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ABSTRACT: β-lactams are the most prescribed class of antibiotics due to their potent, broad-spectrum antimicrobial activities.
However, alarming rates of antimicrobial resistance now threaten the clinical relevance of these drugs, especially for the carbapenem-
resistant Enterobacterales expressing metallo-β-lactamases (MBLs). Antimicrobial agents that specifically target these enzymes to
restore the efficacy of last resort β-lactam drugs, that is, carbapenems, are therefore desperately needed. Herein, we present a cyclic
zinc chelator covalently attached to a β-lactam scaffold (cephalosporin), that is, BP1. Observations from in vitro assays (with seven
MBL expressing bacteria from different geographies) have indicated that BP1 restored the efficacy of meropenem to ≤ 0.5 mg/L,
with sterilizing activity occurring from 8 h postinoculation. Furthermore, BP1 was nontoxic against human hepatocarcinoma cells
(IC50 > 1000 mg/L) and exhibited a potency of (Kiapp) 24.8 and 97.4 μM against Verona integron-encoded MBL (VIM-2) and New
Delhi metallo β-lactamase (NDM-1), respectively. There was no inhibition observed from BP1 with the human zinc-containing
enzyme glyoxylase II up to 500 μM. Preliminary molecular docking of BP1 with NDM-1 and VIM-2 sheds light on BP1’s mode of
action. In Klebsiella pneumoniae NDM infected mice, BP1 coadministered with meropenem was efficacious in reducing the bacterial
load by >3 log10 units’ postinfection. The findings herein propose a favorable therapeutic combination strategy that restores the
activity of the carbapenem antibiotic class and complements the few MBL inhibitors under development, with the ultimate goal of
curbing antimicrobial resistance.
KEYWORDS: β-Lactam-Metallo-β-Lactamase Inhibitor, carbapenem-resistant Enterobacterales, human hepatocarcinoma cells,
Verona integron-encoded MBL, New Delhi metallo β-lactamase, Klebsiella pneumoniae

The emergence of resistance to the β-lactam (BL)
antibiotics, that is, the most important class and last resort

antimicrobials, arises when bacteria produce β-lactamase
enzymes that destroy the BL scaffold, thereby reducing drug
activity.1 The World Health Organization has stated that the
most concerning resistant bacteria are the carbapenem-resistant
Enterobacterales, Acinetobacter baumannii, and Pseudomonas
aeruginosa.2 For the past four decades, β-lactamase inhibitors
have effectively neutralized the effects of this resistance.3

However, bacteria have evolved resistance mechanisms, such

as the carbapenemases, with various modes of action; these are

divided into two groups according to their active sites: (i) serine
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β-lactamases (Ambler classes A, C, and D) and (ii) metallo-β-
lactamases (MBL, class B). Currently, our clinical arsenal lacks
MBL inhibitors to fortify public health against resistant
infections.3−7

Combating resistance to lactam antibiotics has been
accomplished by coadministering the BL antibiotic with a
suicide BL such as clavulanic acid, tazobactam, or sulbactam.4

However, these regimens are currently only effective for serine
β-lactamases and still pose significant challenges for treating
multidrug-resistant bacteria.2 Of recent concern are the MBLs;
these enzymes rely on zinc ion chelation in the active site that
facilitates hydrolysis of the BL drug.8 Unlike serine β-lactamases,
MBLs are not inhibited by irreversible binding to sacrificial BLs.3

There is an urgent need forMBL inhibitors, which are now being
labeled as an unattended global threat.6 The impact of COVID-
19 has overwhelmed hospitals worldwide, providing cannon
fodder for the issue at hand and creating an environment for the
upsurge of antimicrobial resistance.9

The two main strategies that have emerged to combat
resistance due to the bacterial production of novel lactamases
are as follows: (1) the discovery of new BL antibiotics (more
resistant to β-lactamase hydrolysis) and (2) the use of β-
lactamase inhibitors. However, despite the success of strategy
(2) in combating resistance to serine β-lactamases none of the
six FDA-approved inhibitors (clavulanic acid, sulbactam,
tazobactam [based on a BL warhead], avibactam, relebactam
[based on the diazabicyclooctane series], and vaborbactam
[boron based]) target the inhibition of MBLs.6,10 Newer BL
inhibitors such as zidebactam (non-BL bicyclo-acyl hydrazide
inhibitor administered with cefepime)11 and nacubactam (non-
BL diazabicyclooctane inhibitor administered with merope-
nem)12 are antimicrobial agents that act as BL enhancers by
offering a dual mode of action by which, they target penicillin-
binding protein 2 in Gram negative bacteria and inhibit the
produced β-lactamase.10
A promising method to selectively target the MBLs’ mode of

action is via the use of metal ion chelators that remove the
essential zinc ions from the active site of the MBL enzyme.5,13

Several scaffolds including N,N,N′,N′-tetrakis(2-pyridinylmeth-
yl)-1,2-ethanediamine (TPEN)14 and analogues,15 thiosemi-
carbazone,16 1,4,7,10-tetraazacyclododecane (DOTA) ana-
logues,17,18 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA),18 2-picolinic acid, phosphonates19 rhodanine, thio-
enolates,20 magnalol,21 tris-picolylamines,22 N-acylhydrazone,23

2,6-pyridine dicarboxylates (H2dpa’s),
24 and 1,2,4-triazole-3-

thione,25 have shown good activity against the New Delhi
metallo β-lactamase (NDM-1) and the Verona integron-
encoded MBL (VIM-2) expressing bacteria, partially restoring
meropenem activity. In many cases, these chelators have been
conjugated with dipeptides that mimic the bacterial cell wall
sequence. Despite the ubiquity of metal chelators, off-target
activity often accompanies potent chelators26 leading to
unwanted physiological effects,26 as is also seen for chelators
that possess eukaryotic cytotoxicity.19 In the context of β-
lactamase inhibitors, compounds bearing bicyclic boronates,
such as taniborbactam27 and xeruborbactam (QPX7728),28

display good activity to type B β-lactamases. These compounds
are currently in phase III and phase I clinical trials; respectively.
The design of the bicyclic boronate inhibitors was inspired by
the X-ray image of TEM-1 SBL harbored in E. coli covalently
modified by (1R)-1-acetamido-2-(3-carboxy-2-hydroxyphenyl)-
ethylboronic acid (PDB 1ERQ, 1.9 Å).29 Within the structure of
TEM-1, hydrogen bond interactions between the phenol group

in the modified ligand and the oxygen atom of the catalytic
serine seemed to create a coordination site for the Zn2+ ion. This
prompted Burns et al.,30 (Protez Pharmaceuticals) to develop
the first class of bicyclic boronates that were able to inhibit both
SBLs and MBLs in 2010. Venatorx Pharmaceuticals further
developed this idea by modifying the side chain of the ligand to
produce taniborbactam.31 Research at Qpex Biopharma Inc.
investigated the effects of substitution on the aromatic core of
the 3,4-dihydro 2H-benzo[e][1,2]oxaborinin-2-ol scaffold
which led to the discovery of xeruborbactam (QPX7728),
which displays ultrabroad-spectrum activity that includes
inhibition of MBLs and OXA-type enzymes.32

An area gaining traction is the employment of BL conjugates
as prodrugs and inhibitors, forming a relatively stable enzyme-
hydrolyzed product complex to target the MBL.21,33,34 In this
study, our novel approach was to covalently attach a well-
binding metal/zinc chelator to a BL scaffold (cephalosporin) in
order to improve selectivity and biodistribution of the chelator.
This approach gives both compounds an equal chance to reach
the bacterial cell wall-producing target enzymes, thereby
providing a lethal duo of high specificity to eradicate the
bacterial infection. Here, we report the synthesis and preclinical
profiling of an MBL inhibitor (BP1) with promising in vitro and
in vivo efficacy.

■ RESULTS AND DISCUSSION
Our research group has previously demonstrated that metal
chelating agents, like NOTA, DOTA, and DPA, are potent MBL
inhibitors, acting on MBL-producing CREs.35,36 These com-
pounds exhibited undetectable toxic effects at effective
concentrations in vitro.35 However, the highly polar nature of
the isolated chelators made detection in plasma impossible, and
they are likely rapidly excreted through renal clearance. This
prompted us to investigate the cyclic zinc chelator’s capacity to
inhibit MBLs when attached to a BL moiety, which should
improve the molecule’s overall pharmacological properties.
BP137 was synthesized in five steps through a procedure adapted
from Dutta et al.38

A desirable β-lactamase inhibitor should simultaneously
neutralize MBLs, while preserving the activity of existing
carbapenem antibiotics, thereby targeting antimicrobial resist-
ance and restoring the efficacy of BLs. BP1 demonstrated the
potential to achieve this, as observed in the in vitro experiments.
According to Table 1 BP1 and NOTA each administered alone,

Table 1. Comparison of MICs for the Test Drug (BP1)
against Meropenem and the Chelating Agent (NOTA), Alone
or in Combination with Meropenema

MIC (mg/L)

drug or drug
combination

Klebsiella pneumoniae
ATCC 700603

Klebsiella pneumoniae
NDM

meropenem (alone) 0.03 128
chelating agent
(NOTA)

resistant from 256 to 0.125 resistant from 256 to
0.125

NOTA pre-complex to
Zn

resistant from 256 to 0.125 resistant from 256 to
0.125

meropenem + NOTA 0.03 + 0 0.25 + 16
BP1 resistant from 512 to 0.25 resistant from 512 to

0.25
meropenem + BP1 0.03 + 0 0.25 + 16

aAll experiments were conducted in triplicate. NOTA was derivatized
by coupling it to a β-lactam to create BP1.
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do not possess any activity towards NDM harboring and
susceptible Klebsiella pneumoniae strains, while BP1 restores the
efficacy of meropenem, thus indicating that BP1 and NOTA
specifically target the MBLs and potentiate the activity of
meropenem in carbapenemase-producing bacteria. The results
were confirmed by the observed to be greater than eight-fold
reduction in the MICs of the seven MBL-expressing bacteria
(from different geographies) used for this study (Table 2).
Importantly, meropenem can be administered at therapeutically
acceptable concentrations, defined herein as a meropenemMIC
of <2 mg/L coupled with a BP1 MIC of <64 mg/L. More
importantly, our MIC breakpoints concur with the CLSI
guidelines as well as the more stringent EUCAST recom-
mendations. The pairing of BP1 with meropenem in
combination therapy has the potential to be a favorable solution
since both antimicrobials work synergistically to target the MBL
and the pathogen (Table 2). Martin and co-workers34 also
attached a chelator to a cephalosporin as a potential MBLI,
however, their BL acts as a prodrug and upon hydrolysis releases
a zinc binding thiol moiety to the enzyme active site. Their MIC
data indicates that higher concentrations (≥32 mg/L) of their
most potent compounds are required to resensitize the clinical
isolates to meropenem, with the compounds having more
activity towards bacteria expressing imipenemase (IMP) MBLs
in comparison to VIM and NDM.33,34 It should be noted that
BP1 is active against IMP, NDM, and VIM MBLs at lower
concentrations. When comparing our results to other potential
MBLI chelators that are based on nitrogen-bearing ligands, we
came across the noteworthy contributions from Samuelsen et
al.,22 where the MIC of meropenem reaches concentrations <2
mg/L with 50 μM of their most potent compound, which is
ZN148, based on a tris-picolylamine ligand (Figure 1). In
comparison, BP1 utilizes a lowerMBLI concentration (32 mg/L
or 29 μM), resulting in more efficacious meropenem MICs of
<0.5 mg/L.
The most recent studies from another promising MBLI class

of pentadentate-chelating N−O ligands, that is H2dpa
derivatives24 (Figure 1), report similar activity as BP1. Although
BP1 displays a broader spectrum of inhibition compared to the
H2dpa derivatives, both compounds share a similar synergistic
effect with meropenem according to the fractional inhibitory
concentration index (FICI) values of <0.13.
Serum had no considerable effect on the MIC of BP1 +

meropenem combinations for the seven bacteria studied. To
study the cytotoxicity of BP1, a cellular LDH assay was

undertaken. LDH leakage is a marker of cellular membrane
damage. Employing HepG2 cell lines, LDH was significantly
reduced (***p < 0.0001) across the various evaluated BP1
concentrations (Figure S1). Therefore, BP1 did not induce cell
necrosis after 24 h exposure and was deemed safe to administer
with a low potential for toxicity.
Time-kill kinetic studies (Figure 2) indicate that using 32mg/

L of BP1 in combination with varying meropenem doses of
either 0.5, 1, or 2 mg/L resulted in complete bactericidal activity
over 24 h. The concentration of 32mg/L of BP1was determined
by studying the minimum bactericidal concentration (MBC) of
BP1 in combination with meropenem, which correlated to 2×
the MIC. Our findings show a similar time-kill response as the
H2dpa derivatives,

24 however, their study employed a two-fold
dilution decrease in meropenem and inhibitor concentrations.
Furthermore, BP1 achieved complete killing, whereas the H2dpa
derivatives reduced the bacterial load to 10 cfu/mL.
Enzyme inhibition studies were performed to investigate the

binding efficacy of BP1 in the NDM-1 and VIM-2 MBLs. BP1
was found to display good potency toward VIM-2 (Kiapp = 24.8
μM) and fair potency toward NDM-1 (Kiapp = 97.4 μM) (Figure
S2 and Table S1). Enzyme inhibition activity of ZN148 was
reported for NDM-1 (Ki = 310 μM) and VIM-2 (Ki = 24 μM).22
Zn chelators are expected to sequester one Zn atom from the
active site and therefore act as slow-acting irreversible inhibitors
that would require more detailed kinetic analyses than hitherto
reported for such inhibitors.
MBLs have been well known to possess active sites similar to

the binding sites for mammalian enzymes that are essential for
normal cellular functions. The human glyoxalase II (Glo2)
enzyme shares a closely related protein fold and key zinc binding
residues of MBLs.39 The inhibitory activity of BP1 against Glo2
(Figure 3) indicates that BP1 does not bind to zinc in this
enzyme and is, by extension, less likely in other mammalian
metalloproteins. This suggested that BP1 remained specific to

Table 2. Antimicrobial Susceptibility Testing of BP1 andMeropenem Across Seven MBLHarboring Bacteria Utilizing the Broth
Microdilution Assaya

MIC (mg/L)

bacterial reference bacterial strain MBL produced MEM alone BP1 alone BP1 + MEM FICI

ATCC 25922 E. coli N/A 0.06 N/A 0 + 0.06 N/A
AUS 271 E. coli NDM-1 128 >256 16 + 0.25 0.1
FEK E. coli NDM-4 128 >256 16 + 0.5 0.1
JAP E. coli IMP-1 8 >256 8 + 0.03 0
TWA E. coli IMP-8 4 >256 8 + 0.25 0.1
IR 386 E. cloacae NDM-1 32 >256 16 + 0.125 0.1
KAR E. cloacae VIM-1 16 >256 32 + 0.5 0.2
USA 449 K. pneumoniae NDM 128 >256 16 + 0.5 0.1

aMEM = meropenem. N/A = not applicable. Synergy, FICI < 0.5; additive 0.5−1; indifference, >0.5 FICI <4; and antagonism, FICI >4. All assays
were conducted in triplicate. Compound (2), that is, the cephalosporin component of BP1, displayed no activity on its own. BP1 + meropenem and
NOTA + meropenem did not show activity towards S. marcescens KPC-2 and E. coli OXA-28, indicating that BP1/NOTA has specific activity
towards MBLs.

Figure 1. Examples of recent nitrogen-bearing chelators as promising
MBLIs.22,24
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binding to zinc within the MBLs at 50−500 μM, while zinc
chelators, EDTA and TPEN, reduced the activity of the
glyoxylase II by 39 and 48%, respectively (Table S2).
Next, we performed molecular docking of BP1 with NDM-1

and VIM-2, followed by a molecular dynamic simulation. The
docked poses in NDM-1 and VIM-2 show that the chelator
region of BP1 interacts with the Zn2+ ion via the carboxylic
moiety (Figure 4). The NDM-1�BP1 had a docking score of
−6.5 kcal/mol, while VIM-2�BP1 had −6.1 kcal/mol. It is
likely that BP1 could ultimately remove the zinc ions from the
active site, immobilizing the enzyme completely. This is
supported by the absence of a MIC value when NOTA
precomplexed to zinc was evaluated as a potential MBL inhibitor
(Table 1), confirming that BP1’s zinc chelation is required for

inhibition. Subsequent studies will use PACs−MD40 to
determine if NOTA chelation of the zinc ion is energetically
feasible.
In order to prove that the NDM enzyme did not hydrolyze

BP1, we incubated BP1 (up to 1000 μM)with theNDMenzyme
andmonitored themass for 30 and 60min without detecting any
measurable change in intensity.
To further elucidate the potential of BP1, in vivo studies were

conducted to investigate if the in vitro effect could be
successfully replicated in an animal model. Prior to the in vivo
efficacy study, we conducted a single dose pharmacokinetic
experiment to determine the dose of BP1 required to reach safe
therapeutic concentrations in plasma and, thus, an appropriate
dosing schedule. We found that BP1 and meropenem shared a

Figure 2. Time-kill kinetic study of BP1 with meropenem at varying concentrations. K. pneumoniae NDM control (green circles) represents the
bacterial growth curve unhindered by the addition of BP1 and meropenem. The meropenem-only test group (yellow circles) highlights the
ineffectiveness of meropenem when administered without BP1. Sterilizing activity was achieved with BP1 at all concentrations of meropenem used by
24 h (blue, purple, and red circles).

Figure 3. Activity of human recombinant glyoxylase II in the presence of four inhibitors. All assays were conducted in triplicate. Normal glyoxylase II
activity is denoted by the legend representing no inhibitor added. BP1 did not decrease the activity of glyoxylase II in comparison to the metal chelating
agents EDTA and TPEN. NOTA a component of BP1, also did not reduce the activity of glyoxylase II.
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similar PK profile, reaching peak concentrations (Cmax) at 15
min post drug administration before reaching constant
concentrations after 2 h (Figure S3). At a dose of 10 mg/
kg.b.w, we achieved a plasma concentration of 1.93 μg/L, which
was well below the cytotoxicity concentrations seen in the cell
viability assays, advocating for the safe increase of the treatment
dose to 100 mg/kg.b.w, which allowed us to reach therapeutic
concentrations in plasma without the possibility of toxicity.
A murine thigh infection model was investigated to determine

if combination therapy could reduce the bacterial burden. Prior
to infection, animals were rendered neutropenic via the
administration of cyclophosphamide, as discussed by Asempa
et al.41 This allows for the evaluation of the efficacy of the
proposed therapy removing the confounding effect of the innate
immune response and also suggests that a larger dose was
required to achieve a similar change in bacterial burden, and the

inhibition of the immune system allowed for the establishment
of an infection.41 The mice were successfully infected with
Klebsiella pneumoniae NDM, as inflammation of the localized
area was visible; this correlated with the cfu/thigh data expressed
(Tables S3−S5). The mice were randomly grouped into three
treatment regimens: S (saline only), M (meropenem only), and
BP1 combination therapy (BP1 + meropenem). Since renal
DHP-1 hydrolyzes meropenem at a rapid rate,42 dosing intervals
with meropenem and BP1 were set 2 h apart to account for their
short half-lives (as determined by single-dose pharmacokinetic
studies) and promote the in vivo efficacy trial (Figure 5). The
mice received four doses of both drugs (100 mg/kg each) over
eight hours, with no observations of toxicity (total drug dose 800
mg/kg).
The outcome was successful, as shown by the significant

reduction of >3 log10 units in the cfu/thigh count (Figure 6).

Figure 4. 3D structures of NDM1�BP1 and VIM2�BP1 complexes, respectively. BP1 compounds are shown in green. In NDM1, the Zn301 (grey
sphere) is coordinated to three histidines, and a water molecule (HOH426) coordinates the two zinc ions, while Zn302 is coordinated to histidine,
aspartate, and cysteine residues. In VIM2, the Zn405 is coordinated to three histidines, and Zn06 is coordinated to one histidine, one aspartate, and one
cysteine residue.

Figure 5. Plasma BP1 andmeropenem concentrations over the eight hour treatment period. BALB/cmice were infected i.mwithK. pneumoniaeNDM.
Treatment was initiated 2 h post-infection with either S, M, or BP1. Four treatment doses were administered via IP. Data are presented as a mean± SD
(n = 6). Meropenem only�animals treated with meropenem only, meropenem (BP 1)�meropenem concentration when animals were treated with
the combination of BP1 (meropenem)�BP1 concentration when animals were treated with the combination.
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These results show high statistical significance (Tables S3−S5),
since the deviation among the data is <10%, while maintaining
the effectiveness of combination therapy (p < 0.0018), as
highlighted in Table 3. Upon closer inspection of Figure 6, one
can note that the mice belonging to the combination therapy
regimen were infected with a higher initial bacterial density than
the S and M only treatment group. This could account for the
reduction in the bacterial density not reaching a log10 cfu/mL
count below 3.9. From our data, we can extrapolate that the

bactericidal effect would continue up until 24 h postdosing;
however, in terms of animal welfare, this is not ethically
appropriate since the control animals will be at risk of severe
inflammation and/or death. It is also impractical to repeatedly
dose an experimental animal at 2 h intervals throughout a 24 h
period. Nevertheless, the in vivo activity of BP1 is concordant
with the in vivo efficacy reported for ZN148, where a decrease in
the bacterial load is observed to a count of approximately 3 log10
units.22

Figure 6. Efficacy of BP1 combination therapy over monotherapy in amurine thigh infectionmodel. Neutropenic BALB/cmice were infected i.m with
0.1 mL of 106−108 cfu/mLof NDM producing K. pneumoniae. Four treatment doses, were administered via i.p over an 8 h period. The co-
administration of BP1 andmeropenem resulted in a significant decrease inK. pneumoniaeNDM cfu/mL (yellow circles) in comparison to the S (green
circles) and M (blue circles) treatments. This clearly indicates that BP1 + meropenem is a favorable treatment strategy.

Table 3. Evaluation of Statistical Parameters Measuring the Bactericidal Activity of BP1a

*time kill assay in vivo efficacy study

parameter BP1 + 0.5 mg/L MEM BP1 + 1 mg/L MEM BP1 + 2 mg/L MEM BP1 + MEM (100 mg/kg)

R2 0.6367 0.6451 0.6617 0.6509
mean squares 80.32 84.06 99.18 40.36
F ratio 13.14 13.63 14.67 11.19
P value 0.0005 0.0004 0.0003 0.0018

a*BP1 was administered as a fixed dose of 32 mg/L. MEM = meropenem. All assays were done in triplicate.

Scheme 1. Synthetic Route of BP1
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■ CONCLUSIONS
In summary, we have developed a BL-derived MBL inhibitor
that can restore the MIC of meropenem in MBL expressing
carbapenem-resistant Enterobacterales. A preliminary evaluation
found that BP1 is safe to administer at the utilized doses, with no
signs of toxicity at therapeutic concentrations. The co-
administration of BP1 with meropenem was highly efficacious
in reducing the bacterial load to susceptible therapeutic
concentrations. BP1’s bactericidal activity was evident, both in
vitro and in vivo. Furthermore, the presence of human serum did
not have a significant effect on the efficacy of this combination. A
computational study supported the hypothesis that BP1 inhibits
the MBL by binding to the Zn2+ ions. Taken together, our
findings suggest that BP1 is a promising MBL inhibitor with
potential for further development.

■ METHODS
Synthesis of BP1. 4-Methoxy-1,4,7-triazacyclononane-

butanoic acid analogue (1) was coupled with a commercially
available cephalosporin, 7-amino-3-chloromethyl-3-cephem-4-
carboxylic acid p-methoxybenzyl ester hydrochloride (2), using
the peptide coupling agent COMU in the presence of
diisopropylethylamine to produce product (3) in 83% yield in
its racemic form (Scheme 1).
The leaving group at the 3-position of the cephalosporin was

then subjected to a pyridination to yield (4), which was isolated
in 99% yield using supercritical fluid chromatography, followed
by a Boc deprotection to furnish compound (5). Thereafter, the
amines on the cyclononane were alkylated (6), and the
protecting groups were subsequently removed using trifluoro-
acetic acid (TFA) to produce the deprotected final product (7
aka BP1) in 95% yield as an off-white solid. All reactions were
monitored and optimized using liquid chromatography−mass
spectrometry (LC−MS), and products were fully characterized
using standard methods.
Bacterial Source. Well-characterized CRE strains produc-

ingMBLs or SBLs were acquired from the Institut National de la
Sante ́ et de la Recherche Med́icale (U914), Paris, France.43 K.
pneumoniaeNDMwas obtained fromHartford Hospital, USA.44

E. coli ATCC 25922 was employed as a carbapenem-susceptible
control. All bacterial stock solutions were preserved in trypticase
soy broth supplemented with 10% glycerol and contained 4 mm
glass beads at −80 °C.
Antimicrobial Agents. Meropenem was obtained from

Sigma-Aldrich (Schnelldorf, Germany), and BP1 was synthe-
sized in our labs vide supra (see Supporting Information for
experimental details). Meropenem was prepared in distilled
water (m/v), and BP1 was prepared in 50% (m/v) DMSO. The
final DMSO concentration was <1.0%. Antimicrobial stock
solutions were stored at −80 °C.
Antimicrobial Susceptibility Testing. The drug suscept-

ibility profile of meropenem, in combination with BP1, was
conducted using the checkerboard assay. The assay was
performed according to a previously described protocol45 and
as per CLSI antimicrobial susceptibility guidelines.46 Briefly,
two-fold dilutions of meropenem with BP1 were made in
Mueller Hinton broth (MHB). A 0.5 McFarland-standardized
bacterial inoculum was added to each well, generating a final
volume of 100 μL, and plates were incubated at 35 °C for 18−20
h. The checkerboard assays were performed in triplicate. The
MIC was determined as the lowest concentration at which no
visible growth was present. The FICI was calculated from the

equation of FICI = FICa (MIC of drug A in combination/MIC
of drug A alone) + FICb (MIC of drug B in combination/MIC of
drug B alone).47 The FICI was categorized as follows:
synergistic, FICI < 0.5; additive, 0.5 < FICI < 1; indifferent, >
0.5 FICI < 4; and antagonistic, FICI > 4.48

Effects of Human Serum. To study the effects of human
serum on the MIC values, the above antimicrobial susceptibility
testing protocol was adopted; however, the broth was prepared
differently. MHB was prepared according to the manufacturer’s
instructions (Oxoid Ltd, Thermo Fisher Scientific, United
Kingdom). Thereafter, equal volumes of broth and 100% human
serum were utilized to generate a medium that contained 50%
human serum.
Time Kill Kinetic Study. Time kill studies were performed

according to previously published methods,49 including those
described in CLSI document M26-A.46 In summary, an
overnight culture of K. pneumoniae NDM was diluted to
approximately 106 cfu/mL. The prepared bacterial suspensions
were added to wells containing a fixed dose of 32 mg/L BP1 and
meropenem in concentrations of 0.5, 1, or 2 mg/L. Plates were
incubated at 35 °C with 100 rpm shaking. A bacterial control
without the addition of drugs and a meropenem-only control
were included under similar conditions. Viability counts were
performed at 0, 2, 4, 6, 8, and 24 h by sampling 0.1 mL and
spreading onto Mueller Hinton agar (MHA). These plates were
incubated at 35 °C for at least 18 h, followed by the enumeration
of colony-forming units per milliliter (cfu/mL).
Cytotoxicity Assay. Cell Culture.Human hepatocarcinoma

(HepG2) cells were cultured in 25 mL cell culture flasks using
Eagle’s minimum essential medium (EMEM) supplemented
with 10% fetal bovine serum, 1% pen-strep-fungizone, and 1% L-
glutamine and maintained in a humidified incubator (37 °C, 5%
CO2) until approximately 80% confluent.

Methyl Thiazol Tetrazolium Assay. TheMTT assay was one
of themethods used to determine the in vitro cell viability of BP1
in HepG2 cells. HepG2 cells (15,000 cells/well) were seeded
into a 96-well microtiter plate and allowed to adhere overnight
(37 °C, 5% CO2). Thereafter, the cells were incubated (37 °C,
5%CO2) with a range of BP1 concentrations (0, 1, 8, 10, 50, 100,
and 200 μg/mL) in triplicate for 6 h. After the 6 h incubation,
the cells were washed with 0.1 M phosphate buffered saline
(PBS) and incubated with MTT salt solution (5 mg/mL in 0.1
M PBS) and 100 μL CCM for 4 h (37 °C, 5% CO2). The MTT
salt solution was removed, andDMSO (100 μL/well) was added
and incubated for 1 h. The optical density was measured using a
spectrophotometer (Bio-Tek μQuant) at 570/690 nm. Results
are expressed as % cell viability versus BP1 concentration (μg/
mL).

Lactate Dehydrogenase Assay. The LDH assay was used to
assess membrane damage in HepG2 cells. The supernatant
collected from the control and BP1-treated cells was centrifuged
(400g, 24 °C, 10 min) and dispensed (100 μL/well) in triplicate
into a 96-well microtiter plate. LDH reagent (100 μL,
11644793001, Sigma-Aldrich) was added to each well. The
plate was incubated for 30 min at room temperature in the dark.
Absorbance was read using a spectrophotometer (Bio-Tek
μQuant) at 500 nm. Results are represented as a relative fold
change compared to the untreated control.

Inhibition Assay. A dose-dependent enzyme inhibition assay
was performed using a Biotek PowerWave XS2(Biotek Instru-
ments, Inc, USA) plate reader. NDM-1 and VIM-2 enzymes
were purchased from RayBiotech (RayBiotech Life Inc, USA).
Enzymes in the quantity of 1 nM (NDM-1) or 4.5 nM (VIM-2)
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were used in this study with a fixed nitrocefin concentration of
either 120 μM (NDM-1) or 50 μM (VIM-2) and varying BP1
concentrations ranging from 10 to 500 μM (NDM-1) and 1 to
400 μM (VIM-2) in 50 mM HEPES buffer supplemented with
100 μg/mL BSA and 10 μM ZnCl2. Inhibition was measured at
482 nm at 25 °C. All assays were conducted in triplicate. Refer to
the accompanying Supporting Information (Figure S2) for
further details.
Binding Specificity.To determine the binding specificity of

the inhibitors to other zinc containing enzymes, glyoxylase
(BioVision Inc, USA) was utilized to measure the level of
specificity exhibited by BP1. The methodology has been
previously described,22 with minor modifications in utilizing a
temperature of 37 °C, measuring the absorbance at 520 nm, and
the inclusion of positive controls: EDTA and TPEN (purchased
from Merck KGaA, Germany).
Computational Studies. Computational methods are

detailed in the Supporting Information (pages S7−S9)
Ethical Statement. All animal experiments carried out in

this study were approved by the institutional Animal Research
Ethics Committee at the University of KwaZulu-Natal, with
approval reference AREC/013/016D (for the pharmacokinetic
study) and AREC/00002618/2021 (for the in vivo efficacy
study). All sample sizes used in this study were estimated using
G*Power version 3.1.9.4.
In Vivo Single-Dose Pharmacokinetics. Female Bragg

inbred albino c-strain (BALB/c) (6−8 weeks old) were
purchased from the Biomedical Resource Unit (BRU). The
animals were collected two weeks prior to the experimental
procedures to allow for acclimatization. The animals were
housed in well-ventilated cages, located in temperature- and
humidity-controlled housing units, with a 12 h/12 h light−dark
cycle. Environmental enrichment, in the form of shredded paper
and plastic tunnels, were added to the cage. The animals were
provided with commercially pelleted feed and clean water ad
libitum. Experimental animals received a combination of
meropenem (10 mg/kg.b.w) and BP1 (10 mg/kg.b.w) via
intraperitoneal (IP) administration. Animals were then
sacrificed periodically at 0, 5, 15, 30, 45, 60, 90, and 120 min
post-dosing (=3) to determine the pharmacokinetics of
meropenem and BP1. Blood was collected via cardiac puncture
and stored at −80 °C until analysis.
In Vivo Efficacy. A murine thigh infection model described

by Michail et al.50 was established with minor modifications.
Male BALB/c mice weighing 18−22 g (n = 90) were used, and
these animals were randomly assigned to treatment groups using
simple randomization. Each of the three groups constituted of n
= 30mice, with n = 6mice receiving treatment every 2 h. Prior to
infection, mice were treated IP with 150 mg/kg cyclo-
phosphamide on day one and 100 mg/kg on day four of the
trial. This was done to induce neutropenia in the mice;
neutropenia was confirmed by a neutrophil count of <100/mm3.
On day five of the trial, animals received a 0.1 mL inoculum
containing 106−108 cfu/mL of K. pneumoniae NDM intra-
muscularly (i.m) into the right thigh of the mice. Meropenem
monotherapy (M), BP1 + meropenem (BP1) combination
therapy, or normal saline (S) was administered every 2 h over an
eight-hour treatment period. Mice were euthanized, by
isoflurane overdose, at 2, 4, 6, and 8 h post-dosing. Our initial
preclinical pK study showed that the drug concentration was
sufficiently reduced after a 2 h period to allow for subsequent
dosing without the risk of cytotoxicity. The right thigh muscle
was then aseptically removed and homogenized in 5 mL of PBS.

Homogenates were spread onto Mueller−Hinton agar and
MacConkey agar plates, followed by incubation at 35 °C for 24 h
and enumeration of the cfu/thigh. (Since BP1 did not have
activity towards MBL resistance on its own, we did not study the
standalone effect of BP1 in vivo, as it is not ethical to study the
effect of a drug alone when it does not provide acceptable MICs.
Our animal studies were done in accordance with ARRIVE
guidelines and aimed to reduce the animal numbers utilized in
this study.)
LC−MS Quantification. A Shimadzu Nexera Series

(Shimadzu Corporation, Kyoto, Japan) liquid chromatography
system coupled with a Shimadzu LCMS-8050 tandem mass
spectrometer (Shimadzu, Kyoto, Japan) was used. Chromato-
graphic separation was achieved using a Shim-Pack Velox SP-
C18 column (100 mm × 2.1 mm, 2.7 μm particle size) with a
gradient mobile phase comprised of Millipore water (0.1% v/v
TFA) (A) and acetonitrile (0.1% v/v TFA) (B). The gradient
method started from 5.0 to 95.0% B in 3 min and then held at
50% for 7 min thereafter, and it was brought back to 5% at 7.1
min. The column equilibration time was 2.9 min with a flow rate
of 0.4 mL/min, and the column oven temperature was 40 °C.
The injection volume was 15 μL, and the total run time of the
method was 10 min. Quantitative and qualitative studies were
conducted by using theMRMmode via an ESI interface with the
following source parameters: nitrogen nebulizer gas flow of 3 L/
min, heat gas 10 L/min, and interface temperature of 300 °C.
The precursor and product ions optimized were m/z: 325.2 →
80.15 for BP1, m/z: 384.50 → 68.25 for meropenem, and m/z:
350.50 → 304.40 for ampicillin (IS). Results were analyzed
using the LabSolutions Insight LCMS. All data are expressed as a
mean ± SD.
Statistical Analyses. All analyses were performed using

GraphPad Prism version 8.0.2 (GraphPad Inc., San Diego, CA,
USA). Linear and nonlinear regression models were used to
determine parameters from the enzyme inhibition and
fluorescence quenching assays. A one- and two-way analysis of
variance (ANOVA)was used to determine the bactericidal effect
expressed in the time kill and in vivo efficacy studies. In the time
kill assay, each experimental BP1 and meropenem dose, was
assessed against meropenem monotherapy and the bacterial
control. However, for the in vivo efficacy study, the three
treatment groups, namely, S (saline only), M (meropenem
only), and BP1 combination therapy (BP1 + meropenem), were
compared. Statistical significance was represented by a decrease
in the p value (p < 0.05) and an increase in the F ratio.
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