 8 24 > 64
DIM-1 12 12 16 4 24 64
IND-1 8 8 12 12 24 > 64
GIM-1 12 8 32 8 > 64 > 64
IMP-1 16 12 64 24 > 64 64
IMP-7 24 12 > 64 16 > 64 32
IMP-27 32 24 > 64 <0.5 > 64 12
SPM-1 12 24 64 12 > 64 > 64
CphA2 > 64 64 > 64 > 64 <0.5 <0.5

L1 12 12 24 8 <0.5 > 64
AIM-1 64 64 > 64 24 > 64 > 64

2 The EUCAST susceptibility breakpoint concentrations for meropenem, doripenem,
ertapenem, imipenem, cefotaxime and ampicillin are 2, 1, 0.5, 2, 1 and 8 pg/mL,
respectively.
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[AMA] at the Susceptibility Breakpoint of the Antibiotic (ug/mL) 2

MBL Meropenem Doripenem Ertapenem Imipenem Cefotaxime Ampicillin
NDM-1 12 16 24 12 64 > 64
NDM-4 16 24 64 24 > 64 > 64
NDM-5 16 24 64 24 > 64 > 64
NDM-6 12 16 64 24 > 64 > 64
VIM-2 8 8 8 12 16 > 64
IMP-7 32 24 > 64 64 > 64 > 64
CphA2 > 64 > 64 > 64 > 64 <0.5 > 64
AIM-1 64 64 > 64 > 64 > 64 > 64

& The EUCAST susceptibility breakpoint concentrations for meropenem, doripenem,
ertapenem, imipenem, cefotaxime and ampicillin are 2, 1, 0.5, 2, 1 and 8 pg/mL,

respectively.
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Supplemental Table 2.6: Concentration of AMA needed to restore the activity of
different B-lactam antibiotics to their EUCAST susceptibility breakpoint concentration in
MBL-producing E. coli BW25113 AbamBAtolC. All 8 MBL genes were cloned into the
pGDP2 vector. All bioassays were conducted in duplicate. This table shows the results
from replicate 2.

[AMA] at the Susceptibility Breakpoint

MBL of the Antibiotic (ug/mL) 2@
Meropenem Doripenem Ampicillin

NDM-1 8 12 32

NDM-4 16 24 > 64
NDM-5 16 16 > 64
NDM-6 16 24 > 64
VIM-2 8 8 24

IMP-7 24 24 > 64
CphA2 > 64 > 64 <05
AIM-1 64 64 > 64

& The EUCAST susceptibility breakpoint concentrations for meropenem, doripenem and
ampicillin are 2, 1 and 8 pg/mL, respectively.
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Supplemental Figure 2.1: Protein expression levels of MBL enzymes in E. coli
BW25113. The Western blot was conducted as described in the Materials and Methods
section. The antibodies used to probe the Western blot were a) mouse-derived anti-FLAG
antibodies conjugated to HRP, and b) mouse-derived anti-RpoA antibodies and anti-
mouse 1gG antibodies conjugated to HRP. Lane 1: PageRuler Prestained Protein Ladder,
lane 2: NDM-1, lane 3: NDM-4, lane 4. NDM-5, lane 5: NDM-6, lane 6: NDM-7, lane 7:
VIM-2, lane 8: IMP-7.
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Supplemental Figure 2.2: Relative protein expression levels of MBL enzymes in E. coli
BW25113. Proteins expression levels were detected using a Western blot probed with
mouse-derived anti-FLAG antibodies conjugated to HRP. The Western blot was
conducted as described in the Materials and Methods section. Antibodies targeting RpoA
served as loading controls. Protein band intensities were quantified using Image Lab.
These results were then plotted and analyzed using GraphPad Prism 8. The protein
expression levels of the MBL enzymes are shown in relation to NDM-5.
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Supplemental Figure 2.3: Zinc-dependence of MBL-catalyzed hydrolysis of p-lactam
antibiotics. Kinetic analysis of each MBL and substrate used the initial rates of reaction of
enzyme (4-10 nM) in Chelex-treated 25 mM HEPES:NaOH buffer (pH 7.5) with 100 nM
AMA at 25°C. Reaction mixtures contained saturating substrate concentrations (0.25-0.5
mM) and included varying amounts of ZnSQOa4 (0.0007, 0.0015, 0.03, 0.15, 0.31, 0.62, 1.2,
2.5, 5, 10, 20 uM). Nonlinear regression analysis was performed using GraphPad Prism 8.
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Supplemental Table 2.7: Sequences of the primers used to create the NDM variants by
site-directed mutagenesis. The changed nucleotide is indicated in red in the primer
sequence. The restriction enzyme recognition sites are underlined in the primer sequence.

Primer Name

Primer Sequence

NDM FWD
NDM REV
V88L FWD
V88L FWD
D130N FWD
D130N REV
M154L FWD
M154L REV
A233V FWD
A233V REV

5'-TACCCTCATATGGAATTGCCCAATATTATGCACC-3'
5'-TACCCTAAGCTTTCAGCGCAGCTTGTCGGC-3'
5'-CCGCGTGCTGTTGGTCGATACCGCCTG -3’
5'-TATCGACCAACAGCACGCGGCCGCCATC-3'
5'-GCGGTATGAACGCGCTGCATGCG-3’
5'-GCAGCGCGTTCATACCGCCCATCTTG-3’
5'-AAGAGGGGCTGGTTGCGCCGCAAC-3’
5'-GCAACCAGCCCCTCTTGCGGGGCAAG-3'
5'-CGCGTCAGTGCGCGCGTTTGGTG-3'
5'-ACGCGCGCACTGACGCGGCGTAG-3’
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Supplemental Table 2.8: Sequences of the primers used to create the overexpression
constructs and the FLAG-tagged MBL genes. The forward primers for the overexpression
constructs were used to remove the signal peptide of the MBL genes to allow for
cytoplasmic expression. The FLAG reverse primers were used to remove the stop codon
from the MBL genes to allow the insertion of the C-terminal FLAG-tag. The primers
created for NDM-1 could also be used for NDM-4, NDM-5, NDM-6 and NDM-7 since
all of these NDM genes share identical sequences at the binding site for the forward and
reverse primers. The restriction enzyme recognition sites are underlined in the primer

sequence.

Primer Name

Sequence of Primer

NDM-1 FWD
NDM-1 REV
VIM-2 FWD
VIM-2 REV
IMP-7 FWD
IMP-7 REV
AIM-1 FWD
AIM-1 REV
NDM-1 FLAG FWD
NDM-1 FLAG REV
VIM-2 FLAG FWD
VIM-2 FLAG REV
IMP-7 FLAG FWD
IMP-7 FLAG REV

5'-TACACGTGGTCTCCAGGTATGGGTGAAATCCGCCCGAC-3’
5'-TACCCTAAGCTTTCAGCGCAGCTTGTCGGC-3’
5'-ATTAACATATGGTAGATTCTAGCGGTGAGTATCCGACAGT-3'
5'-TATATGCTAGCCTACTCAACGACTGAGCGATTTGTGTG-3'
5'-TATATGCTAGCATGGAGGCTTTGCCAGATTTAAAAATTG-3’
S~TTATTCTCGAGTTAGTTACTTGGTTTTGATAGCTTTTTACT-3’
5S'-TATAGACATATGTCCGATGCACCAGCGAGTCGTG-3’
5S'-TATAGACTCGAGTCAAGGGCGCGCACCAGATG-3'
5'-GATGACGACAAGTGAAAGCTTGCGGCCGCA-3’
5-GTCTTTGTAGTCGCGCAGCTTGTCGGCCAT-3'
5'-GATGACGACAAGTAACTCGAGCACCACCAC-3’
5'-GTCTTTGTAGTCCTCAACGACTGAGCGATT-3'
5'-GATGACGACAAGTAACTCGAGCACCACCAC-3’
S-GTCTTTGTAGTCGTTACTTGGTTTTGATAG-3’
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Supplemental Table 2.9: Retention time, collision energies and parent-daughter ion
transitions for AMA and the different -lactam antibiotics.

p-Lactam Retention Parent Daughter Collision
Antibiotic Time (min) [M+H]* [M+H]* Energy (eV)
Bn-AMA? 2.85 412.1351 192.0655 24
Meropenem 2.82 384.1581 68.0511 40
Doripenem 2.27 421.1213 274.0671 20
Imipenem 1.09 300.1028 98.0068 40
Ertapenem 3.21 476.1498 432.1594 10
Cefotaxime 3.30 456.0657 125.0064 40
Ampicillin 3.11 350.1173 106.0827 10

& For AMA detection, samples were derivatized with benzoyl chloride to produce N-
benzoyl AMA.
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CHAPTER 3: Exploring the efficacy of AMA/meropenem combination therapy with
and without avibactam against bacterial strains producing multiple p-lactamases
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3.1 PREFACE

| performed all the experiments described in this chapter. None of this research has been
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3.2 ABSTRACT

The effectiveness of B-lactam antibiotics is being increasingly threatened by resistant
bacteria that harbour hydrolytic B-lactamase enzymes. Depending on the class of -
lactamase present, B-lactam hydrolysis can occur through one of two distinct general
molecular mechanisms. Metallo-p-lactamases (MBLS) require active site Zn?* ions, while
serine-P-lactamases (SBLs) deploy a catalytic serine residue. The result in both cases is
drug inactivation via the opening of the -lactam warhead of the antibiotic. MBLs confer
resistance to most -lactams and are insensitive to SBL inhibitors, including recently
approved diazabicyclooctanes such as avibactam; consequently, these enzymes represent
a growing threat to public health. Aspergillomarasmine A (AMA), a fungal natural
product, can rescue the activity of the B-lactam antibiotic meropenem against MBL-
expressing bacterial strains. However, the effectiveness of this B-lactam/B-lactamase
inhibitor combination against bacteria producing multiple p-lactamases remains
unknown. We systematically investigated the efficacy of AMA/meropenem combination
therapy with and without avibactam against 10 Escherichia coli, and 10 Klebsiella
pneumoniae laboratory strains tandemly expressing single MBL and SBL enzymes. Cell-
based assays demonstrated that laboratory strains producing NDM-1 and KPC-2 were
resistant to the AMA/meropenem combination but became drug-sensitive upon adding
avibactam. We also probed these combinations against a panel of 30 clinical isolates
expressing multiple B-lactamases. E. coli, Enterobacter cloacae and K. pneumoniae
clinical isolates were more susceptible to AMA, avibactam and meropenem than

Pseudomonas aeruginosa and Acinetobacter baumannii isolates. Overall, the results
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suggested that a triple combination of AMA/avibactam/meropenem would be effective
for empirical treatment of infections caused by multiple p-lactamase-producing bacteria,

especially those from the order Enterobacterales.

3.3 INTRODUCTION

With the widespread misuse and overuse of antibiotics, bacterial resistance mechanisms
readily spread among pathogens [1,2]. Consequently, many bacteria how demonstrate
resistance to multiple antibiotics [3,4]. These multidrug-resistant (MDR) pathogens
threaten the effectiveness of antibiotics, such as B-lactams, resulting in one of the biggest
threats to public health in the 21% century [5]. Consequently, there is an urgent need to
preserve the activity of existing antibiotics to circumvent the threat posed by MDR
bacteria.

The predominant resistance mechanism to B-lactams is enzymatic inactivation by
enzymes known as [-lactamases. These enzymes are divided into four classes based on
their sequence identity and mechanism of action. 3-Lactamases utilize either an active site
serine residue (class A, C, and D serine-B-lactamases) or active site Zn?* ions (class B
metallo-B-lactamases) to inactivate B-lactams by hydrolyzing the p-lactam warhead
essential to their activity [1,6]. An increasing number of bacteria contain multiple -
lactamases from different classes [7,8]. Therefore, combination therapy, which employs
two or more antibiotics and/or resistance inhibitors to target these 3-lactamase-producing
bacteria, is gaining popularity in the recovery of the activity of B-lactam antibiotics. A
significant advantage of this approach is synergy, where the combined effect of two or

more antibiotics and/or inhibitors is greater than the sum of their individual activities
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[4,9]. Given the rise of MDR strains and the growing diversity of B-lactamases, the
discovery of a combination therapy that targets bacteria producing p-lactamases from all
four classes would be the most advantageous.

Several serine-p-lactamase (SBL) inhibitors have been developed for clinical use (e.g.,
avibactam, vaborbactam, clavulanic acid) in fixed-dose combinations with various B-
lactams [10,11]. However, metallo-p-lactamases (MBLS) remain a clinical challenge due
to their insensitivity to approved SBL inhibitors and their ability to hydrolyze most -
lactam antibiotics [12,13]. Aspergillomarasmine A (AMA) is a natural product
synthesized by Aspergillus versicolor that inhibits clinically relevant MBLs, including
NDM-1 and VIM-2 [14]. Although exhibiting no antimicrobial activity itself, AMA
restores the activity of the [-lactam meropenem against Enterobacteriaceae,
Acinetobacter, and Pseudomonas isolates, producing either NDM-1 or VIM-2 [14].
Furthermore, we recently demonstrated that the inhibitory potency of AMA was enhanced
when paired with carbapenems such as meropenem [15].

While AMA offers a means to mitigate the presence of MBLs, given the growing
number of MDR isolates expressing both MBLs and SBLs, the addition of an SBL
inhibitor provides a strategy to expand the effectiveness of an AMA/meropenem
combination therapy. This study used isogenic Escherichia coli and Klebsiella
pneumoniae laboratory strains expressing individual MBL and SBL genes together with
MDR clinical isolates to evaluate the AMA/meropenem pairing efficacy. The inhibitory
potency of different AMA/B-lactam combinations was also explored in the presence of

avibactam, which can inhibit several SBL enzymes [16]. The resulting data provide a
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road map to study the effect of combining MBL and SBL inhibitors in treating infections

caused by bacteria producing multiple -lactamases.

34 RESULTS

3.4.1 Construction of tandem f-lactamase gene expression plasmids

We previously determined that AMA can rescue meropenem activity in MBL-producing
bacteria [14,15]. However, the efficiency of an AMA/meropenem combination against
bacterial strains producing multiple B-lactamases remains unknown. To investigate this
activity, one MBL (NDM-1) and one SBL (KPC-2) were cloned into the low-copy
number plasmid pGDP2 in tandem, creating NDM-1/KPC-2 and KPC-2/NDM-1 ordered
constructs [17]. These plasmids contained a PrLac promoter upstream of both genes
(Supplemental Figure 3.1). Once transformed into E. coli BW25113, minimum inhibitory
concentration (MIC) assays for different p-lactam antibiotics were conducted to
investigate gene expression.

Under individual promoter control, the NDM-1/KPC-2 and KPC-2/NDM-1 constructs
had identical meropenem, piperacillin, cefepime and cefaclor MIC values and similar
doripenem and cefotaxime MIC values (Supplemental Table 3.1). These results are
consistent with the observation that these two B-lactamase enzymes confer resistance to
these antibiotics (Supplemental Table 3.2). To determine if the genes were being
expressed equally in the constructs, we evaluated the MIC for aztreonam, which is known
to be susceptible to KPC-2 but not NDM-1 (Supplemental Table 3.2). The NDM-1/KPC-
2 and KPC-2/NDM-1 constructs demonstrated respective aztreonam MIC values of 128

pg/mL and 256 pg/mL, indicating similar KPC expression (Supplemental Table 3.1).
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Table 3.1: Concentration of AMA needed to restore the activity of different -lactam antibiotics to their susceptibility
breakpoint concentration against E. coli BW25113 strains producing one MBL and one SBL.? Genes from class A are shown in
blue, while genes from class B, class C, and class D are depicted in black, pink, and green. All assays were conducted in
duplicate. This table shows the results from replicate 1.

p-Lactamase

[AMA] at the susceptibility breakpoint of the antibiotics in different combinations (ug/mL) ¢

Gene 1 Gene 2 AMA/  AVI/  AMA/AVI/  AMAJAVI/  AMAJ/AVI/  AMA/AVI/  AMA/AVI/  AMA/AVI/  AMA/AVI/
MEM MEM MEM DOR PIP AMP CTX FEP CEC
NDM-1 KPC-2 > 32 16 8 8 16 >32 32 16 > 32
KPC-2 NDM-1 > 32 16 8 8 16 > 32 32 16 > 32
NDM-1 CTX-M-15 8 16 8 8 16 > 32 32 16 > 32
CTX-M-15 NDM-1 16 16 8 8 16 > 32 32 16 > 32
NDM-1 CMY-2 16 16 8 8 16 > 32 32 16 > 32
CMY-2 NDM-1 16 16 8 8 16 > 32 32 16 > 32
NDM-1 OXA-23 16 16 16 16 32 > 32 32 16 > 32
OXA-23 NDM-1 16 16 16 16 32 > 32 32 16 > 32
NDM-1 OXA-48 16 16 8 16 16 > 32 32 16 > 32
OXA-48 NDM-1 16 16 8 16 16 > 32 32 16 > 32

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem, DOR doripenem, PIP piperacillin, AMP ampicillin,
CTX cefotaxime, FEP cefepime, CEC cefaclor.

#Both B-lactamase genes were cloned into pGDP2 with individual promoters.
The EUCAST susceptibility breakpoint concentrations for MEM, DOR, PIP, AMP, CTX, FEP and CEC are 2,1, 8,8, 1, 1 and 1 pg/mL.
¢AVI was maintained at 4 pg/mL, except during the AVI/MEM combination.
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3.4.2 Inhibition of multiple p-lactamases by the AMA/meropenem combination is

dependent on B-lactamase class and carbapenemase activity

We previously demonstrated that the MBL inhibitory potency of AMA varied with the -
lactam partner and that the optimal antibiotic was a carbapenem such as meropenem [15].
To follow up on this finding, we sought to determine the efficacy of an AMA/meropenem
combination against 10 E. coli BW25113 and 10 K. pneumoniae ATCC 33495 strains
producing one MBL and one SBL. These included common B-lactamases from each class,
such as KPC-2 and CTX-M-15 (class A), NDM-1 (class B), CMY-2 (class C), and OXA-
48 (class D) [18-22]. In addition, certain strains were designed to produce OXA-23,
which is among the most frequently isolated carbapenem-hydrolyzing class D f-
lactamase and a predominant cause of carbapenem resistance in A. baumannii isolates
worldwide [23].

Most E. coli and K. pneumoniae strains required an AMA concentration of 8-16
pg/mL to restore the activity of meropenem to its susceptibility breakpoint (Tables 3.1,
3.2 and Supplemental Tables 3.3, 3.4). The NDM-1/KPC-2 and KPC-2/NDM-1
constructs demonstrated the highest resistance level, requiring a concentration of AMA of
> 32 pg/mL to restore susceptibility to meropenem (Tables 3.1, 3.2 and Supplemental
Tables 3.3, 3.4), consistent with the carbapenemase activity of KPC-2 (Supplemental
Table 3.2). Furthermore, OXA-23 and OXA-48 showed little to no activity against
meropenem and doripenem when produced by E. coli BW25113 (Supplemental Table
3.2) and had only modest resistance in K. pneumoniae (Supplemental Table 3.5).

Singkham-in et al. have reported that carbapenem susceptibility varied between different

92



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

K. pneumoniae isolates in a strain-specific manner partially related to gene expression
levels [24]. Overall, the results demonstrated that strains expressing SBL carbapenemases
(e.g., KPC-2) are resistant to the AMA/meropenem combination and may also require the
presence of an SBL inhibitor (e.g., avibactam) to alleviate B-lactam resistance.

Table 3.2: Concentration of AMA needed to restore the activity of meropenem to its
susceptibility breakpoint concentration against K. pneumoniae ATCC 33495 strains
producing one MBL and one SBL.? Genes from class A are shown in blue, while genes

from class B, class C, and class D are depicted in black, pink, and green. All assays were
conducted in duplicate. This table shows the results from replicate 1.

[AMA] at 2 pg/mL of MEM in

p-Lactamase different combinations (ug/mL) ¢

Gene 1 Gene 2 AMA/ AVI/ AMA/AVI/
MEM MEM MEM
NDM-1 KPC-2 > 64 > 64 8
KPC-2 NDM-1 > 64 > 64 8
NDM-1 CTX-M-15 16 > 64 16
CTX-M-15 NDM-1 16 > 64 16
NDM-1 CMY-2 8 > 64 8
CMY-2 NDM-1 8 > 64 8
NDM-1 OXA-23 16 > 64 16
OXA-23 NDM-1 16 > 64 16
NDM-1 OXA-48 8 > 64 16
OXA-48 NDM-1 16 > 64 16

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem.
#Both B-lactamase genes were cloned into pGDP2 with individual promoters.

b2 pg/mL is the EUCAST susceptibility breakpoint concentration for MEM.
¢AVI was maintained at 4 pg/mL, except during the AVI/MEM combination.
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3.4.3 pB-Lactamase inhibitors showed a greater inhibitory potency when combined

with a carbapenem antibiotic
To determine the optimal AMA/avibactam/B-lactam combination, we partnered AMA and
avibactam with two carbapenems (meropenem, doripenem), two penams (piperacillin,
ampicillin), and three cephems (cefotaxime, cefepime, cefaclor). The inhibitory potency
of these combinations was evaluated against 10 laboratory E. coli strains producing one
MBL and one SBL. The results demonstrated that most E. coli strains required 8 pug/mL
of AMA and 4 pg/mL of avibactam to restore susceptibility to both meropenem and
doripenem (Table 3.1 and Supplemental Table 3.3). For strains producing either NDM-
1/KPC-2 or KPC-2/NDM-1, this is an improvement over the AMA/meropenem
combination, where resistance to meropenem was observed even at 32 pg/mL of AMA.
Furthermore, most strains generally become resensitized to piperacillin and cefepime at
16 pg/mL of AMA and 4 pg/mL of avibactam (Table 3.1 and Supplemental Table 3.3).
However, > 32 pg/mL of AMA and 4 pg/mL of avibactam were necessary to restore
susceptibility to ampicillin and cefaclor (Table 3.1 and Supplemental Table 3.3). The
wild-type E. coli BW25113 strain encodes a chromosomal cephalosporinase (AmpC).
Therefore, these results are consistent with carbapenems, piperacillin, cefepime and
cefotaxime being poor substrates for AmpC while ampicillin and older cephalosporins are
susceptible to hydrolysis by this B-lactamase [25]. Overall, the results indicated that AMA
and avibactam achieved the greatest inhibitory potency when combined with a

carbapenem antibiotic such as meropenem.
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Table 3.3: Concentration of AMA needed to restore the activity of meropenem to its
susceptibility breakpoint concentration in combination with and without avibactam
against clinical strains producing multiple B-lactamases. Genes from class A are shown in
blue, while genes from class B, class C, and class D are depicted in black, pink, and
green. All assays were conducted in duplicate. This table shows the results from replicate
1.

[AMA] at 2 pg/mL of MEM
(bg/mL) 2 °

Strain p-Lactamases AMA/  AVI/ AMAJ/AVI/

MEM MEM MEM

Acinetobacter

baumannii BLNG08a NDM-1 OXA-23 OXA-69 > 64 > 64 > 64
Citrobacter freundii TEM-1 CTX-M-15 CMY-46
! eNoT8 unai NDM-1 CMY-6  CMY-18 8 > 64 8
OXA-1
Enterobacter cloacae NDM-1 TEM-171 OXA-1 3 16 8
36749 ACT-25
Enterobacter cloacae ACT-17 NDM-1 OXA-1 g 32 16
47219 LAP-2 TEM-1
Enterobacter cloacae ACT-17 TEM-1 CTX-M-15 8 3 16
86502 OXA-1 VIM-1
Enterobacter cloacae
397260 ACT-17 VIM-1 8 32 8
Enterobacter cloacae TEM-1 NDM-1 CTX-M-15 16 > 64 16
GN574 OXA-1 ACT-17
Enterobacter cloacae CTX-M-15 TEM-1 NDM-1 16 32 g
GN579 ACT-25 OXA-1
Enterobacter cloacae NDM-1 OXA-9 CTX-M-15
GN687 TEM-1  ACT-25 16 > 64 16
Escherichia coli TEM-1 NDM-5 CMY-42
130392-1 CMY-83 32 32 32
Escherichia coli NDM-5 CTX-M-15 OXA-1 3 8 32
376762 TEM-1 AmpC AmpC1
Escherichia coli AmpC1 NDM-5 TEM-1
376948 AmpC 32 8 > 64
Escherichia coli NDM-5 OXA-181 AmpC
387039 AmpCl  CMY-2 OXA-1 > 64 64 64
Escherichia coli CTX-M-15 TEM-166 OXA-2
GN610 NDM-1 CMY-6 AmpC > 64 16 16
OXA-1
Escherichia coli CTX-M-15 TEM-1 NDM-1 16 8 g
GN688 OXA-1 AmpC
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Table 3.3: Continued.

[AMA] at 2 pg/mL of MEM

: (ug/mL) 2P
Strain p-Lactamases AMA/ AVI/ AMAIAV
MEM MEM MEM
Klebsiella oxytoca NDM-1  CTX-M-15 TEM-1 8 32 8
GN942 OXA-9 OXY-2-8
Klebsiella pneumoniae ~ SHV-11 ~ CTX-M-15  OXA-232
86500 NDM-5  OXA-1 TEM-1 >64  >64 64
Klebsiella pneumoniae © el DL s
11(?027 OXA-48 SHV-1 TEM-1 > 64 > 64 16
OXA-9
Klebsiella pneumoniae DHA-L SHV-27 NDM-1
130592_2 OXA-232 CTX-M-15 TEM-183 16 64 16
OXA-9 CMY-42
Klebsiella pneumoniae SHV-1 OXA-181 NDM-5
420322 CTX-M-15  OXA-1 TEM-1 >64 > 64 64
Klebsiella pneumoniae TEM-1 NDM-1 CTX-M-15 3 > 64 g
GN529 SHV-144 OXA-1 SHV-66
Klebsiella pneumoniae ~ SHV-11 ~ CTX-M-15 NDM-1
GN629 DHA-7 OXA-1 16 > 64 16
Klebsiella pneumoniae  CTX-M-15  SHV-11 NDM-1
N11-0306 OXA-1 DHA-7 16 > 64 16
Klebsiella pneumoniae NDM-1  CTX-M-15 CMY-6 8 64 8
N11-2218 SHV-83 SHV-144 SHV-11
Morgargll\'é?rgorga"" CTX-M-15  NDM-1 DHA-1 8 > 64 8
Providencia rettgeri NDM-1 VEB-1a TEM-1
GN570 CMY-6 OXA-1 64 > 64 16
ProwdgnNcEi?Zwartu CMY-2 NDM-1 3 > 64 g
Pseudomonas NDM-1 VEB-9 OXA-10
aeruginosa 411090 PDC-3 OXA-50 > 64 > 64 > 64
Pseudomonas
aeruginosa H1010805 VIM-2 > 64 >64 >64
FHELEEITONES IMP-7 PDC-7  OXA-485  >64 > 64 > 64

aeruginosa H1010812

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem.
82 pg/mL is the EUCAST susceptibility breakpoint concentration for MEM.
® AVI was maintained at 4 ug/mL, except during the AVI/MEM combination.
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3.4.4 The efficacy of the AMA/avibactam/meropenem combination depends on the

class of p-lactamase and the bacterial order

The meropenem concentration chosen to evaluate the effectiveness of AMA and
avibactam was 2 pg/mL because this concentration represents the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) susceptibility breakpoint of
meropenem [26]. These AMA/avibactam/meropenem potentiation assays were then
evaluated against 10 K. pneumoniae ATCC 33495 strains producing one MBL and one
SBL. Similar to the results against E. coli, all K. pneumoniae strains were resensitized to
meropenem at 8-16 pg/mL of AMA and 4 pg/mL of avibactam (Table 3.2 and
Supplemental Table 3.4). However, more variability in the effectiveness of the
AMA/avibactam/meropenem combination was observed when tested against 30 MDR
clinical strains.

Several clinical strains became susceptible to meropenem at 8-16 pg/mL of AMA
and 4 pg/mL of avibactam (Table 3.3 and Supplemental Table 3.6). The results were
similar whether these strains produced seven different B-lactamases (CTX-M-15, TEM-
166, OXA-2, NDM-1, CMY-6, AmpC, OXA-1) such as E. coli GN610 or just two -
lactamases (ACT-17, VIM-1) such as E. cloacae 397260. If no p-lactamases were being
expressed, the AMA/avibactam/meropenem combination was not expected to have any
effect on the antibiotic susceptibility of these clinical strains. In addition, the results
demonstrated that the addition of avibactam to the AMA/meropenem combination
generally increased inhibitory potency against strains producing multiple class D OXA B-
lactamases but had minimal effect on strains producing B-lactamases solely from classes

A-C. Furthermore, AMA/avibactam/meropenem was less effective against P. aeruginosa
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isolates, requiring concentrations greater than 64 pg/mL of AMA and 4 pg/mL of
avibactam to restore meropenem susceptibility, even if only VIM-2 was being produced
(e.g., P. aeruginosa H1010812). In addition, A. baumannii BINGO08a showed a high level
of resistance to the AMA/avibactam/meropenem combination (Table 3.3 and
Supplemental Table 3.6) due to the production of OXA-23, a carbapenem-hydrolyzing
class D B-lactamase, which is insensitive to AMA and avibactam [14,27]. Additional
findings demonstrated that the efficacy of the AMA/avibactam/meropenem combination
was not necessarily related to the initial degree of avibactam resistance for the strains. For
example, E. coli GN688 and P. rettgeri GN570 conferred avibactam MIC values of 16
pg/mL and 1024 pg/mL. Yet, both strains were resensitized to meropenem with 16
pg/mL of AMA and 4 pg/mL of avibactam (Table 3.3 and Supplemental Tables 3.6, 3.7).
Overall, the results indicated that the AMA/avibactam/meropenem combination was
effective against Enterobacterales producing p-lactamases from classes A-D but lacked

activity against Pseudomonas and Acinetobacter isolates.

3.5 DISCUSSION

While AMA has previously been shown to restore the activity of B-lactam antibiotics
against MBL-expressing bacteria [14,15], many bacterial strains produce multiple B-
lactamases from different classes [7,8]. Therefore, tandem [-lactamase pGDP2 expression
vectors were constructed to explore the inhibitory potency of the AMA/avibactam/f-
lactam antibiotic combinations against 10 E. coli and 10 K. pneumoniae laboratory strains
producing one MBL (NDM-1) and one SBL (KPC-2, CTX-M-15, CMY-2, OXA-23, or

OXA-48) enzyme.
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Generating plasmids with a promoter upstream of both f3-lactamase genes resulted in
similar antibiograms, regardless of the position of the genes in the constructs
(Supplemental Table 3.1). These results are consistent with previous studies which
demonstrated that adding a second promoter allowed equal expression of two genes in the
same plasmid [28]. The effectiveness of AMA and avibactam in combination with -
lactam antibiotics from three subclasses (penam, cephem, carbapenem) could then be
determined against bacterial strains containing these plasmids. Consistent with our
previous study, AMA and avibactam demonstrated the most significant inhibitory
potency when paired with a carbapenem antibiotic such as meropenem or doripenem
(Table 3.1 and Supplemental Table 3.3), possibly due to B-lactam antibiotics having
varying affinities for their targets, the penicillin-binding proteins (PBPs) [15]. For
example, carbapenems (e.g., meropenem and doripenem) are potent inhibitors of essential
PBPs such as PBP2, which is important for bacterial cell shape and elongation [29,30].
Comparatively, ampicillin’s bactericidal activity results from the inhibition of several
non-essential PBPs [30].

Consistent with the mode of action of AMA, the AMA/meropenem combination
demonstrated no activity in inhibiting SBL carbapenemases (e.g., KPC-2) in E. coli and
K. pneumoniae laboratory strains [14]. However, in the presence of AMA and avibactam,
the activity of meropenem was restored against all laboratory strains producing multiple
B-lactamases (Tables 3.1, 3.2 and Supplemental Tables 3.3, 3.4). These results indicated
that combining an MBL inhibitor and an SBL inhibitor can restore -lactam susceptibility

against bacterial strains producing multiple B-lactamases. In addition, the inhibitory
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potency of the AMA/avibactam/meropenem combination did not appear to be pathogen-
dependent for two representative Enterobacteriaceae laboratory strains.

The inhibitory potency of AMA, avibactam and meropenem was also explored against
30 MDR clinical isolates. Both the AMA/meropenem and AMA/avibactam/meropenem
combinations were shown to be most effective against Enterobacterales isolates
producing SBLs from classes A and C as well as NDM-1 (Table 3.3 and Supplemental
Table 3.6). However, the AMA/meropenem combination was less effective against
clinical isolates producing multiple class D OXA B-lactamases or NDM variants (e.g.,
NDM-5). Still, meropenem susceptibility generally increased upon adding avibactam to
the combination. These results are consistent with previous studies demonstrating that
AMA is a rapid and potent MBL inhibitor [14] while avibactam effectively inhibits class
A, C, and some class D enzymes [27].

The AMA/meropenem and AMA/avibactam/meropenem combinations demonstrated
little activity against A. baumannii and P. aeruginosa isolates regardless of their f-
lactamase content (Table 3.3 and Supplemental Table 3.6). This observed resistance could
reflect the notable level of intrinsic and acquired antibiotic resistance mechanisms in P.
aeruginosa [31]. Furthermore, previous studies have shown that avibactam has little to no
activity against carbapenem-hydrolyzing class D B-lactamases such as OXA-23, OXA-
24/40, OXA-51, OXA-58 and OXA-143 [27,32], which are typically produced by A.
baumannii [22,23]. Therefore, different SBL inhibitors may be required to alleviate A.

baumannii and P. aeruginosa resistance. For example, both durlobactam and
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taniborbactam have shown potent activity in clinical trials against MDR Acinetobacter
spp. and carbapenem-resistant P. aeruginosa, respectively [27].

Overall, these results demonstrate that an AMA/avibactam/meropenem combination
may have value in infections caused by Enterobacteriaceae producing class A, B and C B-
lactamase enzymes. As MDR isolates are increasingly found to express many B-
lactamases, higher-order combinations of antibiotics with B-lactamase inhibitors should
be considered for further development to ensure adequate coverage of resistance

mechanisms.

3.6 MATERIALS AND METHODS

3.6.1 Construction of pGDP2 vectors containing a promoter for each f-lactamase
gene

The sequences of the pB-lactamase genes were obtained from the Comprehensive
Antibiotic Resistance Database (CARD) [33]. The pGDP2 plasmids containing a single
B-lactamase gene were constructed as described previously [15]. These plasmids were
then used as the foundation for cloning the second B-lactamase gene into the pGDP2
vectors. The construction of the pGDP2:NDM-1/KPC-2 (Supplemental Figure 3.1) began
with the polymerase chain reaction (PCR) amplification of blanom1 from the
pGDP2:NDM-1 plasmid using 5'-GCC AGC CTA GCC GGG AGA TCT-3' as a forward
primer and 5-CCG TTG AGC ACC GCC GCC GCA GAA GGC CAT CCT GAC GGA
TGG-3' as the reverse primer. To facilitate gene expression in downstream experiments,
the primers were designed to amplify the PLac promoter, the sequence of blanowm-1, and the

rrnB T2 terminator from the template plasmid. In addition, the forward primer and the
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reverse primer were engineered to amplify approximately 20 nucleotides upstream and
downstream, respectively, of the Bglll recognition site of the pGDP2 vector. Gibson
assembly was then employed to insert the purified blanom-1 DNA into a Bglll digested
pGDP2:KPC-2 plasmid following the guidelines specified by the manufacturer [34].
Following Xbal digestion, to quickly verify the insertion of the second gene, the
purified plasmid was then transformed into chemically competent E. coli BW25113 or K.
pneumoniae ATCC 33495 cells. Transformation into K. pneumoniae cells was conducted
using the freeze-thaw transformation procedure described in reference [35]. The sequence
of the plasmid was verified by Sanger sequencing. All other pGDP2 vectors containing
two B-lactamase genes and two promoters were constructed as described above but using

their respective B-lactamase genes.

3.6.2 Cell-based antimicrobial assays
All cell-based assays were conducted in 96-well round base micro test plates (Sarstedt,
Numbrecht, Germany) based on the protocol described in references [15,36]. Most
compounds employed in these assays were dissolved in water. However, AMA was
diluted in water containing < 5% (v/v) ammonium hydroxide (NH4OH), avibactam was
dissolved in dimethyl sulfoxide (DMSO), and cefaclor was diluted in water containing 1
M hydrochloric acid (HCI). If water was used as a solvent, compounds were filter-
sterilized before use.

For all the cell-based assays, a bacterial inoculum was prepared from the bacterial
cells of interest using colonies picked from overnight plates whose optical density at 625

nm (ODs2s) was adjusted to 0.08-0.10. Once the optimal ODs2s was reached, a 200-fold
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dilution of the inoculum in cation-adjusted Mueller Hinton Il broth (CAMHB) was
conducted before adding it to the micro test plate for a final assay volume of 100 pL.

For minimum inhibitory concentration (MIC) assays, ten two-fold dilutions of the -
lactam antibiotics or -lactamase inhibitors (3.9-2000 ng/mL, 0.5-256 pg/mL or 8-4096
pg/mL) were added along the x-axis of the plate. Two columns were reserved for
controls; one served as a growth control as it contained only bacterial inoculum, while the
other was a sterility control containing only CAMHB. The MIC value was determined as
the lowest concentration of f-lactam antibiotic or f-lactam inhibitor showing no bacterial
growth.

Two-dimensional checkerboard assays were performed using AMA and meropenem
or avibactam and meropenem. Briefly, two-fold dilutions of AMA (2-32 pg/mL for E.
coli BW25113 strains and 0.5-64 pg/mL for all other strains) or avibactam (1-16 pg/mL
for E. coli BW25113 strains and 0.5-64 pg/mL for all other strains) were added along the
x-axis. Two-fold dilutions of meropenem (1-16 pg/mL for E. coli BW25113 strains and
0.5-64 pg/mL for all other strains) were then added along the y-axis of the plate. Four
columns were reserved for controls; one contained two-fold dilutions of AMA or
avibactam, one possessed two-fold dilutions of meropenem to verify MIC values, and the
last two contained the bacterial inoculum and CAMHB to serve as growth and sterility
controls. The efficacy of the combination was scored based on the minimum
concentration of AMA or avibactam required to restore meropenem growth inhibition.
According to the European Committee on Antimicrobial Susceptibility Testing

(EUCAST), the susceptibility breakpoint concentration for meropenem is 2 pg/mL [26].

103



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

Potentiation assays were conducted with AMA, avibactam, and a -lactam antibiotic.
In brief, two-fold dilutions of AMA (2—32 pg/mL for E. coli BW25113 strains and 0.5-64
pg/mL for all other strains) were added along the x-axis of a plate while two-fold
dilutions of avibactam (1-16 pg/mL for E. coli BW25113 strains and 0.5-64 pg/mL for
all other strains) were added along the y-axis of the plate. The B-lactam antibiotic was
added to both plate axes at its EUCAST susceptibility breakpoint concentration [26]. The
susceptibility breakpoint concentrations for meropenem, doripenem, piperacillin,
ampicillin, cefotaxime, cefepime and cefaclor were 2, 1, 8, 8, 1, 1 and 1 pg/mL,
respectively. Four columns of the plates were reserved for controls; three contained two-
fold dilutions of either AMA, avibactam, or the -lactam antibiotic to verify MIC values,
while one alternatively contained the bacterial inoculum and CAMHB to serve as growth
and sterility controls. The efficacy of the combination was scored based on the
concentration of AMA required to restore the activity of the different B-lactam antibiotics
to their respective EUCAST susceptibility breakpoint concentration at 4 pg/mL of
avibactam [26].

After a 16-20 h static incubation at 37°C, bioassay plates containing E. coli BW25113
were shaken for 5 min to resuspend the bacterial cells. However, bioassay plates
containing all other strains were resuspended manually using a pipette to minimize the
formation of aerosols. The bioassay plates were read spectrophotometrically at a
wavelength of 600 nm using a BioTek Synergy H1 plate reader (BioTek, Winooski, VT).

All cell-based assays were performed in duplicate.
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3.6.3 Genomic DNA extraction

LB medium was inoculated with the appropriate clinical strain. The inoculated medium
was incubated at 37°C in a shaking incubator for 16-20 h. Cells were harvested by
centrifugation (10,000 x g, 3 min, room temperature) using a Fisher Scientific accuSpin
Micro 17 microcentrifuge (Thermo Fisher Scientific, Waltham, MA). Cell pellets were
resuspended in a combination of 180 uL of genomic digestion buffer [25 mM Tris-HCI,
2.5 mM EDTA, 1% (w/v) SDS, pH 8.0] and 20 uL of proteinase K (final concentration of
1-5 mg/mL). The resuspended cells were incubated at 55°C for 2 h with occasional
mixing. The samples were supplemented with 20 pL of RNase A (final concentration of 1
mg/mL) and placed in a 37°C static incubator for 2 h. Following incubation, 200 pL of
genomic lysis/binding buffer [30 mM Tris-HCI, 30 mM EDTA, 800 mM guanidine
thiocyanate, 5% (v/v) Triton X-100, 5% (v/v) Tween 20, pH 8.0] was added, and the
samples were mixed until a homogenous solution was obtained. A volume of 500 L of
phenol:chloroform:isoamyl alcohol (25:24:1) was then used to separate unwanted
proteins and cellular debris from the genomic DNA. Following centrifugation (17,000 x
g, 5 min, room temperature), the genomic DNA, located in the top aqueous layer, was
removed, and placed in a new microcentrifuge tube. The phenol:chloroform:isoamyl
alcohol extraction was repeated until there was no longer any white precipitate between
the organic and agueous phases. The genomic DNA was then supplemented with a 0.1
volume of 3 M sodium acetate (pH 5.2) and one volume of cold 2-propanol. The tube was
then gently inverted until a precipitate could be seen. Following centrifugation (12,000 x

g, 10 min, 4°C), the supernatant was removed, while ensuring that the precipitated DNA
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remained undisturbed. The pellet was then washed with 1 mL of cold 70% (v/v) ethanol.
The supernatant was removed after centrifugation (12,000 x g, 10 min, 4°C). This ethanol
wash was repeated twice. The pellet was then allowed to air dry prior to being
resuspended in 50 pL of Tris-EDTA buffer. The purity of the genomic DNA was
analyzed using a NanoDrop Spectrophotometer (Thermo Fisher Scientific) and a 1.0%
(w/v) agarose gel. The genomes of the clinical strains were then sequenced by Illumina
sequencing. Following sequencing, the genomes of the clinical strains were assembled,
and resistance genes were identified by analyzing the genome assemblies using the
Resistance Gene Identifier from the CARD, where only perfect and strict hits were

retained [33].
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3.9 SUPPLEMENTAL MATERIAL

(17) BgIII Xbal (160)

- 6xHis

————thrombin site
T Ndel (259)

Position 1

- HindIII (1074)
A\ [6xHis

Xbal (1339)

pGDP2:NDM-1/KPC-2
5123 bp

| 6xHis
\\ thrombin site
Nhel (1443)

SacI (2335)

Supplemental Figure 3.1: Plasmid map for the NDM-1/KPC-2 construct under
individual promoter control. The positions of the B-lactamase genes in the plasmid are
depicted in red and blue. The restriction sites used to clone the genes within the plasmid
are also portrayed. Plasmid map was created and annotated using SnapGene Viewer

(Dotmatics, Boston, MA).
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Supplemental Table 3.1: Minimum inhibitory concentration (MIC) values of E. coli BW25113 strains producing one MBL
and one SBL when tested against various B-lactam antibiotics.* Genes from class A are shown in blue, while genes from class
B, class C, and class D are depicted in black, pink, and green. All assays were conducted in duplicate.

p-Lactamase MIC values (ug/mL)
Gene 1 Gene 2 ATM AVI MEM DOR PIP AMP CTX FEP CEC
NDM-1 KPC-2 128 16 64 32 2048 > 4096 256 64 512
KPC-2 NDM-1 256 16 64 64 2048 > 4096 256-512 64 512
NDM-1 CTX-M-15 128 16 64 32 4096 > 4096 4096 1024-2048 1024
CTX-M-15 NDM-1 256 16 64 64 4096 > 4096 2048-4096 1024 1024
NDM-1 CMY-2 32 8 64 32 512 > 4096 256 32 512-1024
CMY-2 NDM-1 64 8 64 64 512-1024 > 4096 256 64 512
NDM-1 OXA-23 0.25 16-32 128 64 1024 > 4096 256-512 128 512
OXA-23 NDM-1 0.13 16 64 32-64 512 > 4096 256 64 512
NDM-1 OXA-48 0.13 8 64 32 512 > 4096 256 32 512
OXA-48 NDM-1 0.13 8 64 32 512 > 4096 256 32 512

Abbreviations: ATM aztreonam, AVI avibactam, MEM meropenem, DOR doripenem, PIP piperacillin, AMP ampicillin, CTX cefotaxime,
FEP cefepime, CEC cefaclor.

#Both B-lactamase genes were cloned into pGDP2 with individual promoters.
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Supplemental Table 3.2: Minimum inhibitory concentration (MIC) values of E. coli BW25113 strains producing a single p-
lactamase gene when tested against various B-lactam antibiotics.? Genes from class A are shown in blue, while genes from
class B, class C, and class D are depicted in black, pink, and green. E. coli BW25113 transformed with empty pGDP2 plasmid
was used as a control. All assays were conducted in duplicate.

B- MIC values (ug/mL)

Lactamase ;1 AVI MEM DOR PIP AMP CTX FEP CEC
None 0.13 8-16 0.06 0.03 2-4 8 0.06 0.06-0.013 4
NDM-1 0.13 16 32-64 32 256 > 4096 256 32 256

KPC-2 128 16-32 8 4 512 4096 128256 8 1024
CTX-M-15 128 16 0.06 0.06 1024 > 4096 512 64 512
CMY-2 32 16-32 0.06 0.06 32-64 512 2 0.25-0.50 512
OXA-23 0.25 16 0.25 0.06 128 1024 0.06 0.13-0.25 32
OXA-48 0.13 16 1 0.06 64-128 4096 512 0.13 64

Abbreviations: ATM aztreonam, AVI avibactam, MEM meropenem, DOR doripenem, PIP piperacillin, AMP ampicillin, CTX cefotaxime,
FEP cefepime, CEC cefaclor

& All the B-lactamase genes were cloned into the pGDP2 vector.

113



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

Supplemental Table 3.3: Concentration of AMA needed to restore the activity of different p-lactam antibiotics to their
susceptibility breakpoint concentration against E. coli BW25113 strains producing one MBL and one SBL.? Genes from class
A are shown in blue, while genes from class B, class C, and class D are depicted in black, pink, and green. All assays were
conducted in duplicate. This table shows the results from replicate 2.

B-Lactamase [AMA] at the susceptibility breakpoint of the antibiotics in different combinations (ug/mL) ? ¢
Gene 1 Gene 2 AMA/ AVI/  AMA/AVI/ AMA/AVI/ AMA/AVI/ AMA/AVI/ AMA/AVI/ AMA/AVI/  AMA/AVI/
MEM MEM MEM DOR PIP AMP CTX FEP CEC
NDM-1 KPC-2 > 32 16 8 8 16 > 32 32 16 > 32
KPC-2 NDM-1 > 32 16 8 8 16 > 32 32 16 > 32
NDM-1 CTX-M-15 8 16 8 8 16 > 32 32 16 > 32
CTX-M-15 NDM-1 16 16 8 8 16 > 32 32 16 > 32
NDM-1 CMY-2 16 16 8 8 16 > 32 32 16 > 32
CMY-2 NDM-1 16 16 8 8 16 > 32 32 16 > 32
NDM-1 OXA-23 16 16 16 16 32 > 32 32 16 > 32
OXA-23 NDM-1 16 16 16 16 32 > 32 32 16 > 32
NDM-1 OXA-48 16 16 8 16 16 > 32 32 16 > 32
OXA-48 NDM-1 16 16 8 16 16 > 32 32 16 > 32

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem, DOR doripenem, PIP piperacillin, AMP ampicillin,
CTX cefotaxime, FEP cefepime, CEC cefaclor.

#Both B-lactamase genes were cloned into pGDP2 with individual promoters.
®The EUCAST susceptibility breakpoint concentrations for MEM, DOR, PIP, AMP, CTX, FEP and CEC are 2, 1, 8, 8, 1, 1 and 1 pg/mL.
¢ AVI was maintained at 4 pg/mL, except during the AVI/MEM combination.
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Supplemental Table 3.4: Concentration of AMA needed to restore the activity of
meropenem to its susceptibility breakpoint concentration against K. pneumoniae ATCC
33495 strains producing one MBL and one SBL.? Genes from class A are shown in blue,
while genes from class B, class C, and class D are depicted in black, pink, and green. All
assays were conducted in duplicate. This table shows the results from replicate 2.

[AMA] at 2 pg/mL of MEM in

p-Lactamase different combinations (ug/mL) b

Gene 1 Gene 2 AMA/ AVI/ AMA/AVI/
MEM MEM MEM
NDM-1 KPC-2 > 64 > 64 8
KPC-2 NDM-1 > 64 > 64 8
NDM-1 CTX-M-15 16 > 64 16
CTX-M-15 NDM-1 16 > 64 16
NDM-1 CMY-2 8 > 64 8
CMY-2 NDM-1 8 > 64 8
NDM-1 OXA-23 16 > 64 16
OXA-23 NDM-1 16 > 64 16
NDM-1 OXA-48 16 > 64 16
OXA-48 NDM-1 16 > 64 16

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem.
#Both B-lactamase genes were cloned into pGDP2 with individual promoters.

b2 pg/mL is the EUCAST susceptibility breakpoint concentration for MEM.
¢AVI was maintained at 4 pg/mL, except during the AVI/MEM combination.
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Supplemental Table 3.5: Minimum inhibitory concentration (MIC) values of K. pneumoniae ATCC 33495 producing a single
B-lactamase gene when tested against various B-lactam antibiotics.? Genes from class A are shown in blue, while genes from
class B, and D are depicted in black, and green. K. pneumoniae ATCC 33495 transformed with empty pGDP2 plasmid was
used as a control. All assays were conducted in duplicate.

MIC values (ug/mL)

B_
Lactamase a1y AVI MEM DOR PIP AMP CTX FEP CEC
None 0.06 32 0.06 0.06 8 64 0.06 0.06 0.50-1
NDM-1 0.06 512-1024 128 256-512 512 > 4096 256 32 1024
CTX-M-15  64-128 1024 0.06 0.13 2048 > 4096 4096 32 > 4096
OXA-23  0.06-0.13 256 0.25 256 256 2048 0.06-0.13 0.13 128
OXA-48 0.06 256 0.25 64 128256  1024-2048  0.50 0.06-0.13 128

Abbreviations: ATM aztreonam, AVI avibactam, MEM meropenem, DOR doripenem, PIP piperacillin, AMP ampicillin, CTX cefotaxime,
FEP cefepime, CEC cefaclor.

& All the B-lactamase genes were cloned into the pGDP2 vector.
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Supplemental Table 3.6: Concentration of AMA needed to restore the activity of
meropenem to its susceptibility breakpoint concentration in combination with and without
avibactam against clinical strains producing multiple B-lactamases. Genes from class A
are shown in blue, while genes from class B, class C, and class D are depicted in black,
pink, and green. All assays were conducted in duplicate. This table shows the results from
replicate 2.

[AMA] at 2 pg/mL of MEM
(bg/mL) 2 °

Strain p-Lactamases AMA/  AVI/ AMAJ/AVI/

MEM MEM MEM

Acinetobacter

baumannii BING08a NDM-1 OXA-23 OXA-69 > 64 > 64 > 64
Citrobacter f dii TEM-1 CTX-M-15 CMY-46
Itro ch%rmreun " NDM-1 CMY-6  CMY-18 8 > 64 8
OXA-1
Enterobacter cloacae NDM-1 TEM-171 OXA-1 3 16 8
36749 ACT-25
Enterobacter cloacae ACT-17 NDM-1 OXA-1 g 32 16
47219 LAP-2 TEM-1
Enterobacter cloacae ACT-17 TEM-1 CTX-M-15 8 3 16
86502 OXA-1 VIM-1
Enterobacter cloacae
397260 ACT-17 VIM-1 8 32 8
Enterobacter cloacae TEM-1 NDM-1 CTX-M-15
GN574 OXA-1  ACT-17 16 > 64 16
Enterobacter cloacae CTX-M-15 TEM-1 NDM-1 16 32 g
GN579 ACT-25 OXA-1
Enterobacter cloacae NDM-1 OXA-9 CTX-M-15
GN687 TEM-1  ACT-25 16 > 64 16
Escherichia coli TEM-1 NDM-5 CMY-42
130392-1 CMY-83 32 32 32
Escherichia coli NDM-5 CTX-M-15 OXA-1 3 8 16
376762 TEM-1 AmpC AmpC1
Escherichia coli AmpC1 NDM-5 TEM-1
376948 AmpC 32 4 > 64
Escherichia coli NDM-5 OXA-181 AmpC
387039 AmpCl  CMY-2 OXA-1 > 64 64 64
Escherichi I CTX-M-15 TEM-166 OXA-2
5 éN%lg co NDM-1  CMY-6 AmpC > 64 16 16
OXA-1
Escherichia coli CTX-M-15 TEM-1 NDM-1 16 8 g
GN688 OXA-1 AmpC
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Supplemental Table 3.6: Continued.

[AMA] at 2 pg/mL of MEM
: (ug/mL) 2P
Strain p-Lactamases AMA/ AVI/ AMAIAV
MEM MEM MEM
Klebsiella oxytoca NDM-1  CTX-M-15 TEM-1 8 32 8
GN942 OXA-9 OXY-2-8
Klebsiella pneumoniae ~ SHV-11 ~ CTX-M-15  OXA-232
86500 NDM-5  OXA-1 TEM-1 >64  >64 64
Klebsiella pneumoniae © el DL s
11(?027 OXA-48 SHV-1 TEM-1 > 64 > 64 16
OXA-9
Klebsiella pneumoniae DHA-L SHV-27 NDM-1
130592_2 OXA-232 CTX-M-15 TEM-183 16 64 16
OXA-9 CMY-42
Klebsiella pneumoniae SHV-1 OXA-181 NDM-5
420322 CTX-M-15  OXA-1 TEM-1 >64 > 64 64
Klebsiella pneumoniae TEM-1 NDM-1 CTX-M-15 3 > 64 g
GN529 SHV-144 OXA-1 SHV-66
Klebsiella pneumoniae ~ SHV-11 ~ CTX-M-15 NDM-1
GN629 DHA-7 OXA-1 16 > 64 16
Klebsiella pneumoniae  CTX-M-15  SHV-11 NDM-1
N11-0306 OXA-1 DHA-7 16 > 64 16
Klebsiella pneumoniae NDM-1  CTX-M-15 CMY-6 8 64 8
N11-2218 SHV-83 SHV-144 SHV-11
Morgargll\'é?rgorga"" CTX-M-15  NDM-1 DHA-1 8 > 64 8
Providencia rettgeri NDM-1 VEB-1la TEM-1
GN570 CMY-6 OXA-1 >64 > 64 16
ProwdgnNcEi?Zwartu CMY-2 NDM-1 3 > 64 g
Pseudomonas NDM-1 VEB-9 OXA-10
aeruginosa 411090 PDC-3 OXA-50 > 64 > 64 > 64
Pseudomonas
aeruginosa H1010805 VIM-2 > 64 >64 >64
Pseudomonas IMP-7 PDC-7  OXA-485 >64  >64 > 64

aeruginosa H1010812

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem.
82 pg/mL is the EUCAST susceptibility breakpoint concentration for MEM.
® AVI was maintained at 4 ug/mL, except during the AVI/MEM combination.
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Supplemental Table 3.7: Minimum inhibitory concentration (MIC) values of clinical

strains. All assays were conducted in duplicate.

MIC values (ug/mL)

Strain
MEM AVI
Acinetobacter baumannii BLNGO08a 256 > 4096
Citrobacter freundii GN978 32 64
Enterobacter cloacae 36749 8-16 16
Enterobacter cloacae 47219 64 32
Enterobacter cloacae 86502 128 32
Enterobacter cloacae 397260 16 64-128
Enterobacter cloacae GN574 128-256 128
Enterobacter cloacae GN579 32 32
Enterobacter cloacae GN687 128 64
Escherichia coli 130392-1 128 32-64
Escherichia coli 376762 128 128
Escherichia coli 376948 256 16
Escherichia coli 387039 256 64
Escherichia coli GN610 512 16
Escherichia coli GN688 128 16
Klebsiella oxytoca GN942 128 64
Klebsiella pneumoniae 86500 512 128-256
Klebsiella pneumoniae 110027 1024 256-512
Klebsiella pneumoniae 130392-2 128 256-512
Klebsiella pneumoniae 420322 512 > 4096
Klebsiella pneumoniae GN529 128-256 256-512
Klebsiella pneumoniae GN629 64-128 512
Klebsiella pneumoniae N11-0306 64-128 256
Klebsiella pneumoniae N11-2218 128 256-512
Morganella morganii GN575 16-32 > 4096
Providencia rettgeri GN570 128 1024
Providencia stuartii GN576 64 > 4096
Pseudomonas aeruginosa 411090 2048 > 4096
Pseudomonas aeruginosa H1010805 256 4096
Pseudomonas aeruginosa H1010812 1024-2048 > 4096

Abbreviations;: MEM meropenem, AVI avibactam.
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CHAPTER 4: Expanding the antibiotic resistance platform
to Acinetobacter and Pseudomonas species
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43 ABSTRACT

Rising rates of antibiotic resistance are jeopardizing our ability to treat bacterial
infections. One promising strategy for overcoming resistance is to employ antibiotic
adjuvants, which rescue the efficacy of existing antibiotics by inhibiting specific
resistance enzymes or enhancing their antibiotic partner’s activity. For example, antibiotic
adjuvants such as aspergillomarasmine A (AMA) and avibactam restore the activity of the
B-lactam meropenem against -lactamase-producing bacteria. Tools such as the antibiotic
resistance platform (ARP) can facilitate the discovery and characterization of antibiotic
adjuvants. The ARP consists of a cell-based array of resistance genes expressed in an
identical genetic background. However, the plasmid chassis used to construct the ARP
contains a pMB1 origin of replication, limiting this platform to Enterobacterales such as
Escherichia coli. To expand the host range of the ARP to priority pathogens within the
Pseudomonadales, such as Acinetobacter baumannii and Pseudomonas aeruginosa, we
constructed ARP plasmids containing additional origins of replication. These new
Escherichia-Acinetobacter and Escherichia-Pseudomonas shuttle vectors, pPROTO1-4
and pROKA1-4, respectively, can efficiently replicate and express antibiotic resistance
genes in diverse Enterobacterales and Pseudomonadales. Using pROTO, we generated a
series of tandem [-lactamase-expressing A. baumannii. We demonstrate that a
combination of AMA/avibactam re-sensitizes A. baumannii to meropenem even when it
simultaneously produces multiple classes of P-lactamases, a common obstacle in the

clinic. Overall, as any gene from the ARP can be sub-cloned into these new vectors, the
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pROTO and pROKA plasmids can advance the discovery and characterization of new

antibiotic adjuvants effective against A. baumannii and P. aeruginosa.

44 INTRODUCTION
In 2017, the World Health Organization published a list of priority pathogens that posed
the greatest threat to human health, with Acinetobacter baumannii and Pseudomonas
aeruginosa among the most critical [1,2]. These pathogens are common causes of
nosocomial infections, including bacteremia, ventilator-associated pneumonia, urinary
tract infections, and sepsis [3—7]. In the past, these hospital-acquired infections were
manageable with -lactam antibiotics such as carbapenems. However, the emergence of
multidrug-resistant and carbapenem-resistant A. baumannii and P. aeruginosa is
threatening the effectiveness of these antibiotics [4,7]. Although A. baumannii and P.
aeruginosa can employ several mechanisms to negate the effect of antibiotics, resistance
to B-lactams is primarily achieved through enzymatic inactivation by p-lactamases [8,9].
In addition to these enzymes, both species possess a highly impermeable cell envelope
which prevents the entry of many antibiotic classes [4,10]. These factors make A.
baumannii and P. aeruginosa infections challenging to treat with our current antibiotic
repertoire. Therefore, new antibiotics and antimicrobial strategies are needed to overcome
A. baumannii and P. aeruginosa resistance.

One promising strategy for combatting bacterial antibiotic resistance is to develop
antibiotic adjuvants. Antibiotic adjuvants are compounds that can inhibit specific
bacterial resistance enzymes or enhance the activity of existing antibiotics [11]. Several

antibiotic adjuvants are currently in clinical use, including clavulanic acid, which inhibits
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several B-lactamase enzymes and subsequently re-sensitizes bacteria to p-lactams [11,12].
Pairing amoxicillin with clavulanic acid generated Augmentin, the first p-lactam/B-
lactamase inhibitor combination, which has seen widespread clinical success [11].
However, many bacterial strains can evade inhibition by Augmentin through
overproduction of the susceptible B-lactamase or co-expression with a resistant -
lactamase [13]. This spurred the development of B-lactamase inhibitors active against a
broader spectrum of B-lactamases such as tazobactam, avibactam, vaborbactam, and
relebactam [14]. Unfortunately, no B-lactam/B-lactamase inhibitor combination on the
market can inhibit strains expressing metallo-B-lactamases (MBLs), such as the plasmid-
borne NDM-1, although some promising MBL inhibitors are currently in development
[15-17]. We previously demonstrated that a fungal natural product, aspergillomarasmine
A (AMA), can rescue the activity of the B-lactam antibiotic meropenem against bacterial
strains producing either NDM-1 or VIM-2, two clinically relevant MBL enzymes [18].
AMA was discovered through a high-throughput screen of natural product extracts, which
re-sensitized Escherichia coli harbouring NDM-1 to meropenem [18]. In principle, this
same approach applies to any other resistance enzyme. To facilitate the discovery of
novel adjuvants and reverse antibiotic resistance, we created the antibiotic resistance
platform [18,19].

The antibiotic resistance platform (ARP) consists of a library of E. coli expressing
individual resistance genes from a series of stable, low-copy number plasmids (the pGDP
series, pGDP1-4) [19,20]. For convenient cloning, all pGDP vectors use a common

cloning site (MCS) modelled after the widely used pET vectors. Two 6xHis motifs flank
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the MCS allowing for the addition of N- or C- terminal 6xHis-tags to facilitate protein
purification/detection [19]. These vectors are available with two different selection
markers, kanamycin or ampicillin, so that any resistance enzyme can be expressed
without cross-resistance from the selectable marker [19]. Users can also choose two
constitutive promoters offering high or low expression levels, Psia and Prac. pGDP1-4
correspond to all combinations of selectable markers and promoters: pGDP1 (kanamycin-
resistant, strong promoter), pGDP2 (kanamycin-resistant, weak promoter), pGDP3
(ampicillin-resistant, strong promoter), pGDP4 (ampicillin-resistant, weak promoter).
Lastly, the pGDP series carry the ubiquitous pMB1 origin of replication for plasmid
maintenance in E. coli [19,21].

Currently, the ARP contains over 100 functionally verified resistance genes that target
18 classes of antibiotics [20], and has also shown repeated success in identifying
antibiotic adjuvants. For instance, Cox et al. identified 27 molecules capable of enhancing
gentamicin activity against ANT(2")-la-expressing E. coli, including several promising
hits with inhibition constants in the low uM range [19]. Gallique et al. also used the ARP
to show that cranberry-derived proanthocyanidins potentiated -lactam activity against f3-
lactamase-producing E. coli [22]. However, one drawback to the ARP is that it is only
functional in E. coli [19,21], limiting our ability to characterize the activity of adjuvants
in different bacterial species.

In comparison to E. coli, priority pathogens such as A. baumannii and P. aeruginosa
have comparatively fewer tools for genetic manipulation and heterologous expression of

resistance genes [23,24]. Adjuvants are therefore often evaluated against panels of
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clinical isolates, which can possess multiple independent resistance mechanisms and any
number of genetic polymorphisms. For instance, many clinical strains have acquired
plasmids containing numerous resistance genes, often functionally redundant, such as
multiple extended-spectrum B-lactamases [25-28]. These factors make it difficult to
ascertain the relative contributions of any given gene to the organism’s antibiogram and
complicate the investigation of adjuvants which target specific resistance enzyme(s) such
as AMA. The limited host range of the ARP prevents the discovery of narrow-spectrum
adjuvants by precluding high-throughput screening directly in A. baumannii or P.
aeruginosa.

To overcome the aforementioned pitfalls of the ARP, we expanded its host range to A.
baumannii and P. aeruginosa by adding a second origin of replication to the pGDP
plasmid chassis. These new Escherichia-Acinetobacter and Escherichia-Pseudomonas
shuttle vectors, designated pROTO and pROKA, can be used to further study antibiotic
resistance genes, and antibiotic adjuvants in A. baumannii and P. aeruginosa. In this
work, we also demonstrate the utility of these vectors by establishing that a combination
of AMA, avibactam, and meropenem can inhibit A. baumannii producing multiple classes
of B-lactamase simultaneously. Antibiotic adjuvants can be a successful strategy in
tackling antibiotic-resistant pathogens, and the expansion of the ARP described here can

remove barriers in adjuvant research.

126



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

45 RESULTS

45.1 General construction of the pROTO and pROKA vectors

As constructed, the ARP plasmids (pGDP series) lack the machinery to replicate in A.
baumannii and P. aeruginosa. Because a pan-Pseudomonadales plasmid replication
system hasn’t been characterized, it was necessary to build separate vectors for A.
baumannii and P. aeruginosa. To construct an ARP-compatible E. coli-A. baumannii
shuttle vector, we added ori1266 from pFLP2 to pGDP1-4 to create pPROTO1-4 (Figure
4.1). For plasmid propagation in both E. coli and P. aeruginosa, the pRO1600 oriV and
replication protein from pMS402 were inserted into pGDP1-4 to generate pPROKA1-4
(Figure 4.2). These additional origins of replication were added at restriction recognition
sites that would prevent interference with the stability of the existing functional elements
of the pGDP plasmids such as the MCS or the pMBL. ori.

Furthermore, pROKA1-2 required substitution of the kanamycin selectable marker
gene aph(3')-la for the gentamicin selectable marker gene ant(2")-la. This step was
necessary because many P. aeruginosa, including the common laboratory strain PAO1,
are intrinsically resistant to kanamycin due to a chromosomally-encoded aminoglycoside
phosphotransferase [29], making selection on kanamycin impossible. P. aeruginosa is
also intrinsically resistant to ampicillin through the action of its inducible AmpC -
lactamase [30,31]. However, it was not necessary to replace the ampicillin selectable
marker gene blatem-1 because this gene also confers high levels of resistance to
carbenicillin, which is not a substrate for AmpC and has previously been employed for P.

aeruginosa selection [32,33].
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Figure 4.1: Detailed pROTO plasmid maps. The restriction enzymes forming the
multiple cloning site (MCS) are shown for each plasmid: (A) pROTO1, (B) pROTO2, (C)
pROTO3, (D) pROTO4. Plasmid maps were created and annotated using SnapGene
Viewer (Dotmatics, Boston, MA).

As pROTO and pROKA employed the pGDP series of ARP plasmids as backbones,
these new Escherichia-Acinetobacter and Escherichia-Pseudomonas shuttle vectors

retain the same functionality and nomenclature as the originals. For instance, pGDP1,

pROTOL, and pROKAL all have the Psia promoter for high-level, constitutive expression,
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and the aminoglycoside selectable marker (kanamycin/gentamicin). In addition, the
backwards compatibility afforded by the universal pGDP backbone ensures that any of
the 100 genes in the ARP can be easily sub-cloned into these vectors and transferred to

diverse Acinetobacter spp. or Pseudomonas spp.
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Figure 4.2: Detailed pROKA plasmid maps. The restriction enzymes forming the
multiple cloning site (MCS) are shown for each plasmid: (A) pPROKA1, (B) pPROKA2,
(C) pPROKAS, (D) pPROKAA4. Plasmid maps were created and annotated using SnapGene
Viewer (Dotmatics, Boston, MA).
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4.5.2 Plasmid stability and host range

We next examined the ability of pPROTO1-4 and pROKA1-4 to replicate in different
Gram-negative hosts, including E. coli BW25113, A. baumannii ATCC 17978, A.
baumannii ATCC 19606, P. aeruginosa PAO1 and P. aeruginosa PA14. Additionally,
since the pMBL1 ori found on the pGDP backbone is present in plasmids isolated outside
Escherichia spp., we tested the ability of the pROTO and pROKA series to replicate in
other Enterobacterales, such as Klebsiella pneumoniae ATCC 33495 and Enterobacter
aerogenes ATCC 13048. These bacteria are common laboratory/reference strains
routinely used in testing and research [34-37]. All strains we tested were reliably
transformed with our panel of expanded ARP plasmids. Robust selection of transformants
across most species was possible at 50 pg/mL of kanamycin (pROTO1-2), 20 pg/mL of
gentamicin (pROKA1-2), and 250 pg/mL of carbenicillin (pPROKA3-4). Selection of
pROTO3-4 was conducted using 100 pg/mL of ampicillin (E. coli, A. baumannii ATCC
17978) or 250 pg/mL of carbenicillin (A. baumannii ATCC 19606, E. aerogenes). In
addition, for K. pneumoniae, selection of pPROTO/pROKA series 3 and 4 containing
either ant(2”)-la or aac(6’)-1b10 was more efficient using kanamycin (50 pug/mL). We
observed no difference in baseline antibiotic susceptibility with these plasmids other than
the expected changes from the resistance cassette (Figures 4.1, 4.2). These results
demonstrate that the modifications we made to expand the host range of the ARP to A.
baumannii and P. aeruginosa were successful. We also note that the original pGDP series
can replicate stably in K. pneumoniae and E. aerogenes, meaning the ARP can function

directly in these pathogens. Together, pGDP, pROTO, and pROKA cover all the Gram-
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negative members of the ESKAPE pathogen panel (K. pneumoniae, A. baumannii, P.
aeruginosa, Enterobacter spp.) [38]. Future studies will quantify the stability of the
plasmid in the absence of selection, the relative fitness of the plasmid through
competition with plasmid-free strains, and determine the plasmid copy number in both A.

baumannii and P. aeruginosa.

453 pROTO and pROKA validation

The ARP and the pROTO/pROKA series serve as a standardized platform for the
heterologous expression of antibiotic resistance genes. Our newly constructed vectors
must reliably perform this task across E. coli, A. baumannii, and P. aeruginosa hosts.
Therefore, we chose two B-lactamases (blanom-1 and blactx-m-15) and two aminoglycoside
modifying enzymes [ant(2")-la and aac(6')-1b10] for expression in the appropriate
pROTO and pROKA vectors (avoiding cross-resistance with the selectable marker). We
used these constructs to validate all the key functions of our plasmids in A. baumannii and
P. aeruginosa, namely the expression of cargo genes, the difference between the stronger
promoter (Psla, PROTO/pROKA series 1 and 3) and weaker promoter (Plac,
pROTO/pROKA series 2 and 4), and the function of the N- and C-terminal 6xHis-tags.
The aforementioned genes were chosen because of their well-documented resistance
phenotypes and broad distribution among Gram-negative pathogens such as A.
baumannii, Citrobacter freundii, E. cloacae, E. coli, K. pneumoniae, Providencia stuartii,

P. aeruginosa, Salmonella enterica, and Serratia marcescens [39].
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Table 4.1: Minimum inhibitory concentration (MIC) values of different antibiotics
against E. coli and A. baumannii strains producing plasmids from the pROTO series. All
MIC assays were conducted in duplicate.

. . MIC values (ng/mL)
Bacteria/Plasmid/Gene  \iem cTX PIPIAMP2  KAN GEN TOB
E. coli BW25113 wild-type
pROTO1 None 0.031 0.063 2 4096 ND ND
NDM-1 32 256 512 2048 ND ND
CTX-M-15 0.031 4096 1024-2048 4096 ND ND
pROTO2 None 0.031 0.063 2 2048-4096 ND ND
NDM-1 32 128 128-256 2048-4096 ND ND
CTX-M-15 0.031 256 256 4096 ND ND
pROTO3 None ND ND > 4096 2-4 0.50 0.25
ANT(2")-la ND ND > 4096 512 256 256-512
ACC(6')-1b10 ND ND > 4096 256 16 32-64
pROTO4 None ND ND > 4096 2 0.50 0.25
ANT(2")-la ND ND > 4096 256 64-128 128
ACC(6')-1b10 ND ND > 4096 512 8 64
A. baumannii ATCC 17978
pROTO1 None 0.25 8 16 2048 ND ND
NDM-1 64 128 512-1024 2048 ND ND
CTX-M-15 0.25 512-1024 512 2048 ND ND
pROTO2 None 0.25 16 16 2048 ND ND
NDM-1 32 64 256 1024 ND ND
CTX-M-15 0.50 512-1024 256 1024-2048 ND ND
pROTO3 None ND ND > 4096 4 4 1
ANT(Q2")-la ND ND > 4096 256-512 2048 256
ACC(6')-1b10 ND ND > 4096 256 64 32-64
pROTO4 None ND ND > 4096 4-8 4 1
ANT(2")-la ND ND > 4096 256 512-1024 128
ACC(6')-1b10 ND ND > 4096 256 8 64
A. baumannii ATCC 19606
pROTO1 None 1 64 32-64 4096 ND ND
NDM-1 128-256 2048 256-512 2048 ND ND
CTX-M-15 1 2048 1024 2048 ND ND
pROTO2 None 1 64 32 2048 ND ND
NDM-1 64 1024 128 2048 ND ND
CTX-M-15 1 1024 256-512 2048 ND ND
pROTO3 None ND ND 4096 16 32 4
ANT(2")-la ND ND 4096 2048 > 4096 2048-409¢
ACC(6)-1b10 ND ND > 4096 512 256-512 256
pROTO4 None ND ND 4096 16 32 4
ANT(2")-la ND ND 4096 512 > 4096 512-1024
ACC(6)-1h10 ND ND 4096 1024 256 256

Abbreviations: MEM meropenem, CTX cefotaxime, PIP piperacillin, AMP ampicillin, KAN
kanamycin, GEN gentamicin, TOB tobramycin, ND not determined.

4PIP was used for MIC assays against pPROTO1-2 while AMP was used for MIC assays against
pROTO3-4.
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Table 4.2: Minimum inhibitory concentration (MIC) values of different antibiotics
against E. coli and P. aeruginosa strains producing plasmids from the pROKA series. All
MIC assays were conducted in duplicate.

. . MIC values (ng/mL)
Bacteria/PlasmidiGene  \iem cTX PIPICAR®  KAN GEN TOB
E. coli BW25113 wild-type
pROKA1 None 0.031 0.063 2 ND 128 ND
NDM-1 16 512 2048 ND 256 ND
CTX-M-15 0.063 > 4096 4096 ND 256 ND
pROKA2 None 0.031 0.063 2 ND 128-256 ND
NDM-1 32 256-512 256-512 ND 256 ND
CTX-M-15 0.031 1024 1024 ND 256 ND
pROKA3 None ND ND > 4096 2 0.50 1
ANT(2")-la ND ND > 4096 1024 512-1024 512-1024
ACC(6)-1b10 ND ND > 4096 512 8-16 16-32
pROKA4 None ND ND > 4096 2 0.50 0.50
ANT(2")-la ND ND > 4096 256 256 128
ACC(6")-1b10 ND ND > 4096 512 16-32 32
P. aeruginosa PAO1
pROKA1 None 2 16 2 ND 1024 ND
NDM-1 512 > 4096 128 ND 1024-2048 ND
CTX-M-15 2 512 128 ND 1024-2048 ND
pROKA2 None 2 4 1-2 ND 2048 ND
NDM-1 > 4096 > 4096 1024 ND 1024-2048 ND
CTX-M-15 4 > 4096 2048 ND 1024 ND
pROKA3 None ND ND 4096 128 0.50-1 0.50-1
ANT(2")-la ND ND > 4096 128 128-256 64
ACC(6)-1b10 ND ND 2048-4096 128 8 16
pROKA4 None ND ND > 4096 64 1-2 1
ANT(2")-la ND ND > 4096 2048 2048 512
ACC(6")-1b10 ND ND > 4096 1024 16 128
P. aeruginosa PA14
pROKA1 None 0.50-1 32 4-8 ND 4096 ND
NDM-1 128 > 4096 128 ND > 4096 ND
CTX-M-15 0.50 1024 128-256 ND 2048-4096 ND
pROKA2 None 0.50-1 16 4 ND > 4096 ND
NDM-1 1024 > 4096 512 ND > 4096 ND
CTX-M-15 2 > 4096 2048 ND > 4096 ND
pROKA3 None ND ND 4096 64 2 1
ANT(2")-la ND ND > 4096 256 256-512 64-128
ACC(6")-1b10 ND ND 4096 64-128 8 32
pROKA4 None ND ND > 4096 64 1 1
ANT(2")-la ND ND > 4096 2048 4096 1024
ACC(6")-1b10 ND ND > 4096 1024 32 256

Abbreviations: MEM meropenem, CTX cefotaxime, PIP piperacillin, AMP ampicillin, KAN
kanamycin, GEN gentamicin, TOB tobramycin, ND not determined.

4 PIP was used for MIC assays against pPROKA1-2 while CAR was used for MIC assays against
pROKA3-4.
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We extensively validated the function of these constructs through antibiotic
susceptibility testing across multiple strains of E. coli, A. baumannii, and P. aeruginosa
(Tables 4.1, 4.2). The correct antibiotic resistance phenotypes were recapitulated across
all genes and hosts. For example, NDM-1 expressing constructs confer resistance to three
of the general B-lactam subclasses: carbapenems (meropenem), penicillins/penams
(piperacillin) and cephalosporins/cephems (cefotaxime). Conversely, CTX-M-15 cannot
hydrolyze carbapenems such as meropenem [40], and therefore conferred resistance to
only piperacillin and cefotaxime (Tables 4.1, 4.2). In the case of ANT(2")-la and
AAC(6)-1b10, both enzymes confer robust resistance to kanamycin and tobramycin, but
AAC(6)-1b10 conferred significantly less resistance to gentamicin (Tables 4.1, 4.2). This
enzyme is well known to possess weak activity against gentamicin [41]. The fold-change
in resistance conferred by our constructs is generally consistent (in most cases within two
to eight-fold) among strains (i.e., PAO1 and PA14) and among different species (Tables
4.1, 4.2 and Supplemental Tables 4.1, 4.2). For instance, pROTO1:NDM-1 and
pROKAL:NDM-1 increase the meropenem MIC by 128-256 in A. baumannii ATCC
17978, ATCC 19606 and P. aeruginosa PAOL, PA14, and by 256-512-fold in E. coli
BW25113 wild-type. Exceptions to this can be at least in part explained by differences in
intrinsic resistance (i.e., a higher initial MIC, as can be seen for A. baumannii ATCC
19606 and cefotaxime, piperacillin resistance). Consistent with our original pGDP series
[19], genes expressed from Peia ()DROTO/pROKA series 1 and 3) generally conferred two-
fold to four-fold higher resistance than PLac controlled constructs (pPROTO/pROKA series

2 and 4), offering users some control over the expression/resistance level. In summary,
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we have comprehensively validated the function of the pROTO and pROKA series across
six different microbial hosts with four independent antibiotic resistance genes. These data
show that pROTO and pROKA are robust and reliable tools for the study of antimicrobial
resistance.

To simplify protein purification and detection, we included 6xHis motifs upstream and
downstream of the MCS in pROTO and pROKA. To confirm that N- and C-tagged
proteins are produced using our vectors, we constructed tagged versions of NDM-1,
CTX-M-15, ANT(2")-la and AAC(6')-1b10. Because B-lactamases contain N-terminal
signal sequences that are removed during their localization to the periplasm [40], any N-
terminal 6xHis-tag would be cleaved. As a result, it was only possible to generate C-
terminally tagged B-lactamases. Both pROTO and pROKA plasmids expressing C-
terminally tagged NDM-1 or CTX-M-15 confer resistance to the expected antibiotics
(piperacillin, cefotaxime, and in the case of NDM-1 meropenem), indicating that they are
indeed expressed. However, in all cases, they exhibited a two-fold to four-fold increase in
susceptibility relative to their untagged counterparts (Tables 4.1, 4.2 and Supplemental
Tables 4.3, 4.4). We attribute this to a protein-specific effect of the 6xHis-tag on B-
lactamases, as C-terminally tagged pROTO and pROKA plasmids expressing either
ANT(2")-la or AAC(6)-1b10 demonstrated similar gentamicin, kanamycin, and
tobramycin MIC values as their N-terminally tagged counterparts (Tables 4.1, 4.2 and
Supplemental Tables 4.3, 4.4). Despite their usefulness, affinity tags are widely
understood to have pleiotropic effects on protein function [42]. Nevertheless, these results

suggest that the 6xHis-tags are correctly translated and can be used to monitor protein
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expression. Future experiments will confirm the production of each 6xHis-tagged protein

in various Gram-negative hosts via Western blotting.

45.4 Determination of the susceptibility of tandem p-lactamase gene expression
shuttle vectors
Bacterial infections caused by multidrug-resistant and carbapenem-resistant A. baumannii
are often difficult to treat due to the production of multiple B-lactamases [43]. B-
lactamases either employ active site Zn?* (metallo-p-lactamase; MBL) or serine (serine-p-
lactamase; SBL) to hydrolyze -lactam antibiotics [44,45]. Antibiotic adjuvants with the
capacity to inhibit these pB-lactamase enzymes represent a promising strategy for
overcoming A. baumannii resistance. We hypothesized that the combination of a classic,
broad-spectrum SBL inhibitor such as avibactam [46], and the MBL inhibitor AMA
should be able to inhibit the activity of almost any combination of B-lactamases. To test
this hypothesis, we built pROTO plasmids capable of expressing one MBL (NDM-1) and
one SBL (KPC-2, CTX-M-15, CMY-2, or OXA-48) from independent promoters and
transformed them into A. baumannii ATCC 17978. To avoid any possible artifacts
introduced by the relative positions of the B-lactamases, we constructed each combination
in both orientations (i.e., MBL upstream of SBL vs. SBL upstream of MBL). We
attempted to re-sensitize these strains to the p-lactam antibiotic meropenem by using a
combination of avibactam and AMA. The efficiency of the p-lactam/B-lactamase inhibitor
combinations was then evaluated based on the minimum concentration of AMA needed to

restore meropenem MIC to its European Committee on Antimicrobial Susceptibility
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Testing (EUCAST) breakpoint of 2 pg/mL while maintaining the concentration of
avibactam at 4 pg/mL [47].

A. baumannii expressing either NDM-1/KPC-2 or KPC-2/NDM-1 remain resistant to
meropenem in the absence of avibactam even at an AMA concentration of 64 pg/mL
(Table 3 and Supplemental Table 6). This is because KPC-2 possesses carbapenemase
activity, and as an SBL it is not affected by AMA [18,48]. These A. baumannii strains
also possess high-level resistance to meropenem when only avibactam is employed as a
B-lactamase inhibitor, as this does not inhibit MBLs [46]. However, meropenem activity
is restored upon adding both AMA (8-16 pg/mL) and avibactam (4 pg/mL) (Table 4.3
and Supplemental Table 4.6). A. baumannii strains expressing NDM-1/CMY-2 or CMY-
2/NDM-1 required an AMA concentration of 8 pg/mL to rescue meropenem activity both
in the absence and the presence of avibactam (Table 4.3 and Supplemental Table 4.6).
Comparable results were observed upon introducing the remainder of the constructs into
the A. baumannii strains. These results are consistent with NDM-1 being inhibited by
AMA [18], while CTX-M-15 and CMY-2 are susceptible to meropenem due to a lack of
carbapenemase activity [40,49]. While OXA-48 seems to demonstrate meropenem
susceptibility, this p-lactamase has previously been shown to possess significant
carbapenemase activity in K. pneumoniae [50]. Therefore, OXA-48 may need to be
codon-optimized to obtain optimal carbapenemase activity. In addition, OXA-48 could be
substituted for an OXA enzyme which is predominantly found in A. baumannii such as
OXA-23, OXA-24/40, OXA-51, OXA-58 or OXA-143 [51]. Overall, these results

indicate that antibiotic adjuvants such as AMA and avibactam can re-sensitize A.
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baumannii to existing antibiotics such as meropenem, even in strains producing multiple
common B-lactamases [52-56].

Table 4.3: Concentration of AMA needed to restore the activity of meropenem to its
susceptibility breakpoint concentration against A. baumannii ATCC 17978 strains
producing two B-lactamases.® All assays were conducted in duplicate. This table shows
the results from replicate 1.

[AMA] at 2 pg/mL of MEM in

p-Lactamase different combinations (ug/mL) ¢

Gene 1 Gene 2 AMA/ AVI/ AMA/AVI/
MEM MEM MEM

NDM-1 KPC-2 > 64 64 16
KPC-2 NDM-1 > 64 64 8
NDM-1 CTX-M-15 16 32 16
CTX-M-15 NDM-1 8 32 16
NDM-1 CMY-2 8 16 8
CMY-2 NDM-1 16 16 8
NDM-1 OXA-48 8 16 16
OXA-48 NDM-1 8 16 16

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem.
8Both B-lactamase genes were cloned into pPROTO2 with individual promoters.
b2 pg/mL is the EUCAST susceptibility breakpoint concentration for MEM.
¢AVI was maintained at 4 pg/mL, except during the AVI/MEM combination.

4.6 DISCUSSION

Multidrug-resistant and carbapenem-resistant A. baumannii and P. aeruginosa are among
the most critical priority pathogens, according to the World Health Organization [1,2].
The discovery of antibiotic adjuvants, especially those capable of inhibiting f-lactamase
enzymes, provides an alternative therapeutic strategy for suppressing the resistance of
these pathogens [11]. As the ARP is a valuable tool for the study of antibiotic resistance

and adjuvant discovery in Enterobacterales such as E. coli, we sought to broaden the host
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range of this platform by creating a series of pGDP-derived vectors capable of
propagating in A. baumannii and P. aeruginosa. These plasmids were constructed by
inserting origins of replication known to function in Acinetobacter (oril266 from pFLP2)
and Pseudomonas (pRO1600 oriV from pMS402) into the pGDP vector series used in the
ARP. In total, four Escherichia-Acinetobacter and four Escherichia-Pseudomonas shuttle
vectors containing different promoters (Psia for pPROTO/pROKA series 1 and 3, and PLac
for pPROTO/pROKA series 2 and 4) and selectable markers (aph(3')-la for pPROTO1-2,
ant(2")-la for pPROKA1-2, and blarem-1 pPROTO/pROKA series 3 and 4) were generated
(Figures 4.1, 4.2).

We extensively tested pROTO and pROKA using four antibiotic resistance genes
commonly found in Gram-negative bacteria. We used antibiotic susceptibility testing to
confirm that blanom-1, blactx-m-15, ant(2”)-la, and aac(6’)-1b10 were expressed and
functional in the pROTO and pROKA shuttle vectors (Tables 4.1, 4.2 and Supplemental
Tables 4.1, 4.2, 4.3, 4.4). Our vectors successfully replicated the known resistance
phenotypes associated with these four genes in E. coli, two strains of A. baumannii, and
two strains of P. aeruginosa (Tables 4.1, 4.2). Our results show that increased resistance
is conferred in A. baumannii ATCC 19606 compared to A. baumannii ATCC 17978
across all pROTO constructs due to higher innate resistance (Table 4.1). This finding is
corroborated by previous reports suggesting that ATCC 19606 has stronger efflux pump
activity than ATCC 17978 [57]. On the other hand, pROKA constructs gave similar

antibiograms between both P. aeruginosa strains (Table 4.2).
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Key features of the original ARP are retained in the pPROTO and pROKA series, such
as variable expression levels through the choice of two promoters (Tables 4.1, 4.2 and
Supplemental Tables 4.1, 4.2) and the availability of both N- and C-terminal 6xHis-tags
to monitor expression (Supplemental Tables 4.3, 4.4). The ability to choose between high
and low levels of expression allows users to mitigate the overexpression of toxic proteins
or to produce more protein for purification. In the case of antibiotic resistance genes, the
MIC can also be raised or lowered to better approximate resistance levels seen in clinical
isolates or improve performance in a high-throughput screen. Most importantly, because
the pPROTO and pROKA series share a common MCS with the pGDP series, the entire
catalogue of over 100 resistance genes contained in the ARP can effectively be shuttled
into A. baumannii and/or P. aeruginosa. The standardized nature of this system will
simplify the study of antibiotic resistance mechanisms in a wider range of pathogens. We
anticipate that this vector series may also be generally useful for the study of A.
baumannii and P. aeruginosa biology, beyond the study of antibiotic resistance.

The development of the pROTO and pROKA series will allow users to screen for
novel antibiotic adjuvants directly in Pseudomonadales, using the same methodology we
detailed previously for E. coli. Both A. baumannii and P. aeruginosa possess several
efflux pumps and formidable outer membrane permeability barriers [4,10]. Screening
directly in these strains prevents wasted time on adjuvants that are susceptible to active
efflux or cannot enter these cells, and enables the discovery of narrow-spectrum
adjuvants. Problematic resistance genes in A. baumannii and P. aeruginosa already found

in the ARP represent good candidates for future adjuvant screening. For A. baumannii,
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these genes include blanom-1, blatem-1, blaves-1, blaive-1, blakec-2, rmtB, ant(2”)-la,
aac(3)-la, armA, aph(4)-la, aac(6’)-lb, aac(6’)-Ib-cr, aph(3’)-la, aph(3’)-Vla, tet(A),
tet(M), tet(X), gnrAl, erm(C), and mph(A) since B-lactam, aminoglycoside, tetracycline,
quinolone, and macrolide resistance are increasingly prevalent in this pathogen due to the
presence of these resistance genes [58]. Therapeutics which could reverse this resistance
would undoubtedly aid in the fight against A. baumannii.

Finally, we used the pROTO series to study the efficacy of a dual adjuvant therapy
against multiple pB-lactamase producing A. baumannii. Bacteria that produce multiple
classes of B-lactamases can resist essentially all B-lactam antibiotics, making them a
significant threat to public health [8,9]. We constructed tandem [-lactamase expressing
pROTO constructs to systematically explore the inhibitory potency of an AMA/
avibactam/meropenem combination on A. baumannii strains expressing multiple B-
lactamase enzymes. We show that an AMA/avibactam/meropenem combination is
effective against A. baumannii strains producing both an MBL and an SBL, especially if
these enzymes have carbapenemase activity such as NDM-1 and KPC-2 (Table 4.3 and
Supplemental Table 4.6). These results demonstrate that antibiotic adjuvants, specifically
those inhibiting MBL activity, can be employed to rescue the activity of p-lactam
antibiotics against carbapenem-resistant A. baumannii.

The pROTO and pROKA shuttle vectors described here will be useful tools to broadly
study A. baumannii and P. aeruginosa both in terms of antibiotic resistance (e.g.,
expression of resistance genes, investigation of antibiotic adjuvants) and infection (e.g.,

virulence, biofilm formation).

141



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

4.7 MATERIALS AND METHODS

4.7.1 Detailed construction of the pROTO vectors

The pROTO shuttle vectors (Figure 4.1) were assembled by combining PCR amplicons
with the pGDP plasmids from the ARP [19]. Briefly, pROTO1 was constructed by
ligating two DNA fragments originating from: (i) the pGDP1 plasmid, which provided
the pMBL1 origin of replication for plasmid maintenance in E. coli [19,21]; and (ii) the
pFLP2 plasmid, which encompassed oril266 to permit plasmid replication in
Acinetobacter spp. [59,60]. The 3149-bp fragment corresponding to the entire sequence
of the pGDP1 plasmid was obtained by Psp14061 (Acll) digestion. The digested pGDP1
fragment not only supplied the pMB1 ori, but also contained a the constitutive Pgia
promoter, the 6xHis motifs, the MCS, and the aph(3')-la gene for kanamycin resistance
[19]. The 1384-bp fragment containing ori1266 was obtained through PCR amplification
of pFLP2 using the EASV-Acll-FWD and EASV-AclI-REV primers (Supplemental
Table 4.7). Both fragments were ligated using Gibson Assembly and transformed into E.
coli TOP10 cells. Selection of pROTO1 was conducted on Luria-Bertani (LB) agar
supplemented with 50 pg/mL of kanamycin.

To generate Escherichia-Acinetobacter shuttle vectors capable of varying gene
expression levels, the pGDP1 fragment was replaced with Psp14061 digested pGDP2.
Following ligation with oril266, the resulting plasmid, named pROTO2, contained the
weaker PrLac promoter. Furthermore, aiming to express a broader range of antibiotic
resistance genes, the Escherichia-Acinetobacter shuttle vectors were assembled using

Eco47111 (Afel) digested pGDP3 or pGDP4 instead of the pGDP2 fragment. The 3,281-bp
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or 3,163-bp fragment corresponding to the entirety of the pGDP3 or pGDP4 plasmids,
respectively, were ligated with an ori1266 amplicon acquired through PCR of the pFLP2
plasmid using the EASV-Afel-FWD and EASV-Afel-REV primers (Supplemental Table
4.7). The resulting plasmids, named pROTO3 and pROTO4, contained a blartem-1 gene to
allow for selection on ampicillin or carbenicillin. Once constructed, all plasmid sequences

were verified by Sanger sequencing.

4.7.2 Detailed construction of the pPROKA vectors

The pROKA shuttle vectors (Figure 4.2) were constructed by joining various PCR
amplicons with the pGDP plasmids. Briefly, pROKA1 was generated following the
ligation of three DNA fragments stemming from: (i) the pGDP1 plasmid; (ii) the pMS402
plasmid, which contained the pRO1600 oriV and pRO1600 replication protein required
for plasmid maintenance in Pseudomonas spp. [61,62]; and (iii) the ant(2")-la gene for
gentamicin resistance. The 3,149-bp fragment corresponding to the entire sequence of the
pGDP1 plasmid was obtained by Eco4711l digestion. The 1,241-bp fragment containing
pRO1600 was acquired by PCR amplification of pMS402 using the EPSV-Afel-FWD
and EPSV-Afel-REV primers (Supplemental Table 4.7). Ligation of both fragments was
achieved through Gibson Assembly before transformation into E. coli TOP10 cells.
Selection was conducted on LB agar supplemented with 50 pg/mL of kanamycin. Colony
PCR was used to identify positive colonies. Following isolation and purification of
plasmid DNA from the colonies, high-fidelity PCR was conducted using the KAN-Out-
FWD and KAN-Out-REV primers (Supplemental Table 4.7) to remove the kanamycin

selectable marker from the plasmid. Gibson Assembly was then employed to combine the
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resulting plasmid amplicon with the ant(2")-1a gene. The 576-bp fragment containing the
ant(2")-la gene was obtained by PCR with the EPSV+ANT-FWD and EPSV+ANT-REV
primers (Supplemental Table 4.7), using the pGDP3:ANT(2")-la plasmid from the ARP
as a template. Following ligation, pPROKAL was transformed into E. coli TOP10 cells
before conducting plasmid selection on LB agar supplemented with 20 pg/mL of
gentamicin.

To construct Escherichia-Pseudomonas shuttle vectors capable of varying gene
expression levels, the pGDP1 fragment was substituted for Psp14061 digested pGDP2.
The 3,101-bp fragment corresponding to the entirety of the pGDP2 plasmid was ligated
with a pRO1600 amplicon obtained through the PCR of the pMS402 plasmid using the
EPSV-Acll-FWD and EPSV-AclI-REV primers (Supplemental Table 4.7). Following
insertion of the gentamicin selectable marker as described above, the resulting plasmid,
named pROKAZ2, contained the weaker PLac promoter. Furthermore, to study a broader
range of antibiotic resistance genes, the Escherichia-Pseudomonas shuttle vectors were
assembled using Eco471ll digested pGDP3 or pGDP4 instead of the pGDP1 fragment.
Following ligation with pRO1600, the resulting plasmids were named pROKA3 and

pROKAA4. Once constructed, all plasmid sequences were verified by Sanger sequencing.

4.7.3 Culture Media

Bacterial strains employed in this study were grown in LB broth or on LB agar plates at a
temperature of 37°C. Kanamycin, gentamicin, ampicillin and carbenicillin were added
when plasmid selection was required. A concentration of kanamycin of 50 pug/mL was

utilized for all strains containing the pROTO1 and pROTO2 plasmids while 20 pg/mL of
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gentamicin was to culture all strains containing the pPROKA1 and pROKAZ2 plasmids. The
ampicillin concentration for E. coli strains and A. baumannii ATCC 17978 containing the
pROTO3 and pROTO4 plasmids was 100 pg/mL. A carbenicillin concentration of 250
pg/mL was employed for E. coli and P. aeruginosa strains containing the pPROKA3 and
pROKA4 plasmids. This same concentration of carbenicillin was added for A. baumannii
ATCC 19606 strains containing the pROTO3 and pROTO4 plasmids as well as E.
aerogenes strains containing the pPROTO3, pROTO4, pROKA3 and pROKA4 plasmids.
Finally, a concentration of 50 pg/mL of kanamycin was used in the selection of K.
pneumoniae strains containing the pROTO3, pPROTO4, pPROKAS3 and pROKAA4 plasmids.
However, if the empty plasmids were being transformed into K. pneumoniae ATCC

33495, 100 pg/mL of ampicillin was employed as a selection marker.

4.7.4 DNA manipulations

The B-lactamases and aminoglycoside modifying enzymes subsequently cloned into the
pROTO/pROKA shuttle vectors were obtained from the ARP [19]. Each gene bared the
same sequence as found in the Comprehensive Antibiotic Resistance Database [39]. The
genes were amplified from the ARP plasmids using the Thermo Scientific Phusion High-
Fidelity DNA Polymerase and the primers shown in Supplemental Table 4.8, which were
purchased from Integrated DNA Technologies (IDT; Coralville, lowa). The appropriate
FastDigest enzymes (Thermo Fisher Scientific, Waltham, MA) were employed to digest the
PCR fragment prior to their ligation into the shuttle vectors using T4 DNA Ligase

(Thermo Fisher Scientific). All gene sequences were verified by Sanger sequencing.
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4.7.5 Preparation of E. coli chemically competent cells

A volume of 100 mL of PSI broth (0.5 g of bacto yeast extract; 2.0 g of bacto tryptone;
0.5 g of MgSOQq4; pH 7.6) was inoculated with 1 mL from an overnight culture of E. coli
BW25113 wild-type or E. coli BW25113 AbamBAtolC. Cultures were incubated at 37°C
with shaking (250 rpm) until the optical density at 550 nm (ODsso) reached 0.48 and then
placed on ice for 15 min. Cells were harvested by centrifugation (5,000 x g; 5 min; 4°C)
prior to being resuspended in 40 mL of Tfbl [0.59 g of 30 MM CH3CO2K, 2.42 g of 100
mM RDCI, 0.22 g of 10 mM CaClz, 2.00 g of 50 mM MnCl2, 30 mL of 15% (v/v)
glycerol, pH 5.8 per 200 mL]. Cells were then placed on ice for 15 min and then once
again harvested by centrifugation (5,000 x g; 5 min; 4°C). Following removal of the
supernatant, cells were resuspended in 4 mL of Tfbll [0.21 g of 10 mM MOPS, 0.12 g of
10 mM RbCI, 0.83 g of 75 mM CaClz, 15 mL of 15% (v/v) glycerol, pH 6.5 per 100 mL].
Cells were then chilled for 15 min before being separated into 50-200 pL aliquots and

stored at —80°C until required.

4.7.6 Preparation of E. aerogenes and A. baumannii electrocompetent cells

A volume of 100 mL of LB media was inoculated with 1 mL from an overnight culture of
E. aerogenes ATCC 13048, A. baumannii ATCC 17978 or A. baumannii ATCC 19606.
The inoculated media were inoculated at 37°C with shaking (250 rpm) until the ODsgs
reached 0.50-0.60. Cells were harvested by centrifugation (5,000 rpm; 10 min; 4°C) and
then resuspended in 5 mL of cold water. This centrifugation and resuspension step was
repeated once. Cultures were once again centrifuged (5,000 rpm; 10 min; 4°C) prior to

being resuspended in 5 mL of 10% (v/v) glycerol. Cells then underwent one final
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centrifugation (5,000 rpm; 10 min, 4°C) before resuspension in 1 mL of 10% (v/v)
glycerol and separation into 50-100 pL aliquots, which were stored at —80°C for further

use.

4.7.7 Preparation of K. pneumoniae electrocompetent cells

A volume of 200 mL of LB media was inoculated with 20 mL from an overnight culture
of K. pneumoniae ATCC 33495. The inoculated media were inoculated at 37°C with
shaking (250 rpm) until the ODsso reached 0.50-0.53. Once the desired OD was reached,
MgCl2 and MgSO4 were added at a final concentration of 10 mM each. Following
incubation (10 min, 37°C, 250 rpm), cultures were transferred to a water bath at 42°C for
3 min with gentle shaking to ensure uniform heat distribution. Cultures were once again
incubated with shaking for 20 min at 37°C before being placed in an ice bath for 20 min.
Cells were then harvested by centrifugation (3,500 rpm; 10 min; 4°C) and resuspended in
20 mL of cold 10% (v/v) glycerol. This centrifugation and resuspension step was repeated
once. Cells then underwent one final centrifugation (3,500 rpm; 10 min; 4°C) before
being resuspended in 2 mL of cold 10% (v/v) glycerol. Aliquots containing 50-100 pL of

cells were prepared and stored at —80°C until required.

4.7.8 Preparation of P. aeruginosa electrocompetent cells

P. aeruginosa electrocompetent cells were prepared based on the microcentrifuge
protocol described in reference [63]. Briefly, a volume of 6 mL of LB media was
inoculated with a P. aeruginosa PAOL or P. aeruginosa PA14 colony and kept in a
shaking incubator (37°C, 250 rpm) overnight. The cells were harvested by centrifugation

(16,000 x g; 2 min) in four microcentrifuge tubes. The pellets were washed three times
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with 1 mL of 300 mM sucrose. The four pellets were then resuspended in 25 pL of 300

mM sucrose, combined, and stored at —80°C for further use.

4.7.9 Chemical transformation

Chemically competent cells were thawed on ice. Typically for E. coli, a volume of 49.5
pL of cells was mixed with 0.5 pL of DNA. The mixtures were incubated on ice for 30
min. Cells were then placed in a heat block at 42°C for 1 min before being placed on ice
for 5 min. Following the addition of 200 pL of LB, the cultures were incubated at 37°C
with shaking (250 rpm) for 1 h. A volume of 100 pL was plated on LB agar plates

containing the appropriate antibiotic.

4.7.10 Electroporation transformation

Electrocompetent cells were thawed on ice. Typically for K. pneumoniae, A. baumannii
and E. aerogenes, a volume of 49.5 pL of cells was mixed with 0.5 pL of DNA.
However, in the case of P. aeruginosa, a volume of 27 pL of cells was mixed with 3 pL
of DNA. The mixtures were incubated on ice for 1 min. Cells were then placed ina 1 mm
electroporation cuvette and shaken down before pulsed using a Gene Pulser set to 25 pF
and 2.5 kV for a time constant of 4-5 msec. A volume of 1 mL of LB was added to the
cuvettes immediately following their removal from the Gene Pulser and the entire
solution was well mixed. Cultures were then incubated at 37°C with shaking (250 rpm)
for 1 h. A volume of 200 pL was plated on LB agar plates containing the appropriate
antibiotic. Prior to plating, a 1/10 or 1/100 dilution was performed for the K. pneumoniae

and P. aeruginosa cultures while a two-fold to five-fold increase in concentration was
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conducted for the E. aerogenes and A. baumannii cultures to ensure the acquisition of

single colonies on the transformation plates.

4.7.11 Cell-based assays

All cell-based assays were conducted in 96-well round base microtest plates (Sarstedt,
Numbrecht, Germany). In addition, all assays were performed in a final volume of 100
ML. To begin, meropenem and avibactam were dissolved in dimethyl sulfoxide (DMSO)
while AMA was diluted in water containing < 5% (v/v) ammonium hydroxide (NH4OH).
All other B-lactam and aminoglycoside antibiotics were dissolved in water. Filter
sterilization was used to ensure the sterility of compounds where water was used as a
solvent.

MIC assays were conducted based on the protocol described in reference [64] and
began with the preparation of ten two-fold dilutions of the compounds, which were
subsequently pipetted into columns 1 to 10 of the microtest plate. Overnight petri dishes
containing the bacterial cells of interest were then employed in the preparation of a
bacterial inoculum with an ODs2s of 0.08-0.10. The bacterial inoculum was then added to
columns 1 to 11 of the microtest plate following a 200-fold dilution using cation-adjusted
Mueller Hinton Il broth (CAMHB; BD, Sparks, MD). Column 11 served as a growth
control as it contained no antibiotic. As a sterility control, the CAMHB used in the
dilution of the bacterial inoculum was added to column 12. Following overnight
incubation, the MIC value was reported as the lowest concentration of p-lactam or

aminoglycoside antibiotic showing no bacterial growth.
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Two-dimensional checkerboard assay were conducted using a similar protocol as
previously described in reference [65]. Briefly, eight two-fold dilutions of the first
compound (0.5-64 pg/mL) were pipetted along the x-axis of the microtest plate while
eight two-fold dilutions of the second compound (0.5-64 pug/mL) were added along the y-
axis of the microtest plate. For B-lactam potentiation assays, the third compound, which
was typically meropenem, was added along both axes of the microtest plate at its
EUCAST susceptibility breakpoint concentration of 2 pg/mL [47]. The bacterial
inoculum, prepared as described above, was also added to both axes of the microtest
plate. The last four columns of the microtest plate served as growth, sterility, and MIC
value verification controls. Therefore, these columns contained either the bacterial
inoculum, CAMHB or eight two-fold dilutions of the compounds.

Once completed, all microtest plates were placed in a static incubator for 20 h at 37°C.
Following incubation, microtest plates containing E. coli were shaken for five minutes to
resuspend bacterial colonies. However, K. pneumoniae, E. aerogenes, A. baumannii and
P. aeruginosa cells were resuspended manually using a pipette to minimize the formation
of aerosols. Once the cells were resuspended, the plates were read spectrophotometrically
at a wavelength of 600 nm using a BioTek Synergy H1 plate reader (BioTek, Winooski,

VT). All cell-based assays were conducted in duplicate.

4.7.12 Construction of tandem B-lactamase expression vectors
The pGDP2 plasmids expressing a single f-lactamase gene were constructed as described
previously [65]. These plasmids were then used as the foundation for cloning in the

second B-lactamase gene. The construction of the pPGDP2:NDM-1/KPC-2 began with the
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PCR amplification of NDM-1 from the pGDP2:NDM-1 plasmid using the pGDP2-BgllI-
FWD and pGDP2-BglllI-REV primers (Supplemental Table 4.9). These primers were
designed to amplify the regions of approximately 20 nucleotides upstream and
downstream of the Bglll recognition site. As a result of this primer design, Gibson
assembly was employed to insert the purified NDM-1 DNA into a Bglll digested
pGDP2:KPC-2 plasmid. Psp14061 digestion was then conducted to obtain a 5,123-bp
fragment corresponding to the entire sequence of pGDP2:NDM-1/KPC-2. This fragment
was then ligated with an ori1266 amplicon acquired through PCR of the pFLP2 plasmid
using the EASV-AclI-FWD and EASV-AclI-REV primers (Supplemental Table 4.1). The
pROTO2 plasmids expressing KPC-2/NDM-1, NDM-1/CMY-2, CMY-2/NDM-1, and
NDM-1/OXA-48 were constructed as described above.

The construction of the pPROTO2 plasmid expressing OXA-48/NDM-1 began with the
Ncol/Xhol digestion of pPGDP2:NDM-1 (constructed as described in reference [65]) and
empty pROTO2 (constructed as described above). These two DNA fragments were then
ligated using T4 DNA ligase. The resulting pPROTO2:NDM-1 plasmid was subjected to
PCR amplification using the pROTO2-Bglll-FWD and pROTO2-BgllI-REV primers
(Supplemental Table 4.9). Using Gibson Assembly, this 5,192-bp amplicon was then
ligated to an OXA-48 amplicon acquired through PCR of pGDP2:0XA-48 (constructed
as described in reference [65]) with the pGDP2-Ncol-FWD and pGDP2-Xhol-REV
primers (Supplemental Table 4.9). The pROTO2 plasmids expressing NDM-1/CTX-M-15

and CTX-M-15/NDM-1 were constructed as described above.
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All plasmid sequences were verified by Sanger sequencing prior to their
transformation into electrocompetent A. baumannii ATCC 17978 cells.
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410 SUPPLEMENTAL MATERIAL

Supplemental Table 4.1: Minimum inhibitory concentration (MIC) values of different
antibiotics against E. coli, K. pneumoniae, and E. aerogenes producing plasmids from the
pROTO series. All MIC assays were conducted in duplicate.

. . MIC values (pg/mL)
Bacteria/Plasmid/Gene MEM CTX  PIPIAMP?  KAN GEN  TOB
E. coli BW25113 AbamBAtolC
pROTO1 None 0.031 0.016  0.031-0.063 2048 ND ND
NDM-1 32 64-128 128 2048 ND ND
CTX-M-15  0.016-0.031 128 256 2048 ND ND
pROTO2 None 0.031 0.008 0.031 2048 ND ND
NDM-1 4-8 64 32 2048 ND ND
CTX-M-15 0.031 32-64 64 2048 ND ND
pROTO3 None ND ND > 4096 2 0.25-0.50  0.50
ANT(2")-la ND ND > 4096 512 256 256
ACC(6")-1b10 ND ND > 4096 256 1 16
pROTO4 None ND ND > 4096 2 0.25 0.50
ANT(2")-la ND ND > 4096 128 64 64
ACC(6")-1b10 ND ND 4096 256 1 32
K. pneumoniae ATCC 33495
pROTO1 None 0.063 0.063 8 2048-4096 ND ND
NDM-1 128 256 512 2048 ND ND
CTX-M-15 0.031 512 4096 2048-4096 ND ND
pROTO2 None 0.063 0.063 8 2048 ND ND
NDM-1 128 256 2048 2048 ND ND
CTX-M-15 0.031 512 1024 2048 ND ND
pROTO3 None ND ND > 4096 2 0.50 0.50
ANT(2")-la ND ND > 4096 512-1024 256 256
ACC(6")-1b10 ND ND > 4096 128 2 16
pROTO4 None ND ND > 4096 2 0.50-1 1
ANT(2")-la ND ND > 4096 256 64-128 128
ACC(6')-1b10 ND ND > 4096 128-256 2 32
E. aerogenes ATCC 13048
pROTO1 None 0.063 0.25 8 2048 ND ND
NDM-1 128 512 1024 2048 ND ND
CTX-M-15 0.063 > 4096 > 4096 2048 ND ND
pROTO2 None 0.063 0.13 4 2048 ND ND
NDM-1 64 256 512 2048 ND ND
CTX-M-15 0.063 512 1024 2048-4096 ND ND
pROTO3 None ND ND > 4096 2-4 1 1
ANT(2")-la ND ND > 4096 512-1024 256 256
ACC(6")-1b10 ND ND > 4096 64 2 16
pROTO4 None ND ND > 4096 2-4 0.50 0.50
ANT(2")-la ND ND > 4096 256 64 64
ACC(6")-1b10 ND ND > 4096 256 4 32

Abbreviations: MEM meropenem, CTX cefotaxime, PIP piperacillin, AMP ampicillin, KAN
kanamycin, GEN gentamicin, TOB tobramycin, ND not determined.

4PIP was used for MIC assays against pPROTO1-2 while AMP was used for MIC assays against
pROTO3-4.
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Supplemental Table 4.2: Minimum inhibitory concentration (MIC) values of different
antibiotics against E. coli, K. pneumoniae, and E. aerogenes producing plasmids from the
pROKA series. All MIC assays were conducted in duplicate.

. . MIC values (pg/mL)
Bacteria/Plasmid/Gene MEM CTX  PIPICAR?  KAN GEN TOB
E. coli BW25113 AbamBAtolIC
pROKA1 None 0.031 0.004 0.031 ND 128 ND
NDM-1 64-128 64 256 ND 128 ND
CTX-M-15 0.063 512 256 ND 128 ND
pROKA2 None 0.031 0.008 0.031 ND 128 ND
NDM-1 16 64 64 ND 128 ND
CTX-M-15 0.031 128 128 ND 128-256 ND
pROKA3 None ND ND > 4096 2 0.25 0.50
ANT(2")-la ND ND > 4096 512 256 128-256
ACC(6')-1b10 ND ND > 4096 128-256 1 16-32
pROKA4 None ND ND > 4096 2 0.25-0.50 0.50
ANT(2")-la ND ND > 4096 256 128 128
ACC(6")-1b10 ND ND > 4096 256 1 32
K. pneumoniae ATCC 33495
pROKA1 None 0.031 0.063-0.13 8 ND 128 ND
NDM-1 128 256 2048 ND 128 ND
CTX-M-15 0.063 > 4096 > 4096 ND 128 ND
pROKA2 None 0.031 0.063 16 ND 128 ND
NDM-1 128 128 512 ND 128 ND
CTX-M-15 0.031 512-1024 1024 ND 128 ND
pROKA3 None ND ND > 4096 2-4 1 0.50
ANT(2")-la ND ND > 4096 512 512 256
ACC(6")-1b10 ND ND > 4096 128 2 16
pROKA4 None ND ND > 4096 2 0.50 0.50
ANT(2")-la ND ND > 4096 256 128 128
ACC(6")-1b10 ND ND > 4096 256 4 32
E. aerogenes ATCC 13048
pROKA1 None 0.063 0.13 4 ND 128 ND
NDM-1 128 256 2048 ND 128 ND
CTX-M-15 0.13 > 4096 > 4096 ND 128 ND
pROKA2 None 0.063 0.25 4 ND 256 ND
NDM-1 128 128 1024 ND 512 ND
CTX-M-15 0.063 512 4096 ND 256 ND
pROKA3 None ND ND > 4096 2 0.50 0.50-1
ANT(2")-la ND ND > 4096 1024 256 256
ACC(6')-1b10 ND ND > 4096 128 1-2 16
pROKA4 None ND ND > 4096 4 0.50 0.50
ANT(2")-la ND ND > 4096 256 128-256 128
ACC(6)-1b10 ND ND > 4096 128 2 32

Abbreviations: MEM meropenem, CTX cefotaxime, PIP piperacillin, CAR carbenicillin, KAN
kanamycin, GEN gentamicin, TOB tobramycin. ND determined.

4PIP was used for MIC assays against pPROKA1-2 while CAR was used for MIC assays against
PROKA3-4.
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Supplemental Table 4.3: Minimum inhibitory concentration (MIC) values of different
antibiotics against E. coli, and A. baumannii producing C-terminally tagged resistance
genes. All MIC assays were conducted in duplicate.

. . MIC values (pg/mL)
Bacteria/Plasmid/Gene MEM  CTX  PIP/AMP?  KAN GEN  TOB
E. coli BW25113 wild-type
pROTO1 NDM-1his 8 64-128 128-256 4096 ND ND
CTX-M-154;s 0.031 1024 512 4096 ND ND
pROTO2 NDM-14is 8 32 32-64 4096 ND ND
CTX-M-15s 0.031 512-1024 512 4096 ND ND
pROTO3  ANT(")-lania ND ND > 4096 1024 256 256
ACC(6')-1b10nis ND ND > 4096 512 8-16 32
pROTO4  ANT(")-lania ND ND > 4096 128 64 128
ACC(6')-1b10kis ND ND > 4096 256 8 32
E. coli BW25113 AbamBAtolC
pROTO1 NDM-14;s 16 64 32 2048 ND ND
CTX-M-15;s 0.016 64 128 1024 ND ND
pROTO2 NDM-1his 2-4 32 4-8 2048 ND ND
CTX-M-154is 0.031 16 64 2048 ND ND
pROTO3  ANT(2")-lania ND ND 4096 512-1024 256 256
ACC(6")-1b10wis ND ND 4096 256 2 32
pROTO4  ANT(2")-lania ND ND > 4096 64 32 16-32
ACC(6")-1010wis ND ND 4096 128 1 32
A. baumannii ATCC 17978
pROTO1 NDM-1his 64 64 256 2048 ND ND
CTX-M-154;s 0.50 1024 256 4096 ND ND
pROTO2 NDM-1his 16 64 128 2048 ND ND
CTX-M-154s 0.25 256 256 4096 ND ND
pROTO3  ANT(2")-lania ND ND > 4096 256 512 128
ACC(6)-1b10xis ND ND > 4096 256 512 64
pROTO4  ANT(2")-lania ND ND > 4096 256 256-512  64-128
ACC(6)-1b10xis ND ND 4096 512 16 128
A. baumannii ATCC 19606
pROTO1 NDM-14is 64 1024 128 4096 ND ND
CTX-M-15;s 2 1024 128 2048 ND ND
pROTO2 NDM-1kis 32 512 64 4096 ND ND
CTX-M-154;s 1 256 128 2048 ND ND
pROTO3  ANT(2")-lania ND ND 4096 1024 > 4096 2048
ACC(6")-1010wis ND ND 4096 512 128 64-128
pROTO4  ANT(2")-lania ND ND 4096 512 > 4096 1024
ACC(6')-1b10xis ND ND 4096 512 128-256 512

Abbreviations: MEM meropenem, CTX cefotaxime, PIP piperacillin, AMP ampicillin, KAN
kanamycin, GEN gentamicin, TOB tobramycin, ND not determined.

4PIP was used for MIC assays against pPROTO1-2 while AMP was used for MIC assays against
pROTO3-4.
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Supplemental Table 4.4: Minimum inhibitory concentration (MIC) values of different
antibiotics against E. coli, and P. aeruginosa producing C-terminally tagged resistance
genes. All MIC assays were conducted in duplicate.

Bacteria/Plasmid/Gene MIC values (pg/mL)

MEM CTX PIP/CAR 2 KAN GEN TOB
E. coli BW25113 wild-type
pROKA1 NDM-14is 4 256 512 ND 256 ND
CTX-M-154is 0.063 4096 2048 ND 256 ND
pROKAZ2 NDM-1nis 4 64-128 64 ND 256 ND
CTX-M-154is 0.031 512 256 ND 256 ND
pROKA3  ANT(2")-lania ND ND > 4096 1024 256 256
ACC(6')-1b10wis ND ND > 4096 512 8-16 64
pROKA4  ANT(2")-lania ND ND > 4096 256 128 128
ACC(6')-1b10wis ND ND > 4096 512-1024 16 32
E. coli BW25113 AbamBAtolC
pROKA1 NDM-14is 16-32 32 64 ND 128 ND
CTX-M-154is 0.063 128 256 ND 128 ND
pROKA?2 NDM-1nis 4 32 16 ND 128 ND
CTX-M-154is 0.031 64 128 ND 128 ND
pROKA3  ANT(2")-lania ND ND > 4096 1024 256 256
ACC(6')-1b10wis ND ND > 4096 256 2 64
pROKA4  ANT(2")-lania ND ND > 4096 256 32-64 64
ACC(6')-1b10wis ND ND > 4096 256 2 32
P. aeruginosa PAO1
pROKAL NDM-1nis 256-512 4096 64 ND 1024 ND
CTX-M-154is 2 128 64 ND 1024 ND
pROKA2 NDM-1nis > 4096 > 4096 1024 ND 1024 ND
CTX-M-154is 4 > 4096 512-1024 ND 1024 ND
pROKA3  ANT(2")-lania ND ND > 4096 64-128 128 32
ACC(6')-1b10wis ND ND 4096 128 8 16-32
pROKA4  ANT(2")-lania ND ND > 4096 1024-2048 2048 256
ACC(6')-1b10wis ND ND > 4096 512 16 128
P. aeruginosa PA14
pROKA1 NDM-14is 128-256 2048 64 ND > 4096 ND
CTX-M-154is 0.50-1 4096 4096 ND 4096 ND
pROKA?2 NDM-1nis 1024 > 4096 512 ND > 4096 ND
CTX-M-154is 2 > 4096 1024 ND > 4096 ND
pROKA3  ANT(2")-lania ND ND > 4096 128 128 32
ACC(6')-1b10wis ND ND 4096 256 8 16-32
pROKA4  ANT(2")-lania ND ND > 4096 2048 > 4096 1024
ACC(6')-1b10nis ND ND > 4096 512 16 128

Abbreviations: MEM meropenem, CTX cefotaxime, PIP piperacillin, CAR carbenicillin, KAN
kanamycin, GEN gentamicin, TOB tobramycin, ND not determined.

4 PIP was used for MIC assays against pPROKA1-2 while CAR was used for MIC assays against
pROKA3-4.
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Supplemental Table 4.5: Minimum inhibitory concentration (MIC) values of A.
baumannii ATCC 17978 strains producing two [3-lactamases when tested against various
B-lactam antibiotics.? All assays were conducted in duplicate.

p-Lactamase MIC values (ug/mL)
Gene 1 Gene 2 ATM AVI MEM
NDM-1 KPC-2 64 32 128
KPC-2 NDM-1 64 64 128
NDM-1 CTX-M-15 128 64 64
CTX-M-15 NDM-1 128 32-64 64-128
NDM-1 CMY-2 16 64-128 64
CMY-2 NDM-1 16 64 128
NDM-1 OXA-48 0.03-0.06 64 64
OXA-48 NDM-1 0.03 32-64 64

Abbreviations: ATM aztreonam, AVI avibactam, MEM meropenem.
#Both B-lactamase genes were cloned into pPROTO2 with individual promoters.
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Supplemental Table 4.6: Concentration of AMA needed to restore the activity of
meropenem to its susceptibility breakpoint concentration against A. baumannii ATCC
17978 strains producing two B-lactamases.? All assays were conducted in duplicate. This

table shows the results from replicate 2.

p-Lactamase

[AMA] at 2 pg/mL of MEM in
different combinations (ug/mL) ®-¢

Gene 1 Gene 2 AMA/ AVI/ AMAJAVI/
MEM MEM MEM

NDM-1 KPC-2 > 64 64 3
KPC-2 NDM-1 > 64 64 8
NDM-1  CTX-M-15 8 32 16
CTX-M-15  NDM-1 8 32 16
NDM-1 CMY-2 8 16 8
CMY-2 NDM-1 8 16 8
NDM-1  OXA-48 8 16 16
OXA-48  NDM-1 8 16 16

Abbreviations: AMA aspergillomarasmine A, AVI avibactam, MEM meropenem.
4Both B-lactamase genes were cloned into pROTO2 with individual promoters.

b2 ng/mL is the EUCAST susceptibility breakpoint concentration for MEM.

¢AVI was maintained at 4 pg/mL, except during the AVI/MEM combination.
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Supplemental Table 4.7: Sequences of the primers used to generate the pROTO and
pROKA plasmids. Start codons and stop codons are highlighted in green and red,
respectively. The restriction enzyme recognition sites are underlined in the primer

sequence.

Primer Name

Primer Sequence

EASV-Acll-FWD

EASV-Acll-REV

EASV-Afel-FWD

EASV-Afel-REV

EPSV-Acll-FWD

EPSV-Acll-REV

EPSV-Afel-FWD

EPSV-Afel-REV

KAN-Out-FWD
KAN-Out-REV
EPSV+ANT-FWD

EPSV+ANT-REV

5'-C ATG CCC GGT TAC TGG AAC GTT GAT CGT AGA
AAT ATC TAT GAT TATC -3’

5'-CAT ACC GCC AGT TGT TTACCCTCACGGATTTTA
ACATTTTGC GTT G-3'

5'-CTC AGG GTC AAT GCC AGC GCT GAT CGT AGA AAT
ATC TAT GAT TATC -3’

5'-CAC CTACAT CTG TAT TAACGAGGATTT TAA CAT
TTT GCG TTG-3'

5'-C ATG CCC GGT TAC TGG AAC GTT TCC GCC TCG
ATACCCTGATTAC-3'

5'-CATACCG CCAGTT GTT TAC CCT CAC CTA GGC
CAG ATC CAG CGG C-3'

5'-CTC AGG GTC AAT GCC AGC GCT TCC GCC TCG ATA
CCCTGATTAC-3

5'-CAC CTA CAT CTG TAT TAA CGA CTA GGC CAG ATC
CAG CGG C-3'

5'-GAATTAATTCATGAGCGGATACA-3’
5'-AACACCCCTTGTATTACTGTTTA-3’

5'-TAT CCG CTC ATG AAT TAATTC TTA GGC CGC ATA
TCG CGA CCT G-3'

5'-AAC AGT AAT ACA AGG GGT GTT ATG GAC ACA
ACG CAG GTC ACATTG-3'

165



Ph.D. Thesis — C.M. Rotondo — McMaster University —

Biochemistry and Biomedical Sciences

Supplemental Table 4.8: Sequences of the primers used to create the overexpression
constructs and the His-tagged genes. The His reverse primers were used to remove the
stop codon from the genes to allow the insertion of the C-terminal His-tag. Start codons
and stop codons are highlighted in green and red, respectively. The restriction enzyme
recognition sites are underlined in the primer sequence.

Primer Name

Primer Sequence

NDM-Bam-FWD

NDM-HindIlI-REV
NDM-His-REV
CTX-BamHI-FWD

CTX-HindllI-REV

CTX-His-REV

ANT-BamHI-FWD

ANT-HindIlI-REV

ANT-His-REV
AAC-BamHI-FWD

AAC-HindIlI-REV

AAC-His-REV

5'-TAC CCT GGA TCC ATG GAATTG CCC AAT ATT ATG
CACC-3

5'-TAC CCT AAG CTT TCA GCG CAG CTT GTC GGC -3’
5'-TAC CCT AAG CTT GCG CAGCTT GTC GGC -3’

5'-TCC CAT GGA TCC ATGGTT AAAAAATCA CTG CGC
CAG-3’

5'-TCC CAT AAG CTT TTA CAA ACC GTC GGT GAC
GAT TTT AG-3'

5'-TCC CAT AAG CTT CAAACCGTC GGT GACGAT TTT
AG-3'

5'-TCC TCC GGA TCC ATG GAC ACA ACG CAG GTC
ACATTG-3'

5'-TCCTCC AAG CTT TTA GGC CGC ATATCG CGA CCT
G-3'

5'-TCC TCC AAG CTT GGC CGC ATATCG CGA CCT G-3’

5-TCT TCT GGA TCC ATG TTA CGC AGC AGC AGT CGC
CCT AAA ACA AAG TTAG -3’

5'-TCT TCT AAG CTT TTA GGC ATC ACT GCG TGT TCG
CTC GAATG-3'

5'-TCT TCT AAG CTT GGC ATC ACT GCG TGT TCG CTC
GAA TG -3’
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Supplemental Table 4.9: Sequences of the primers used to generate the tandem B-
lactamase expression vectors. Start codons and stop codons are highlighted in green and
red, respectively. The restriction enzyme recognition sites are underlined in the primer

sequence.

Primer Name

Primer Sequence

pGDP2-BgllI-FWD
pGDP2-BgllI-REV

pROTO2-BgllI-
FWD

pROTO2-BgllI-
REV

pGDP2-Ncol-FWD

pGDP2-Xhol-FWD

5'-GCC AGC CTA GCC GGG AGA TCT-3'

5'-CCG TTG AGC ACC GCC GCC GCA GAA GGC CAT
CCT GAC GGA TGG-3'

5'-CTC AGG GTC AAT GCC AGC GCT GAT CGT AGA
AAT ATC TAT GAT TATC -3’

5'-CAC CTACAT CTG TAT TAACGAGGATTT TAA
CATTTT GCG TTG-3'

'“TAT CCG CTC ATG AAT TAATTC TTA GGC CGC
ATATCG CGA CCT G-3'

'—AAC AGT AAT ACA AGG GGT GTT ATG GAC ACA
ACG CAG GTC ACATTG-3'
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CHAPTER 5: Conclusions and future directions
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5.1  Summary

As the era of antibiotics seems to be coming to an end, a warning by Louis Pasteur is
brought to mind “Messieurs, c¢’est les microbes qui auront le dernier mot” (Gentlemen, it
is the microbes who will have the last word) [161]. Nowadays, the truth behind these
words couldn't be more evident with the ever-growing number of bacteria demonstrating
antibiotic resistance mechanisms and the dwindling number of antibiotics available to
combat these resistant bacteria. Particularly worrisome is the ongoing emergence and
dissemination of B-lactamases genes around the world as their targets, the -lactams (e.g.,
penams, cephems, carbapenems), remain among the most prescribed antibiotics
[25,36,37]. Efforts to preserve the effectiveness of B-lactam antibiotics have resulted in
the development of various B-lactamase inhibitors for clinical use (e.g., clavulanic acid,
sulbactam, tazobactam, avibactam) [76,88]. However, all these inhibitors are specific to
SBL enzymes, leaving MBLs an unmet clinical challenge. The inability to design a
universal MBL inhibitor is a result of the low sequence similarity and the active site
diversity between members of different MBL subclasses [162,163]. Despite these
challenges, several thousand MBL inhibitors have been discovered and predominantly
target the conserved zinc ions essential to the activity of these enzymes [164].
Taniborbactam, a boron-containing inhibitor effective against both MBLs and SBLs, has
even demonstrated positive results in phase 111 clinical trials [164,165]. Another candidate
that received considerable attention as an MBL inhibitor was the fungal natural product
AMA [147]. Therefore, the work presented in this dissertation aimed to combat the threat

posed by MBL-producing bacteria by further elucidating the inhibitory potency of AMA.
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5.1.1 Evaluating the inhibitory potency of AMA against a broader range of MBL

enzymes and in combination with different p-lactam partners
Previous studies demonstrated that AMA could rapidly inhibit MBLs of clinical
importance (NDM-1, VIM-2) and potentiate the activity of the PB-lactam antibiotic
meropenem against bacteria producing these metalloenzymes. However, AMA was
considerably less effective against strains producing IMP-7, another clinically relevant
MBL [147]. Consequently, we sought to investigate the inhibitory potency of AMA
against a broader panel of MBLs from all three subclasses (B1, B2, B3). This was
achieved using p-lactam antibiotics from three subclasses (penams, cephems,
carbapenems) and different bacterial strains (E. coli, K. pneumoniae). Enzyme and cell-
based assays revealed that the variation in the inhibitory potency of AMA resulted from
the zinc dependencies of the MBL enzymes. For example, NDM-1, an enzyme from
subclass B1 which demonstrated weak zinc affinity, was more susceptible to inhibition by
AMA than its point mutation variants (e.g., NDM-6), and subclass B2 and B3 enzymes
(CphA2, AIM-1), which have a greater affinity for zinc. In addition, suppression of -
lactam resistance by AMA was influenced by the choice of B-lactam partner. These
results did not correlate with outer membrane permeability or drug efflux but may stem
from the affinity of the B-lactam antibiotics for their targets, the penicillin-binding
proteins. Overall, AMA exhibited the greatest inhibitory potency when paired with a
carbapenem antibiotic (e.g., meropenem), which are the B-lactam antibiotics with the

highest potency and broadest spectrum of activity against different bacterial strains [162].
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5.1.2 Exploring the effectiveness of AMA, avibactam, and meropenem against

bacterial strains producing multiple p-lactamase enzymes
While an AMA/carbapenem pairing was shown to be effective against bacteria producing
a single MBL enzyme [147,162], bacterial infections worldwide are increasingly more
challenging to treat due to the production of multiple B-lactamases [156,166]. We
hypothesized that combining both AMA (an MBL inhibitor) and avibactam (an SBL
inhibitor) would have the ability to restore the activity of meropenem (a [B-lactam
antibiotic) against almost any combination of B-lactamase enzymes. Therefore, the
effectiveness of AMA, avibactam, and meropenem was evaluated against both laboratory
strains (E. coli, K. pneumoniae) and clinical isolates producing at least one MBL and one
SBL. Potentiation assays revealed that laboratory strains producing NDM-1 and an SBL
carbapenemase (e.g., KPC-2) were resistant to an AMA/meropenem combination. These
results were consistent with AMA's inability to inhibit serine-dependent B-lactamase
enzymes [147]. Nonetheless, these laboratory strains became susceptible to the activity of
meropenem upon pairing this B-lactam antibiotic with both AMA and avibactam.
Furthermore, the AMA/avibactam/meropenem combination was effective against
Enterobacteriaceae isolates producing class A, B, and C B-lactamase enzymes. However,
this combination was less effective against clinical strains producing carbapenem-
hydrolyzing class D B-lactamases due to their insensitivity to avibactam [88,167]. In
addition, AMA, avibactam, and meropenem showed little inhibitory potency against 3-
lactamase-producing A. baumannii and P. aeruginosa, possibly due to the considerable

number of antibiotic resistance mechanisms displayed by these pathogens [168,169].
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5.1.3 Characterizing AMA and other antibiotic adjuvants in A. baumannii and P.

aeruginosa
An increasing prevalence of carbapenem resistance in A. baumannii and P. aeruginosa is
a critical threat to the treatment of many hospital-acquired infections [168,170-173]. One
promising tool for re-sensitizing these pathogens to B-lactams is antibiotic adjuvants
[174]. The discovery and characterization of antibiotic adjuvants in E. coli and other
Enterobacterales is facilitated by tools such as the ARP [175,176]. However, considerably
fewer tools exist for genetic manipulation and resistance gene expression in
Pseudomonadales such as A. baumannii and P. aeruginosa [177,178]. Therefore, to
further examine the effect of antibiotic adjuvants in different bacterial families
(Enterobacteriaceae, Pseudomonadaceae, Moraxellaceae), new shuttle vectors were
created to expand the host range of the ARP. These plasmids were constructed by
inserting origins of replication known to function in Acinetobacter (ori1266 from pFLP2)
and Pseudomonas (pRO1600 oriV from pMS402) into the pGDP vector series from the
ARP. These new Escherichia-Acinetobacter and Escherichia-Pseudomonas shuttle
vectors were named pROTO1-4 and pROKA1-4, respectively. Antibiotic susceptibility
testing data demonstrated that the pROTO/pROKA series could replicate and express
different resistance enzymes [NDM-1, CTX-M-15, ANT(2")-la, and AAC(6')-1b10] in
both Enterobacterales and Pseudomonadales. In addition, key features of the original
ARP plasmids (e.g., strong/weak promoters, 6xHis-tags) were retained in the pROTO and
PROKA shuttle vectors to allow for variable gene expression as well as protein

detection/purification. Using pROTO, we also determined that B-lactamase inhibitors
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(AMA, avibactam) could restore meropenem susceptibility against A. baumannii strains

producing multiple -lactamases.

5.2  Future directions

The construction of the new pROTO/pROKA vector series opens the door to new
potential experiments in the Wright laboratory. For example, cloning different MBL
genes into these plasmids may help in cell-based screens for new inhibitors of MBL-
producing A. baumannii and P. aeruginosa using the Wright Actinomycete Collection
(WAC). The WAC has repeatedly identified antibiotic adjuvants such as venturicidin A,
moenomycin, and AMA [147,179,180]. The targeted screen leading to the discovery of AMA
was conducted with NDM-1-producing E. coli [147]. However, studies conducted in this
dissertation demonstrated that NDM-1 had one of lowest affinities for zinc. Therefore,
future cell-based screens could be performed against bacterial strains producing an MBL
enzyme with a higher affinity for zinc, such as NDM-6 or IMP-7 [162]. AIM-1 could also
be a metalloenzyme of great interest for screening since most studies conducted in this
dissertation focused on subclass B1 enzymes. Although MBLs from subclass B3 are less
common in pathogens, bacteria containing these metalloenzymes are a challenge when
encountered in the clinic [181,182] and could potentially serve as reservoirs for clinically
relevant B-lactam resistance in the future. Furthermore, while B-lactamase inhibitors
represent an increasingly popular method to counteract 3-lactam resistance in pathogens,
mutations of the -lactamase enzymes or the outer membrane porins can significantly
reduce the effectiveness of any combination therapy [183]. Therefore, future experiments

could include determining the bacterial frequency of spontaneous resistance towards

173



Ph.D. Thesis — C.M. Rotondo — McMaster University —
Biochemistry and Biomedical Sciences

AMA, the MBL inhibitor, which was the focus of this dissertation. In conclusion, as MBL
enzymes remain a significant public health concern, this bacterial resistance mechanism

should be quickly addressed before the golden age of antibiotics is gone forever.
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