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Chapter 1

Introduction: B-lactam resistance and f3-

lactamase inhibitors

Parts of this chapter have been published in:
Tehrani, K. H. M. E., and Martin, N. L. (2018) B-lactam/[-lactamase inhibitor combinations:
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Chapter 1

1. Introduction

There is an urgent need to develop new therapeutic options to combat the increasing
number of pathogens that have become resistant to f-lactam antibiotics by gaining the ability to
express B-lactamase enzymes. The B-lactamases are classified by both structural approaches
(Ambler)! and functional approaches (Bush-Jacoby-Medeiros).2 Throughout this chapter, the
Ambler classification will be used to describe the B-lactamases. Class A is represented by the
classic B-lactamases such as the TEM (named after a patient) and SHV (name derived from
sulfhydryl reagent variable) families which inactivate penicillins and narrow-spectrum
cephalosporins. Some members of the TEM and SHV families, along with the CTX-M (active
against cefotaxime, isolated in Munich) class, are also able to inactivate extended-spectrum B-
lactams and are therefore referred to as extended-spectrum B-lactamases (ESBLs). There are also
carbapenemases among class A enzymes which include KPC (K. pneumoniae carbapenemase),
IMI (imipenem-hydrolyzing -lactamase) and SME (S. marcescens enzyme).34 Unlike members
of class A/C/D families which hydrolyze B-lactams by action of a serine nucleophile, class B B-
lactamases are metalloenzymes that contain zinc ion in their active site. In these so-called metallo-
B-lactamases a water molecule, activated via coordination to zinc, serves as a nucleophile and
hydrolyzes the B-lactam ring rendering the antibiotic inactive (figure 1). With the exception of
monobactams, class B metallo-B-lactamases (MBLs) are able to hydrolyze all classes of B-
lactams. The rapidly emerging NDM (New-Delhi metallo-B-lactamase) along with VIM (Verona
integron-encoded metallo-f-lactamase) and IMP (imipenemase) are among the most clinically
important MBLs which possess carbapenemase activity.>-8 Class C is represented by CMY
(cephamycinase), ACT (AmpC type) and DHA (discovered in Dhahran hospital). Gram-negative
bacteria producing this class of enzymes are often resistant to penicillins and some
cephalosporins. Class D contains OXA (oxacillinase) family the members of which are able to
metabolize penicillins, cephalosporins, and carbapenems. In this regard, the emergence of OXA-

producing Pseudomonas aeruginosa and Acinetobacter baumannii is of particular concern.?
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Figure 1. A. B-lactam inactivation mediated by serine B-lactamases (Ambler class A, C and D) is facilitated
by the attack of a nucleophilic serine. B. MBL (class B)-mediated inactivation of B-lactams involves a
nucleophilic attack by an activated water molecule coordinated to zinc ions.

For the purpose of clarity, figure 2 provides an overview of the various antibiotics 1-13 that have
been tested in combination with the B-lactamase inhibitors covered in this chapter. The first
generation of B-lactamase inhibitors including clavulanic acid 14, sulbactam 15, and tazobactam
16 (figure 3) were granted FDA-approval between 1984 and 1993. They were formulated with
penicillins and include amoxicillin 1-clavulanic acid, ticarcillin 2-clavulanic acid, ampicillin 3-
sulbactam, and piperacillin 4-tazobactam combinations.1® However, the spectrum of activity of
these inhibitor/B-lactam combinations covers primarily the B-lactamases of class A (with the
exception of KPC). In addition, the emergence of inhibitor-resistant TEM variants with lowered

susceptibility to clavulanic acid, sulbactam, and tazobactam has been documented.!!
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Figure 3. First generation of B-lactamase inhibitors; clavulanic acid 14, sulbactam 15 and tazobactam 16.

In response to the increasing risk of drug-resistant bacterial infections, new generations
of B-lactamase inhibitors including avibactam and vaborbactam have been added to our arsenal
in recent years. Despite these advances, carbapenem-resistant Enterobacteriaceae'?-15 and
difficult to treat microorganisms such as P. aeruginosa and A. baumannii produce a variety of -
lactamases and exhibit other resistance mechanisms that continue to challenge existing antibiotic
treatments.%1617 In this chapter we first review the B-lactam/p-lactamase inhibitor (BL/BLI)
combinations being marketed or under clinical development. We then continue by an overview
of the research articles and patents published on the topic of small-molecule inhibitors of B-

lactamases with particular attention paid to progress made in the past decade.

2. Recent FDA-approved BL/BLI combinations
2.1 Vabomere® (meropenem + vaborbactam)

Vaborbactam 17 (formerly known as RPX7009, figure 4) is the first FDA-approved
B-lactamase inhibitor containing a cyclic boronate pharmacophore.l8-21 The design of
vaborbactam is the result of medicinal chemistry efforts to develop a cyclic boronate analog with
selectivity towards bacterial B-lactamases over mammalian serine hydrolases. X-ray
crystallography studies confirmed that vaborbactam forms a covalent adduct with the catalytic
serine residue of CTX-M-15 and AmpC. In addition, vaborbactam inhibited various Class A/C
B-lactamases with sub-uM ICsovalues.22 The combination of vaborbactam and meropenem 5 was
tested against more than 300 Enterobacteriaceae clinical isolates, the majority of which carried
KPC genes. A fixed vaborbactam concentration of 8 ug/mL potentiated the activity of meropenem
5 by at least 64-fold leading to MICso and MICoo values of <0.06 and 1 pg/mL respectively.23 A
follow-up study on a larger number of non-fastidious gram-negative bacteria collected worldwide
confirmed the potent activity of meropenem-vaborbactam against KPC-producing
Enterobacteriaceae (MICso and MICoo values of 0.12 and 0.5 ug/mL respectively), however

vaborbactam did not reduce the MIC of meropenem 5 against bacterial strains expressing MBLs
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(Ambler class B) or OXA-48 (Ambler class D).24 In a complimentary study, Lomovskaya and co-
workers used a panel of engineered E. coli strains producing B-lactamases of all four Ambler
classes to assess the ability of vaborbactam to potentiate a number of antibiotics.25 Since most of
the strains producing B-lactamases of Ambler class A and C are already susceptible to meropenem
5, adding ceftazidime 6 and aztreonam 7 to their panel allowed them to fully characterize the
inhibition spectrum of combinations with vaborbactam. Their findings reveal a broad spectrum
synergistic effect against E. coli strains producing B-lactamases of Ambler class A (KPC, SME,
NMC, SHV, TEM, CTX) and class C (DHA, MIR, FOX, AmpC-ECL, CMY) when 4 pg/mL
vaborbactam is added to meropenem 5, ceftazidime 6, or aztreonam 7. In line with studies
employing clinical isolates, vaborbactam did not decrease the MIC of B-lactams against
engineered E. coli strains producing MBLs including class B (NDM-1, VIM-1) or class D (OXA)
enzymes.25 In addition to strong in vitro activity, meropenem-vaborbactam exhibited promising
results in clinical trials which indicated the safety, tolerability, and efficacy of the
combination.2627 In a randomized clinical trial meropenem-vaborbactam along with its
comparator drug combination (piperacillin-tazobactam) were evaluated for the treatment of
complicated urinary tract infection. Meropenem-vaborbactam was well tolerated by patients and
proved to be non-inferior to the comparator therapy.2” Vaborbactam in combination with
meropenem (Vabomere®) was approved by FDA in 2017 for treating complicated urinary tract
infections and is marketed by Melinta therapeutics as an injectable solution with each vial
containing 1 g of meropenem and 1 g of vaborbactam.2829 At present other vaborbactam-

antibiotic combinations are under clinical evaluation.
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Figure 4. Vaborbactam 17.
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2.2 Avycaz® (ceftazidime + avibactam)

The avibactam/ceftazidime combination marketed as Avycaz was granted FDA-
approval in 2015 for the treatment of complicated intra-abdominal infection (cIAI) and
complicated urinary tract infection (cUTT). Structurally, avibactam 18 (formerly NX1.104, figure
5) is a first-in-class SBL inhibitor with a cyclic urea replacing the B-lactam pharmacophore
present in the older generation of B-lactamase inhibitors.30 Using a variety of biophysical
techniques including UV spectroscopy, MS, and NMR, Ehmann and co-workers3! found that
avibactam employs a mechanism based on covalent inhibition of TEM-1 with slow regeneration
of the inhibitor. This covalent acylation with reversible deacylation through recyclization is
unique to avibactam among B-lactamase inhibitors. When avibactam was tested against a larger
panel of B-lactamases including TEM-1, CTX-M-15, KPC-2 (class A), Enterobacter cloacae P99
AmpC, P. aeruginosa PAO1 AmpC (class C), OXA-10 and OXA-48 (class D), it was confirmed
that acylation of enzymes followed by slow release of inhibitor through cyclization could be
considered as a general mechanism of inhibition by avibactam.32 In the case of KPC-2 inhibition
however, it was found that recyclization competes with desulfation of avibactam followed by
further degradation steps.32 Studies of avibactam in complex with class A and class C B-
lactamases using X-ray crystallography suggest the stability of carbamate bond upon avibactam
addition and the substrate-like conformation of the enzyme-bound avibactam as the explanations
for the favorability of recyclization over hydrolytic cleavage.33-35 There are multiple reports on
the in vitro activity of avibactam combined with cephalosporins, carbapenems, and
monobactams against both gram-negative and gram-positive bacterial pathogens. When tested
against 126 P. aeruginosa clinical isolates, avibactam at 4 pg/mL reduced the MICo of
ceftazidime 6 from 64 to 8 ug/mlL, superior to the effect of clavulanic acid 14 and tazobactam
which led to no change and two-fold reduction of MICoo respectively. Avibactam also potentiated

imipenem 8 with an MICoo reduction of 16 to 2 ug/mL.3¢ The combination of avibactam with
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Figure 5. Avibactam 18.
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ceftaroline 9 inhibited Enterobacteriaceae strains containing multiple B-lactamases of class A
and C. In addition, avibactam did not appear to adversely affect the activity of ceftaroline 9 against
methicillin-resistant Staphylococcus aureus (MRSA) strains. The avibactam/ceftaroline 9
combination however showed little activity against Acinetobacter spp and P. aeruginosa strains
containing OXA (class D) enzymes or MBL-producing strains.3” Another study found the same
trend of limited potency of ceftazidime-avibactam combination against A. baumannii strains
producing PER-1, OXA-51 and OXA-58, while promising activity was observed against
Klebsiella pneumoniae strains producing CTX-M-15 or OXA-48 and E. coli strains producing
CTX-M-15.38 Susceptibility screening of 701 Enterobacteriaceae isolates with positive ESBL-
phenotype collected from U.S. hospitals showed potent activity of ceftazidime-avibactam as well
as tigecycline.3¥ Another published screening of 8,640 Enterobacteriaceae collected from U.S.
medical centers found the similar results with ceftazidime-avibactam, although the combination
showed limited activity against Acinetobacter spp. isolates and MBL-producers.40 Avibactam
restored the activity of ceftazidime 6 against isolates producing KPC, CTX-M-15-like, CTX-M-
14-like and SHV ESBLs and CMY-2-like enzymes (MICoo < 2 pug/mL in all the cases).3? Wang
and co-workers performed a series of in vitro assays with avibactam combined with ceftazidime
6 or aztreonam 7 revealing similar trends.4? The same study also found that avibactam
resensitized Enterobacteriaceae isolates producing Ambler class A and C to ceftazidime 6 and
aztreonam 7.4! Combining avibactam with aztreonam 7 appears to be an appealing strategy to
extend the activity to MBL-producers, since aztreonam 7 is a poor substrate for MBLs.342.43
Wang and co-workers found that unlike ceftazidime-avibactam, aztreonam-avibactam did retain
potency against the isolates co-producing IMP or NDM.4! Based on these findings and further in
vitro susceptibility screenings#4-46 it can be concluded that avibactam greatly potentiates
ceftazidime 6 against bacterial pathogens producing class A, C, and some class D B-lactamases
and outperforms older generation B-lactamase inhibitors such as clavulanic acid 14 and
tazobactam. The ceftazidime-avibactam combination does however exhibit a higher range of
MICs against P. aeruginosa strains and poor activity against Acinetobacter spp and MBL-
producer strains.37:38:4047 Qverproduction of efflux pumps and reduced outer membrane
permeability has been suggested to be responsible for ceftazidime-avibactam resistance in P.
aeruginosa isolates.*8 Ceftazidime-avibactam has also been evaluated in a number of clinical
trials for the treatment of complicated urinary tract infections (cUTI) and complicated intra-
abdominal infections (cIAI). The published data indicate that overall the combination is well-

tolerated by patients and noninferiority to its comparator drugs such as imipenem-cilastatin,
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meropenem 5 and doripenem was achieved.#9-52 Avycaz® is manufactured and marketed by
Allergan as a powder for injection containing a 4:1 ratio of ceftazidime 6 to avibactam based on
dry weight.53 Clinical trials are ongoing to evaluate the efficacy of avibactam in combination with
other B-lactam partners including ceftaroline 9 and aztreonam 7 for a number of other indications
(ClinicalTrials.gov  identifiers: NCT01624246, NCT01281462, NCT01689207 and
NCT03329092).

2.3 Recarbrio® (imipenem + cilastatin + relebactam)

As recently summarized by Zhanel and co-workers,5 the diazabicyclooctane (DBO)
analog relebactam 19 (figure 6) has a spectrum of B-lactamase inhibition similar to that of the
preeminent DBO-based SBL inhibitor avibactam. Relebactam is active against B-lactamases of
Ambler class A including KPC carbapenemase and class C. Again as observed with avibactam,
metallo-B-lactamases of class B and OXA-type enzymes of class D are not affected by
relebactam.?* This inhibition spectrum is well reflected in the results of susceptibility screenings
using a combination of relebactam and imipenem 8. Used at 4 pg/mL, relebactam potentiated
imipenem 8 against gram-negative clinical isolates.55 While MICso/90 against E. coli strains were
retained at 0.25/0.25 pg/mL upon addition of relebactam, the combination was effectively
synergistic against K. pneumoniae, Enterobacter spp., and P. aeruginosa isolates with MICoo/50
reduced to 0.25/0.25 pg/mlL, 0.25/0.5 pg/mL, and 0.5/2 pug/mL respectively. Relebactam also
successfully reduced the MICoo/s0 of KPC-producing K. pneumoniae and imipenem-resistant P.
aeruginosa isolates from 16/>16 pg/mL and 8/>16 pg/mL to 0.25/1 pg/mL and 1/2 pg/mL
respectively. However, the combination was not active against A. baumannii strains producing
OXA-23.55 Further screenings of gram-negative pathogens collected in U.S. and European
hospitals confirmed that A. baumannii, along with other organisms that produce MBLs or OXA-
type enzymes are likely to present a challenge in the use of imipenem-relebactam.>6:57 The in vitro

performance of imipenem-relebactam was also evaluated against anaerobic gram-negatives of
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Figure 6. Relebactam 19.
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Bacteroides group. Among the tested panel of antibiotics, imipenem 8 was found to be most
potent with an MICoo of <1 pg/mL against all the Bacteroides species. However, addition of
relebactam did not lead to a further improvement in the activity of imipenem 8.58 Similarly, the
combination showed excellent activity against gram-positive anaerobes although overall it did not
outperform imipenem 8 alone.5 Phase II studies were conducted in which imipenem-cilastatin
plus relebactam or placebo were administered to patients with cIAI60 and cUTIL.6! Both studies
proved non-inferiority of relebactam combination with similar adverse effects profile to the
placebo group. Recently, relebactam also completed a Phase III clinical evaluation in
combination with imipenem-cilastatin to treat patients with cIAI and cUTI (ClinicalTrials.gov
identifier: NCT03293485). Following success in these trials, the combination Recarbrio®
(imipenem + cilastatin + relebactam) was granted FDA-approval in 2019 for treating cUTT and

cIAT and is currently manufactured and marketed by Merck.

2.4 Zerbaxa® (ceftolozane + tazobactam)

Zerbaxa® received FDA approval in 2014 for the treatment of cIAI and cUTI. The drug
consists of the novel fifth-generation cephalosporin antibiotic ceftolozane 10 (figure 2) and the
established B-lactamase inhibitor tazobactam. Considering that this BL/BLI combination has
been the focus of a number of detailed reviews,52-68 here only the structural features of ceftolozane
10 as well as an overview of the antibacterial spectrum of its combination with tazobactam,
including key outcomes of clinical trials, is covered. Ceftolozane 10 was evolved as the result of a
medicinal chemistry efforts aimed at developing a cephalosporin with improved potency against
AmpC-producing P. aeruginosa strains.%-7! This was achieved by a series of structural
modifications of the substituents at C3 and C7 position of the cephalosporin core. On C-7
position, in addition to the thiadiazole ring and oxyimino moiety, which are believed to be
responsible for the extended spectrum of anti-gram-negative activity and resistance to some -
lactamases,”? ceftolozane 10 also contains a dimethylacetic acid moiety which increases affinity
to some PBPs, especially PBP3. After evaluating a number of protomolecules, it was eventually
established that placement of a pyrazolium ring containing a basic side chain improves
permeability, stability against Pseudomonal AmpC, and minimizes off target effects associated
with the positively charged moiety.69.70 To determine to what extent the activity of ceftolozane 10,
then known as FR264205, was affected by major resistance mechanisms of P. aeruginosa, it was
assayed against variants producing AmpC, overexpressing efflux pumps, and lacking OprD.

These studies revealed that ceftolozane 10 showed superior performance to ceftazidime 6 against

-10-
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all the resistant mutants and its activity was not affected by efflux pump overexpression and OprD
loss.”t The inhibitory activity of tazobactam on the other hand, is highest against class A B-
lactamases such as TEM, SHV, CTX-M enzymes.? In doing so this inhibitor extends the activity
spectrum of ceftolozane 10 against ESBL-producing gram-negative bacteria. Indeed, when
tazobactam was combined with ceftolozane 10, it strongly enhanced the activity of ceftolozane 10
against ESBL-producer and AmpC-hyperproducing gram-negative bacteria in a concentration-
dependent manner. Notably, strains producing KPC were not susceptible to the combination.”3
Farrel and co-workers reported the screening results of 7071 Enterobacteriaceae strains isolated
from U.S. hospitals. Overall, ceftolozane-tazobactam (TOL-TAZ) showed potent activity with an
MICy of 1 pg/mL making it equipotent to cefepime and tigecycline. Also noteworthy was the
performance of the ceftolozane-tazobactam combination against E. coli isolates with an ESBL
phenotype (MICoo = 4 pg/mL) as well as 1971 tested P. aeruginosa isolates (MICoo = 2 ug/mL)
showing it to be superior to combinations of ceftazidime 6 or piperacillin 4 with tazobactam
(MICyo = 32 and >64 pg/mL respectively).20 These findings were in agreement with the screening
results against 2435 P. aeruginosa strains isolated from patients in Canadian hospitals.”* The
MICyo of 1 pg/mL for TOL-TAZ was found to be superior to those of colistin (MICoo = 2 pg/mL)
and meropenem (MICo = 8 ug/mL) among the panel of tested antibiotics.”# Tazobactam also
potentiates the activity of ceftolozane 10 against anaerobes. Using a collection of 605 gram-
negative and gram-positive anaerobic isolates, Snydman and co-workers observed high activity
for TOL-TAZ against Bacteroides spp specially Bacteroides fragilis (MICoo = 4 pg/mL) and
excellent activity against gram-negative anaerobes Prevotella spp and Fusobacterium spp (MICso
< 0.125 pg/mL).7> The same study also revealed that ceftolozane-tazobactam has very little
activity against Clostridium spp. Based on the results described above, TOL-TAZ can be viewed
as a new carbapenem-sparing therapeutic option when facing clinically important pathogens
such as ESBL-producing Enterobacteriaceae and P. aeruginosa including AmpC-
hyperproducers. However, the antibiotic activity of the combination is expected to be
compromised by pathogens expressing highly active carbapenemases and/or MBLs. In this
regard a recent phase III clinical trial named ASPECT-cIAI evaluated TOL-TAZ plus
metronidazole in patients with complicated intra-abdominal infections (cIAI).76 The
combination showed efficacy against infections with Enterobacteriaceae producing CTX-M-type
ESBLs and proved to be non-inferior to meropenem 5 as the comparator drug. For the treatment
of cUTI including pyelonephritis, another phase III clinical trial known as ASPECT-cUTI was
conducted to compare the efficacy of TOL-TAZ with that of levofloxacin. Overall, TOL-TAZ

o111 -
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proved to be non-inferior to levofloxacin and adverse events were moderate.”” Zerbaxa® is
manufactured by Merck as powder for injection comprised of a 2:1 (by weight) mixture of

ceftolozane 10 and tazobactam.”8

3. SBL inhibitors: Recent and ongoing developments

Summarized in table 1 are the drug candidates currently being evaluated in clinical trials
spanning the past 10 years. These SBLIs can be structurally classified into B-lactams and non-f3-
lactams. BLIs with B-lactam structure are represented by the classic inhibitors such as clavulanic
acid 14, sulbactam 15, and tazobactam. Recently, a structurally similar analog of tazobactam
known as AAT101 successfully completed a phase II clinical trial (EudraCT Number in EU
clinical trials register: 2016-005161-31). Efforts to discover BLIs among novel scaffolds have
also resulted in two important new classes of SBLIs including the diazabicyclooctanes
(represented by avibactam) and cyclic boronates (represented by vaborbactam). The following

section covers these new SBLIs classes and their current state of clinical development.

3.1. plactams

As far as can be gleaned from published reports, AAI101 (20, figure 7) is being
evaluated in clinical trials as a combination with the fourth-generation cephalosporin cefepime
(EudraCT Number in EU clinical trials register: 2016-005161-31). The results of MIC screening

using cefepime 11 and various concentrations of AAI101 showed a concentration-dependent

Table 1. BLIs currently in the clinical development stage.

Name/Code Chemical class Clinical development phase

Nacubactam diazabicyclooctane Phase I in combination with meropenem
Zidebactam diazabicyclooctane Phase I in combination with cefepime
ETX2514 diazabicyclooctane Phase I1I in combination with sulbactam
Avibactam diazabicyclooctane Approved in combination with ceftazidime

Phase II in combination with ceftaroline fosamil

Phase I in combination with aztreonam
Vaborbactam cyclic boronate Approved in combination with meropenem

Phase I in combination with biapenem
Taniborbactam  cyclic boronate Phase III in combination with cefepime

AATI01 penam sulfone Phase III in combination with cefepime

-12-
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Figure 7. SBL inhibitor penam sulfones AAT101 (20) and LN-1-255 (21).

synergistic effect against K. pneumoniae and E. coli strains with carbapenem-resistance
phenotypes.”? Another study found high activity for the combination particularly against ESBL-
producing Enterobacteriaceae (MICso/90 = 0.125/0.5 pig/mL).80

LN-1-255 (21, figure 7) is a penicillin sulfone inhibitor which has been reported to
inhibit multiple class of SBLs.8! Pattanaik and co-workers reported strong inhibition of SHV-1
and SHV-2 (class A) by LN-1-255 and potentiation of ceftazidime 6 against strains producing
TEM, SHV, CTX-M and Sme-1 enzymes.82 Crystallographic data obtained for SHV-1 suggests
that LN-1-255 acylates the enzyme followed by rearrangement to a bicyclic indolizine adduct.82
Also interesting was the potent activity of this inhibitor against multiple enzymes of OXA family
and its ability to reduce the MIC of carbapenems against OXA-producing E. coli, K. pneumoniae

and A. baumannii strains.83-85

3.2. Diazabicyclooctanes

Zidebactam. The acyl hydrazide DBO analog of the DBO family, zidebactam 22 (figure
8) belongs to the newest generation of DBO-based SBLIs with potent PBP inhibitory activity.
Although not an inhibitor of class D B-lactamases,8¢ zidebactam selectively inhibited P.
aeruginosa PAOL PBP2 enzyme. A combination of zidebactam and cefepime 11 effectively
inhibited growth of the P. aeruginosa PAO1 strain and its knock-outs with defective porins.8”
Also interesting was the increased activity of the combination of zidebactam with selected B-
lactams against VIM-1/VIM-2-producing P. aeruginosa clones. The most potent activities were
observed when the monobactam agent aztreonam 7 was used as B-lactam partner.87 Likewise, an
enzymatic study focusing on A. baumannii showed strong and selective inhibition of A.
baumannii PBP2 by zidebactam, while no inhibition was observed against OXA-23.
Interestingly, in antibacterial assays, 8 ug/mL of zidebactam was found to reduce the MIC of
cefepime 11 and sulbactam 15 against OXA-23 producing A. baumannii to 16 ug/mL (4-fold

reduction) and 2 pg/mL (8-fold reduction) respectively. The enhancing effect in this case could
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be attributed to the contribution of zidebactam to PBP (and not B-lactamase) inhibition.88
Zidebactam in combination with cefepime 11 showed excellent in vitro inhibition when evaluated
against 7876 gram-negative clinical isolate collected worldwide.89 Overall, the 1:1 combination
effectively inhibited Enterobacteriaceae isolates with an MICoo 0of 0.12 ug/mL compared with 16
ug/mL when cefepime 11 was tested alone. The combination also largely enhanced the potency
of cefepime 11 by at least 16-fold against clinically important sub-classes including carbapenem-
resistant Enterobacteriaceae, ESBL phenotype E. coli, and ESBL phenotype Klebsiella spp.
Zidebactam reduced the MICop of cefepime 11 from 32 to 4 ug/mL against P. aeruginosa and
from >64 to 32 pug/mL against Acinetobacter spp.89 Another study demonstrated the strong
antibacterial activity of a 1:1 mixture of cefepime-zidebactam against a number of
Enterobacteriaceae expressing various B-lactamases including: CTX-M-15 (MICo = 1 ug/mL),
SHV (MICoo = 0.25 pg/mL), ESBLs (MICoo = 1 pg/mL), plasmid AmpC (MICoo <0.06 pg/mL),
derepressed AmpC (MICoo = 0.5 ug/mL), KPC (MICoo = 1 pg/mL) and MBLs (MICo = 8
ug/mL). The inhibitory activity of the same combination had only moderate activity against P.
aeruginosa and A. baumannii isolates.?0 Currently, two phase I clinical trials evaluating the
safety, tolerability, and pharmacokitenics of zidebactam have been completed with a third study
currently recruiting patients (ClinicalTrials.gov identifiers: NCT02674347, NCT02707107 and
NCT02942810).

Nacubactam. Also known as OP0595, nacubactam 23 (figure 8) is an aminoethoxy-
substituted analog of avibactam which inhibits class A/C B-lactamase and PBP2. Nitrocefin-
based enzyme assays showed inhibition of TEM, CTX-M, KPC-2 (class A), AmpC and CMY-2
(class C) by nacubactam with sub-pM ICso values. This inhibitor showed relatively weak activity
against OXA enzymes and none against IMP-1. Similar to zidebactam, nacubactam selectively
inhibited PBP2 (IC50 = 0.12 pg/mL) and upon incubation with E. coli, it induced the formation
of spherical cells which is an expected result of PBP2 inhibition.%! Interestingly, nacubactam has
been reported to possess antibacterial activity when tested alone.?2-94 A recent study found that
when administered at <4 pg/mL, nacubactam inhibited most of the E. coli, Enterobacter spp.,
Citrobacter spp., and Klebsiella spp. strains tested, although it had a poor performance against
Serratia spp, P. aeruginosa and A. baumannii.®* Against those strains with an MIC >4 pg/mL,
nacubactam strongly enhanced the activity of aztreonam 7, cefepime 11, biapenem 12 and
piperacillin 4 in a concentration-dependent manner. In addition, the activity of nacubactam

combined with the above-mentioned antibiotics against Enterobacteriaceae producing
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carbapenemases (KPC, OXA-48 and MBLs) was significant and superior to that of ceftazidime-
avibactam. However, nacubactam did not potentiate the same antibiotics when tested against A.
baumannii strains and MBL-producing P. aeruginosa.% Since in vitro studies of B-lactamase
inhibition by nacubactam is complicated due to its inherent antibacterial activity, Livermore and
co-workers® prepared nacubactam-resistant Enterobacteriaceae mutants with elevated MIC
values of 8 to >32 pg/mL. When nacubactam was tested against these mutants producing ESBLs,
KPC, and OXA enzymes, use of 2 ug/mL of nacubactam, greatly enhanced the activity of
piperacillin 4, cefepime 11, and aztreonam 7 leading to mean MIC values of <1 pg/mL for these
three B-lactamase families. A similar reduction of mean MIC (From 8.43 ug/mL to <1 pg/mL)
was observed when nacubactam was combined with meropenem 5 and assayed against KPC-
producing mutants. Also interesting was the finding that nacubactam at 1 ug/mL reduced the
mean MIC of aztreonam 7 against MBL-producing mutants from 4.68 to 0.072 pg/mL. Taken
together the study suggests that the synergy observed by nacubactam is not limited to its PBP2
inhibition but also its inhibition of class A/C B-lactamase. In addition, nacubactam in
combination with aztreonam 7 might provide a viable therapeutic option against MBL-producing
gram-negative pathogens.% To date, two clinical trials evaluating safety, pharmacokinetics, and
intrapulmonary lung penetration of nacubactam have been completed (ClinicalTrials.gov
identifiers: NCT02134834 and NCT03182504).

ETX2514. Another recently described DBO-based B-lactamase inhibitor known as
ETX2514 (24, figure 8) has demonstrated a very broad spectrum of activity including inhibition
of class A/C/D B-lactamases and PBP2.9697 In preparing ETX2514 Durand-Réville and co-
workers% modified avibactam with the aim of introducing activity against a broader panel of OXA
enzymes known to complicate the treatment of resistant A. baumannii isolates. Introduction of

an endocyclic double bond was implemented to increase chemical reactivity of the ring, and
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Figure 8. Diazabicyclooctanes in clinical development: zidebactam 22, nacubactam 23, ETX2514 24.
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addition a of methyl group at C-3 (figure 8) led to ETX2514 which displayed a potent inhibitory
activity against OXA-24 (ICso = 0.19 uM) along with enhanced biochemical and antibacterial
activity. This finding was supported by X-ray crystallography data and molecular modeling of
ETX2514 and avibactam which revealed the mode of binding to OXA-24.96 Another interesting
finding was the inhibitory activity of ETX2514 against PBPs with preference to PBP2 of E. coli
and A. baumannii. Use of 4 pg/mL of this inhibitor, decreases the MICoo of imipenem 8 by 8-fold
to 2 pg/mL, while its combination with sulbactam 15 most effectively inhibited growth of A.
baumannii reducing the MICoo of sulbactam 15 from 64 ug/mLto 4 ug/mL. The intrinsic activity
of sulbactam 15 against PBP3 plus the dual BL/PBP inhibition by ETX2514 may explain the
excellent activity of their combination against A. baumannii a challenging nosocomial pathogen
that is often multi-drug resistant.%¢ A follow-up study showed that similar to avibactam,
ETX2514 acylates B-lactamases of class A, C and D.% Mass-spectrometry analysis of the
resulting enzyme-inhibitor complexes suggested that ETX2514 can recyclize and is released in
intact form when incubated with AmpC, CTX-M-15, P99, SHV-5 and TEM-1. On the other
hand, interaction with KPC-2, OXA-10, OXA-23, OXA-24 and OXA-48 was accompanied by
desulfation and irreversible degradation of the inhibitor. A combination of ETX2514 with
imipenem 8 and piperacillin 4 was highly active against isogenic P. aeruginosa producing class
A, C and D B-lactamases. Compared to avibactam, ETX2514 displayed superior and broader
spectrum of activity specially against OXA family of enzymes.8 Additionally, Iyer and co-workers
demonstrated that ETX2514 uses the outer membrane porin OmpAab to permeate the A.
baumannii membrane and synergize with sulbactam 15.99 A phase III clinical trial of ETX2514
in combination with sulbactam 15 is currently recruiting participants (ClinicalTrials.gov
identifier: NCT03894046).

Review of the recent patent literature reveals a number of other functionalized DBO
analogs with SBL inhibitory activity (figure 9). Chang and co-workers reported isoxazoline
analogs 25 and specially 26 reduced the MIC of meropenem 5 against K. pneumoniae strains
producing class A/C/D enzymes by up to 1024-fold.1%° Gu and co-workers reported another
group of oxadiazole-substituted analogs 27 as SBL inhibitors.10! Hydroxamate and hydrazide
analogs 28-30 were reported by Maiti and co-workers, as exhibiting potent inhibition of class A
and C enzymes with <19 nM ICso values. Of note, compound 30 not only demonstrated high
intrinsic antibacterial activity but also when combined with meropenem 5 inhibited E. coli and

K. pneumoniae strains expressing several B-lactamases of class A, B and C.102 Also noteworthy is
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Figure 9. DBO analogs as 3-lactamase inhibitors reported in the recent patents.

the report by Comita-prevoir and co-workers of a large library of DBO analogs closely related to
ETX2514 wherein the sulfate moiety is replaced by functionalized glycolates.193 Several
compounds with the general structure of 81 demonstrated potent inhibition of TEM-1, AmpC,
and OXA-48. These analogs also synergized with cefpodoxime 13 against Citrobacter freundii,
E. coli, and K. pneumoniae strains producing multiple B-lactamases of class A, C, and D, and

showed in vivo efficacy in mouse models of infection.103

3.3. Boronates

Boronate-based PB-lactamase inhibitors have long been of interest given their
resemblance to the tetrahedral intermediate formed upon PB-lactam ring attacked by the
nucleophilic serine of B-lactamases.194 For this reason these BLIs are sometimes referred to as
boronic acid transition-state inhibitors (BATSIs).105 Figure 10 shows the chemical structures of
a number of such boronates that have been investigated for SBL inhibition including acyclic
boronic acids (represented by 32-34)106-108 or cyclic boronate analogs (represented by 35, 37 and
38).109-111 Of particular note are recent studies aiming at developing cyclic boronates as pan-f-
lactamase inhibitors, the rationale being that both MBL- and SBL-mediated hydrolysis of B-
lactams involve a tetrahedral transition state that precedes ring opening. Therefore, structures
mimicking the transition state have the potential to exert cross-class B-lactamase inhibition
(figure 11). Validation of this idea is found in the structural diversity of boronates contained in a
number of patent applications claiming both SBL and MBL inhibition. Of note are the acyclic
boronic acids represented by 36 which show inhibition of some SBLs and VIM-2 enzyme of class
B112 as well as the cyclic boronates 37113.114 and 38115-118 (figure 10) which display sub-uM ICso
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Figure 10. Representative boronic acids as B-lactamase inhibitors
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Figure 11. A. Tetrahedral intermediate formed by nucleophilic attack of SBLs (Nu: = serine-OH) and
MBLs (Nu: is zinc-coordinated OH-) on B-lactam ring. B. Cyclic boronates mimicking the tetrahedral
transition state of B-lactam hydrolysis.110.111

values for both SBLs and MBLs. By screening a series of cyclic boronates, Brem and co-workers
identified a series of SBL-inhibitor analogs with potent activity against MBLs, specifically VIM-
2 and NDM-1.110 Interestingly, 38b was found to exert potent inhibition of PBP-5. X-ray
crystallography studies with 38b on Bell, VIM-2, OXA-10, and PBP-5 confirmed that the cyclic
boronate structure interacts with the crucial B-lactamase residues (and coordinates with Zn2+ of
MBLs) in the way that mimics the high energy transition state intermediates formed in each case.
In addition, 38b largely enhanced the activity of meropenem 5 towards Enterobacteriaceae
expressing multiple B-lactamases.110 A follow-up study confirmed nM range ICsos for the activity
of cyclic boronate analogs against TEM-1, CTX-M-15, and AmpC. Compound 38b exhibited a
synergistic relationship with carbapenems against Enterobacteriaceae producing multiple -
lactamases including KPC-2, OXA-181 (meropenem only), VIM-1, and VIM-4. However,
carbapenemase-producing P. aeruginosa and A. baumannii strains remained resistant to all

combinations.!!! Further structural optimizations with the aim of improving MBL-inhibition and
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accumulation in gram-negative bacteria led to the development of taniborbactam (formerly
VNRX-5133, 38c).119-121 Kinetic experiments using CTX-M-15, KPC-2 and P99 ApmC showed
that this compound is a competitive inhibitor of these clinically important f-lactamases.!2! When
tested against a large panel of [(-lactamases, taniborbactam showed promising biochemical
inhibition of enzymes of all 4 Ambler classes. It should, however, be mentioned that
taniborbactam did not perform well against the class B enzyme IMP-1 in contrast with its potent
inhibition of NDM-1 and VIM-types MBLs.119 Notably, taniborbactam was found to be a
selective f-lactamase inhibitor with no activity against human serine-hydrolases, showed little
toxicity toward mammalian cell lines, and its pharmacokinetic parameters are compatible with
that of cefepime, a fourth-generation broad-spectrum cephalosporin. In combination with
cefepime, taniborbactam significantly reduced the bacterial count in mouse models for lung
infection and ascending wurinary tract infection.!!® A phase III clinical trial of

cefepime/taniborbactam is currently in progress (ClinicalTrials.gov Identifier: NCT03840148).

4. Recent advances in the development of MBL inhibitors

Based on their catalytic activities, B-lactamases are classified as serine B-lactamases
(SBLs, Ambler class A, C and D) and metallo-B-lactamases (MBLs, Ambler class B). The latter
contains zinc ion(s) in the active site which is stabilized by histidine, cysteine and aspartate
residues and is also bound to an active water molecule responsible for hydrolyzing B-lactams.
MBLs in turn are divided into subclasses B1, B2, and B3. While enzymes of class Bl and B3
contain two zinc ions, B2 functions with only one.5122 The most clinically relevant MBLs include
NDM, VIM, and IMP enzymes of class B1 which inactivate a broad range of B-lactams but have
a low affinity for monobactams.123 Due to their carbapenemase activity and rapid dissemination,
MBLs pose a serious challenge to the antibiotic treatment of infections caused by gram-negative
bacteria. The design and development of broad-spectrum MBL inhibitors is challenged by the
high active site heterogenicity of the different enzymes of this family.3.8.124.125 As a result, to date,

there are no effective MBL inhibitors currently in clinical use.

Compounds classes with the potential to inhibit MBLs have been the subject of several
detailed reviews.5123-128 Therefore, the rest of this chapter focuses on new developments in the
field of MBL inhibitors over the past decade.
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Traditionally, sulfur-containing compounds have been one of the most studied classes
of small molecules in the search for MBL-inhibitors. Compounds containing a variety of free
thiols, thioethers, thioesters, thioketones, and thioureas have been recently reported to possess
inhibitory activity against different class of MBLs.124 Also of note are thiol-containing drugs that
while approved for other indications have shown some capacity to inhibit MBLs. In this regard
Klingler and co-workers found that thiorphan (39, figure 12), the active metabolite of the
antidiarrheal racecadotril, inhibits NDM-1, IMP-7, and VIM-1 with low-uM ICse values and also
markedly enhances the activity of imipenem 8 against MBL-producing strains.!29 In addition,
captopril 40 an FDA-approved drug used for the treatment of hypertension, has also received
some attention for its ability to inhibit NDM-1 (ICso = 7.9 uM).120 Building upon these findings,
efforts have been made to replace the prolyl residue of captopril with various other functional
groups, 130-133 as well as modification of the thiolated acyl residue, and/or ring size.132-134 Brem
and co-workers also found the MBL inhibition of D-captopril to be superior to that of its other
stereoisomers when evaluated against BCII, IMP-1, VIM-2, NDM-1, and SPM-1.135 These
findings were further supported and could be rationalized by X-ray crystallography studies

reported in the same paper.13

It has long been known that mercaptoacetic acid and its related structural analogs are
among the potent MBL-inhibitors.124 Recent reports have described the development of
aminoacid thioesters of mercaptoacetic acid as inhibitors of L1, an MBL of the B3 class.136.137
Substituted amide derivatives of mercaptoacetic acid (mercaptoacetamides, 41) are also
prominent in a number of recent studies: Arjomandi and co-workers reported a series of amino
acid conjugates of mercaptoacetamide and some longer chain homologs (mercaptpropionamide
and mercaptobutyramide) which display IMP-1 inibition.!3¢ Other studies employed
mercaptoacetamide thioethers containing acetate!3® and azolyl ringl40-143 substituents. The
diverse library of thiol-containing MBL-inhibitors also include thiomethylbenzoic acids,!44
bisthiazolidines, 145146 rhodanines and its related thioenolates,147-150 cysteine-containing

oligopeptides, 51,152 mercaptopyridine N-oxides, 53,154 phosphonate and tetrazole bioisosteres of
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Figure 12. Thiol-containing MBL inhibitors, thiorphan 39, captopril 40 and substituted
mercaptoacetamides 41.
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mercaptoacids?s, and thiones.156-158 Finally, it should be added that although thiols are among
the most potent and broad-spectrum inhibitors of MBLs, their tendency to rapidly oxidize to
disulfides poses a serious challenge to further clinical developments. This is important since
studies suggest that upon disulfide formation zinc-binding affinity is greatly reduced leading to a
loss of MBL-inhibition and in vitro synergistic activity.159.160 Creative chemical modifications to
enhance the biological stability of thiol-based inhibitors may be the key to develop such

compounds as clinically viable drug candidates.

Picolinic acid derivatives are another well-known class of zinc chelators and act via the
same metal-sequestration mechanism as EDTA to inhibit MBLs.16! In fact pyridine-2,6-
dicarboxylic acid also known as dipicolinic acid or DPA (42, figure 13) is a commonly used
reagent for the phenotypic detection of MBL-producing pathogens.162-165 By evaluating a series
of DPA analogs— represented by compound 43 — Chen and co-workers identified compounds
with enhanced NDM-1 inhibition that retained MBL-selectivity over other zinc-dependent
metalloenzymes.166 Compound 43 inhibited NDM-1, VIM-2, and IMP-1 with ICso values of
0.080, 0.21 and 0.24 uM respectively and demonstrated synergistic relationship with imipenem
8 when tested in vitro against NDM-1-producing E. coli and K. pneumoniae isolates. Also of note
are the results of various experiments including NMR and equilibrium dialysis suggesting that
compound 43 engages in a ternary complex with zinc and NDM-1 unlike its parent compound
DPA and EDTA.166 This was followed up by an isosteric replacement study of DPA (42) where
the same group found 44 to be a potent inhibitor of NDM-1 (ICso = 0.13 uM). The inhibitory

NH,
| B
[ [ _OH HoO . __OH
HO NP OH  HO . __OH N N
N HO-P=0 o) HO-P=0 o]
o o o OH OH
42 43 44 45
a
S ST o, 0 SN
pn_N, L on e Ss
Ly
_ P
HO-P=0 o N o7 ~OH
OH
46 47

Figure 13. Pyridine derivatives as MBL-inhibitors.
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mechanism of 44 studied by membrane dialysis assay and UV/VIS spectroscopy suggested that
this compound removes a Zn2+ ion from the NDM-1 active site.167 In a complimentary study,
Hinchliffe and co-workers investigated the potential of phosphonate analogs of 2-picolinic acid
to inhibit MBLs of B1 and B3 sub-class. They found potent and broad-spectrum inhibition of
NDM-1, VIM-2, IMP-1, and L1 by compounds 44-46. Compound 44 reduced the MIC of
meropenem 5 down to 8 to <0.125 pg/mL against both recombinant and clinically isolated

gram-negative strains producing the earlier mentioned MBLs.168

Recently, Antabio Inc. reported the discovery of the sulfonamide small molecule
ANT431 (47) which was also evolved from 2-picolinic acid.!69 After demonstrating strong
inhibition of NDM-1 (Ki = 0.29 uM) and VIM-2 (K; = 0.19 pM) and the potentiation of
meropenem 5 against the BL21 E. coli producing the mentioned enzymes, ANT431 was tested
against 94 MBL-producing clinical isolates of Enterobacteriaceae family. When used at 30
ug/mlL, this compound resensitized 72% of the isolates to meropenem 5. X-ray crystallography
studies showed that the thiazole nitrogen as well as carboxylate of ANT431 interact with Zn2 of
VIM-2 enzyme.170 ANT431 also demonstrated in vivo efficacy in a mouse model of infection with
NDM-1 producing E. coli and is currently being considered as a suitable starting point for further
lead optimization. 16

There are multiple reports on the MBL inhibitory activity of dicarboxylic acids.!24
Guided by an X-ray crystallography study of compound 48 (figure 14) in complex with IMP-1,
Hiraiwa and co-workers designed and synthesized di-substituted phthalic acids among which the

bis(4-hydroxypiperidine) derivative 49 showed strongest inhibition towards IMP-1 (ICso =
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Figure 14. dicarboxylic acid analogs as MBL-inhibitors.
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0.270 uM) and reduced the MIC of biapenem 12 against IMP-1 producing P. aeruginosa strains
by at least 128-fold to <0.5 pg/mL.17! Also recently described as MBL inhibitors are
dicarboxylate substituted, five-membered heterocycles with 2,5-pyrrolidinedicarboxylic acid 50
identified as a potent competitive inhibitor of CerA (K: = 0.73 pM) and L1 (K: = 0.69 pM).172
Notably, compound 50 reduced the MIC of cefazolin against CerA and L1 producing E. coli
strains to <1 pg/mL concentrations.172 As the linear analog of 50, iminodiacetic acid derivatives
(51) have been investigated for their potential to inhibit MBLs. Through a series of analog
syntheses, it was found that NDM-1 inhibition was best for furyl-substituted analogs, although
ICso values were moderate (8.6 uM being the lowest).178 Tetrazolylpropionic acids such as
compound 52 have also been explored as bioisosteres of dicarboxylates and reported to possess
potent MBL activity with sub-pM ICso values against NDM-1, IMP-1, and VIM-1.174

As described above, Zn2+ plays a vital role in the catalytic activity of MBLs and a variety
of chelating agents have been shown to inhibit this class of enzymes and resensitize MBL-
producing pathogens to B-lactam antibiotics. The MBL-inhibitory activity —of
aspergillomarasmine A (AMA) — a fungal metabolite with strong zinc chelating ability — was
recently reported by King and co-workers.175 After screening a collection of fungal extracts using
a phenotypic assay for synergy with meropenem 5, they isolated and characterized the active
component, AMA (53, figure 15) and identified it as an inhibitor of NDM-1 (ICs0 = 4.0 uM) and
VIM-2 (ICs0 = 9.6 uM). AMA greatly reduced the MIC of meropenem 5 to <2 ug/mL against
gram-negative strains producing NDM and VIM enzymes and demonstrated promising in vivo
results in a mouse model of infection with NDM-1 producing K. pneumoniae.175 Soon after this
report, multiple chemical!76-17 and chemoenzymatic!® methodologies were developed to
synthesize AMA and its closely related analogs. It was found that the diastereomers of AMA
possessed similar activities against NDM-1 and VIM-2.177 The work by Bergstrom and co-
workers!8! shed light upon the action mechanism of AMA as it was shown by isothermal titration
calorimetry that AMA strongly binds to Zn2+ (Ka = 200 nM). In addition, membrane dialysis and
NMR experiments demonstrated that AMA inhibits NDM-1, VIM-2, and IMP-7 by stripping

zinc from these enzymes. 18!

The semicarbazide moiety is a well-known metal chelator and has been employed in the
search for MBL inhibitors.182 As an example, compound 54 found in the recent patent literature
exhibits strong inhibition of NDM-1 (ICso = 35 nM).182 Other well established metal-chelators
such as 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA, 55) and 1,4,7,10-
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tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, 56) and their analogs have also been
described as MBL inhibitors with the ability to potentiate carbapenems against gram-negative
strains producing NDM, IMP or VIM enzymes.183.184 Similarly, the well-known zinc binder
N,N,N',N'-tetrakis-(2-Pyridylmethyl)ethylenediamine (TPEN, 57) has also been shown to
synergize with -lactam antibiotics to kill strains expressing various MBLs.18> While such
chelating agents have been described as nonhemolytic and nontoxic to mammalian cells in vitro,
their potential to be advanced to clinical application should be viewed with caution due to their
presumed lack of target specificity. To address this problem, Yarlagadda and co-workers
covalently linked the zinc binding motif dipicolylamine to vancomycin in an attempt to produce
bacterial cell-specific hybrid. Given that vancomycin’s inability to effectively kill gram-negative
pathogens is generally ascribed to its inability to penetrate the gram-negative outer membrane, it
is somewhat surprising that the vancomycin derivative 58 showed activity against strains
expressing NDM-1 and restored the activity of meropenem 5 in both in vitro and in vivo

experiments.186
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Figure 15. Zinc chelators 52-57 and other unique compounds with MBL inhibitory activity.
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Another class of MBL inhibitors based on the 3,7-substituted-indole-2-carboxylic acid
scaffold was recently reported in the patent literature by Berm and co-workers who screened a
large library of analogs for activity against VIM-2, IMP-1, and NDM-1.187 Several examples were
found to possess sub-uM activities among which compounds 59 and 60 were found to be most
potent against NDM-1 (ICso values of 0.35 and 0.5 nM respectively). Researchers at Merck have
also assessed numerous sulfonamides for MBL inhibitory activity and in a series of patents
describe compounds such as 2-tetrazolylbenzenesulfonamides 61188189 as potent inhibitors of
IMP-1, VIM-1, and NDM-1. Using a related approach, Fast and co-workers also found indoline-

7-sulfonamides such as compound 62 to possess single-digit pM ICso values against NDM-1.190

In addition to MBL inhibitors discovered by dedicated screening approaches, a range of
other compounds have also been reported to possess anti-MBL activity including: the B-lactam
antibiotic cefaclor,9! 3-formylchromone,192 ebselen,!93 as well as various hydrazones,!94

phosphonic acids, 195 oxoisoindolines, !9 diphenylpyrroles,197 and bismuth complexes.198

5. Conclusions

In summary, the new generation of SBL inhibitors including avibactam and
vaborbactam were significant breakthroughs in that they were developed from non-B-lactam
structural backbones. While the activity spectrum of classic B-lactamase inhibitors was limited
to non-carbapenemase enzymes of class A and some class C SBLs, avibactam and vaborbactam
proved to be potent inhibitors of KPC carbapenemase as well as other class A/C enzymes.
Building up the success of this compound class the advanced generation of DBO analogs has
provided progress towards achieving broad spectrum SBL inhibitors with activity extending to
the clinically important class D OXA enzymes and PBPs. In addition, the advent of cyclic boronate
analogs could lead to the first pan-B-lactamase inhibitors due to their structural resemblance to
the common transition state formed upon both SBL- and MBL-mediated hydrolysis of B-lactams.
For the various other compound classes recently described as MBL inhibitors, challenges
including stability in physiological conditions (i.e. for thiol-based inhibitors) and site-specificity
(as for metal chelators) must first be addressed before their clinical relevance can be properly

assessed.
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6. Outline

The theme of this thesis is tackling antibiotic resistance through the development of
small molecules with the ability to inhibit metallo-f-lactamase enzymes. To this end, we reasoned
that molecules that act as zinc-binding ligands could be suitable candidates for preliminary
screenings. This effort has been described in chapter 2, where a series of commonly-used buffer
components previously known to possess metal-binding ability were screened for their inhibitory
activity against clinically relevant metallo-p-lactamases. In addition, further analyses on the 2
most potent compounds, including time- and zinc-dependency, zinc-binding affinity using

isothermal titration calorimetry (ITC), and synergy assays are described.

The ability of the fungal metabolite AMA to inhibit NDM-1 and VIM-type enzymes was
discovered in 2014 after which various groups reported the total synthesis of AMA. Following
the success of the Poelarends’ group in developing a chemoenzymatic route to synthesize AMA
and its related aminocarboxylic acids, we evaluated these new AMA-like compounds for their
inhibition of NDM-1, zinc-binding affinity, and ability to rescue meropenem against an NDM-1
producing clinical isolate of E. coli. These findings have been described in chapter 3.

Soon after the discovery of the MBLs, it was found that a number of thiol-containing
molecules exhibit potent and broad-spectrum MBL inhibition. In chapter 4, we describe the
results of our closer look at the ability of such thiol containing compounds to potentiate
meropenem and cefoperazone in cell-based synergy assays. To this end, various concentrations
of antibiotic-thiol combinations were tested against a panel of carbapenem-resistant gram-
negative bacteria in a checkerboard format. In addition, we evaluated their zinc-binding ability

and their chemical stability in culture media.

In chapter 5 we describe our attempt to address the stability and selectivity problem
associated with thiol-based MBL inhibitors using a prodrug approach. The concept applied is
based on the hydrolysis pathway of some cephalosporins which leads to fragmentation of the
molecule after B-lactam ring opening. This led us to design a prodrug system through which the
MBL inhibitor might be released after being hydrolyzed by the MBL enzyme itself. The synthetic
route to the novel cephalosporin-thiol conjugates as well as a detailed analysis of their enzyme
mediated hydrolysis mechanism studied by !H-NMR and LCMS are described. The most potent
analogs were subjected to further kinetic experiment as well as structure-activity relationship

studies.
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Chapter 6 describes our kinetic experiments on the bacterial lysate containing a newly
identified class A carbapenemase. Previous DNA-sequencing and antimicrobial susceptibility
assays performed at the Wageningen Bioveterinary Research centre hinted towards the
preference of this new carbapenemase for carbapenems over third-generation cephalosporins.
Our kintetic assays provided support for this pattern of substrate preference as well as the

sensitivity of this enzyme to clavulanic acid.
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Chapter 2

1. Introduction

Antibiotic resistance threatens to reduce the efficacy of currently available antibiotics
and places a substantial burden on global health and the world economy.1.2 Resistance to [3-
lactam antibiotics can be caused by a diverse group of enzymes known as -lactamases. While
based on sequence homology these enzymes are categorized in class A-D (known as Ambler
classification),® mechanistically they are classified as serine-p-lactamases (SBLs, Ambler class A,
C, and D) or metallo-B-lactamases (MBLs, Ambler class B).# SBLs inactivate -lactams via the
hydrolytic action of a nucleophilic serine in their active site. First-generation SBL inhibitors
including clavulanic acid, sulbactam, and tazobactam as well as the more recently approved
avibactam and vaborbactam, are available to rescue the antimicrobial activity of B-lactams in the
presence of SBL-producing bacteria.56 MBLs on the other hand are metallo-enzymes that
hydrolyze -lactams by action of a zinc-activated nucleophilic water molecule that is formed in
the active site. To date there are no FDA-approved MBL inhibitors available. Of particular
concern are the clinically important MBLs including the New Delhi metallo-$-lactamase (NDM),
Verona integron-encoded metallo-p-lactamase (VIM), and imipenemase (IMP) families that
possess carbapenemase activity,” adding further urgency to the development of MBL inhibitors

to combat MBL-producing bacterial infections.

Small molecules with the ability to inhibit MBLs have been the topic of a number of
comprehensive reviews.8-11 The majority of known MBL inhibitors contain functional groups
that can bind zinc. In this regard, the most common small molecules possessing anti-MBL activity
are thiol-containing compounds,12-15 sulfonylhydrazones,6 bis-carboxylic acids,!7:18 picolinic
acids, 1920 and commonly used chelating agents2122 including their bacteria-targeting analogs.23.24
As an example, the natural product aspergillomarasmine A (AMA), was recently identified by
Wright and coworkers who screened fungal extracts for anti-MBL activity. AMA was shown to
be a potent inhibitor of both NDM and VIM type enzymes and importantly displays in vivo
efficacy.25 Also of interest are the recently developed cyclic boronate SBL- and MBL-inhibitors
which mimic the tetrahedral intermediate formed upon nucleophilic attack of a serine-hydroxyl
group (SBLs) or zinc-bound water molecule (MBLs) at the f-lactam unit.26-30 In addition, recent
reports have also described compounds with alternative modes of MBL inhibition including
covalent inhibitors3!-33 and DNA aptamers proposed to operate via allosteric mechanism of

inhibition.34
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In reviewing the literature we noted that sulfonic acid buffer components such as MES
and PIPES have previously been reported to be weak MBL inhibitors.3> This prompted us to
investigate the possibility of identifying new MBL inhibitor candidates among other commonly
used small molecule buffer components containing multiple carboxylic acid and/or phosphonate
functionalities. Given that zinc binding is a key aspect of the mechanism of action for a majority
of MBL inhibitors, we specifically focused our attention on common buffer reagents and

structurally related small molecules reported to interact with metals (figure 1).

2. Results and discussion

The panel of small molecules shown in figure 1 were first screened for their inhibitory
activity against purified MBLs including NDM-1, VIM-2, and IMP-28. The substrate used for
the enzyme inhibition assay was a fluorescent cephalosporin derivative developed by Schofield
and co-workers for assessing MBL activity.26 As shown in table 1, nitrilotriacetic acid (NTA, 3)
and its bioisosteres (4, 5) showed promising activity against NDM-1 and VIM-2 superior to that
of dipicolinic acid (DPA), a well-studied MBL inhibitor.19.20 Notably, the much weaker inhibitory
activity of the disubstituted analogs 1 and 2 point to the necessity of three carboxyl(phosphoryl)
substituents in order to achieve potent inhibition of NDM-1 and VIM-2, most probably by tightly
chelating zinc ions. Interestingly, compounds 1-8 all exhibited little-to-no activity against IMP-
28. This observation is in line with previous investigations that have found the IMP class of MBLs
to be less sensitive to inhibition by zinc-binding agents.2537 To establish whether the inhibition

measured was time-dependent, the ICso values of compounds 3, 5, and DPA for NDM-1 were

Oy _OH Os_NH;
HO j/ HO. j/
HO OoH HO oH D N
\[(\”/\[( \H/\H/\E_OH o) %(OH o KH/OH
(0] (0] (e] (0] 0 o
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4
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Figure 1. Small-molecule carboxylic acids as potential MBL inhibitors
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also determined after pre-incubating the inhibitor and enzyme for various times including 0, 10,
20, 40, and 60 minutes as previously described for a different class of NDM-1 inhibitors.38 As
shown in figure 2A, pre-incubation time does not significantly affect the potency of the tested
compounds under the assay conditions used.

The majority of MBL inhibitors fall into one of two groups: those that interact with zinc
as part of their binding in the MBL active site forming a ternary complex, or those that actively
strip zinc from the MBL active site driven by their strong chelating ability.3940 Captopril is an
example of the former while known chelating agents such as EDTA and the fungal secondary
metabolite AMA represent the latter.1941 In determining the ICso value of 5 against NDM-1 it was
noted that in the presence of different concentrations of zinc sulfate (ranging from 0.1 uM to 20
uM), the ICso values measured also changed revealing a zinc-dependent effect similar to that for
DPA. By comparison, and as expected, the inhibitory activity of captopril is not influenced by
varying the concentration of exogenous zinc added to the assay media (figure 2B). These findings

support a zinc-sequestration based mechanism of NDM-1 inhibition for compound 5.

Table 1. ICs values determined against NDM-1, VIM-2, and A
IMP-28.
-3
I1Cs0 (uM)e - s
Compound B DOPA
NDM-1 VIM-2 IMP-28 §
1 >200 >200 >200 &
2 75+ 2 41+6 >200 o2
3 1.3+£0.07 2.4b 112+3 1
4 2.3+0.05 250 >200 o
5 0.91 +£0.05 0.68 + 0.02 39+7 SRPRS SOPRS OO PRS
6 >200 >200 >200 Incubation time (min)
7 >200 >200 >200
8 132+15 102+7 >200
DPA 3.8+0.04 29+0.5 171 B
aValues reported as mean + SD of at least 3 independent 4007
experiments. 3001

bDue to the complex shape of the log[concentration]-activity plot,
accurate fitting was not possible, the reported values are therefore
an estimation.

2004

IC5, (LM)

1004

0-
N O Q0

2050, (M) S ASeSY S ASeSS SOt

5 DPA Captopril
Figure 2. A. The inhibitory activity of compounds 3,
5, and DPA over the time-course of 0-60 min against

NDM-1. B. The effect of zinc on the inhibitory activity
of compound 5, DPA, and captopril against NDM-1.
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Further evidence for high affinity zinc binding by compound 5 was obtained by use of
isothermal titration calorimetry (ITC). This technique allows for the direct determination of the
dissociation constant (Ka) as well as thermodynamic parameters including AG, AH, and AS.
Among the small molecules tested as part of the current study, compounds 3-5 were found to be
strong zinc-binders with Ka values of 121 nM, 231 nM, and 56 nM respectively (table 2).
Interestingly, the affinity of compounds 3-5 for other biologically-relevant divalent cations like
Ca2+ and Mg2+ was negligible by ITC with binding interactions too weak to allow for an accurate
determination of thermodynamic parameters. Previous reports have also described
potentiometric titration42-44 and ITC based methods for studying the metal binding properties of
related compounds.#5-47 It should be noted that in these earlier studies, the associated Ka values
measured for the binding of Ca2+ and Zn2+ by DPA were somewhat lower than the values obtained
in our investigations, an effect we ascribe to differences in the buffers used. Specifically, given the
buffering capacity of the test compounds evaluated in our study, we chose to employ 100 mM
Tris buffers to avoid any pH mismatch. Notably, our ITC data reveal a strong correlation between

these compounds’ capacity to inhibit MBL activity and their zinc binding ability (table 2).

The results of our investigations, as well as other recently published studies, indicate
that incorporation of the phosphonic acid moiety is a promising approach in designing potent
MBL inhbitors.48-50 In line with our findings relating to the enhanced potency of compound 5
relative to compound 3 are recent studies showing that phosphonic acid analogs of picolinic acid
demonstrate increased potency against NDM-1.2049 Tn addition, phosphonate analogs of the
well-known mercapto-carboxylic acid MBL inhibitors (represented by thiomandelic acid)

demonstrate enhanced inhibitory activity.4® In light of our findings and the studies mentioned

Table 2. ITC based thermodynamic parameters for the binding of zinc by compounds 3-5

Compound Ka(nM) AH (kcal/mol) -TAS (kcal/mol) AG (kcal/mol)
3 Zn2+ 121 +8 -489+0.22 -455+0.25 -9.40 + 0.04
4 Zn2+ 231+10 -296+0.07 -6.10+0.08 -9.06 £ 0.03
§a Zn2+ 56+ 15 -3.08+0.11 -6.84+0.28 -9.91 £0.16

DPA? Zn?* 2373+367 -246+0.18 -521+0.27 -7.68 +0.09
Ca? 34233 +525 -5.503+0.05 -0.589+0.05 -6.09+0.01

aNo appreciable binding to Ca?* and Mg?+ was observed.
bNo appreciable binding to Mg?* was observed.
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above, incorporation of a phosphonic acid moiety into the structures of other MBL inhibitors such
as cyclic boronates (exemplified by VNRX-5133)30 may also provide access to new classes of
hybrid MBL inhibitors.

The ability of compounds 1-8 to restore the activity of meropenem, a last resort
carbapenem, against a representative MBL-expressing strain was evaluated using a clinical
NDM-1 positive isolate (coded E. coli RC0089). Using a checkerboard assay, multiple
concentration combinations of MBL inhibitor + meropenem where tested allowing for calculation
of the fractional inhibitory concentration (FIC) index according to the following expression

(where an FIC index of <0.5 indicates a synergistic relationship):

MIC of meropenem in combination MIC of MBL inhibitor in combination
FICI = +
MIC of meropenem alone MIC of MBL inhibitor alone

Among the compounds tested, 3-5 showed a synergistic relationship with meropenem with
compound 5 demonstrating the highest potency with the lowest FIC index of 0.047 (figure 3).
Compounds 3 and 5 were both very effective in restoring the activity of meropenem against the
NDM-1 producing E. coli strain used in the initial screen and were therefore also tested in
combination with meropenem against a larger panel of 38 gram-negative clinical isolates
displaying carbapenem resistance (table 3). While compounds 3 and 5 exhibited no antibacterial
activity at the highest tested concentration of 256 pg/mL, both were found to effectively enhance
the activity of meropenem against strains expressing NDM- and VIM-type enzymes. When
administered at a concentration of 32 ug/mL both 8 and 5 reduced the MIC of meropenem by up
to 128-fold against these strains, a synergism equivalent to or better than that observed for DPA.
Overall, compound 5 reduced the MIC of meropenem to its clinically susceptible concentration
(=1 pg/mL) for 67% of the NDM- and VIM-type producing isolates tested while for compound
3 and DPA this ratio was 37% and 53% respectively. By comparison, when tested against strains
expressing IMP-type enzymes, the synergistic activity of 3 and 5 was modest, leading to no more
than a 4-fold reduction of MIC in most cases, a trend also mirrored for DPA. In addition, the
complete lack of synergy observed against strains expressing serine-carbapenemases such as
KPC-2 and OXA-48, further demonstrates the inhibitory activities of compounds 3 and 5 to be
MBL-specific. Also, among the bacterial species screened, P. aeruginosa proved to be more

resistant to the synergistic combinations tested. This is apparent when comparing the
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antibacterial activities of the combinations against NDM-1 and VIM-2 producing P. aeruginosa

isolates versus the corresponding E. coli and K. pneumoniae counterparts (see table 3).

>
Meropenem (ug/mL)

Meropenem (pg/mL)

0 2 4 8 16 32 64 128

0 2 4 8 16 32 64 128

5 (ug/mL) Dipicolinic acid (pg/mL)

Compound ‘ 1 2 3 4 5 6 7 8 DPA

Lowest FIC ‘>0.5 >0.5 0.078 0266 0047 >05 >05 >05 0.070

Figure 3. A. Checkerboard plots for compound 5 and DPA in combination with meropenem tested
against an NDM-1 producing strain of E. coli. The optical density of the bacteria at 600 nm (ODeoo) has
been shown as color gradient between white (no bacterial growth) and magenta (maximum growth); B.
The lowest FIC values calculated for compounds 1-8.
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Table 3. MIC of meropenem alone or in combination with compound 3, 5, and DPA against a panel of carbapenem-
resistant clinical isolates of gram-negative bacteria.

Bacterial isolates B-lactamase Mer Mer £ 3¢ Mlcﬁegr/lfés Mer + DPAC
E. coli® NDM-1 8 0.5 (16) 0.125 (64) 0.25(32)
E. coli® NDM-1 16 <0.125(=128) <0.125(=128) 0.25 (64)
E. colic NDM-1 16 0.5(32) 0.25 (64) 0.5(32)

E. colid NDM-1 128 4(32) 0.5 (256) 1(128)
K. pneumoniaed NDM-1 32 1(32) 0.125 (256) 0.5 (64)
K. pneumoniaed NDM-1 64 4(16) <0.5(=128) 1(64)
K. pneumoniaed NDM-1 16 1(16) 0.25 (64) 0.25 (64)
P. aeruginosac NDM-1 128 16 (8) 8(16) 8(16)
P. stuartii® NDM-1 32 0.25(128) 0.25(128) 0.25(128)
A. baumannite NDM-2 32 4(8) 2 (16) 2 (16)
E. colic NDM-4 64 2(32) <0.5(=128) 1(64)
E. coli® NDM-5 32 4(8) 0.5 (64) 2(16)
E. colic NDM-5 128 16 (8) 8(16) 8(16)
E. colre NDM-6 128 32(4) 8(16) 8(16)
E. colic NDM-7 32 <0.5 (=64) <0.5 (=64) <0.5 (=64)
E. colie NDM-15 128 64 (2) 32(4) 64(2)
E. aerogenesd VIM-1 16 1(16) <0.25 (=64) 0.5(32)
K. pneumoniae® VIM-1 256 16 (16) <2(2128) 4(64)
K. pneumoniae? VIM-1 32 2 (16) <0.5(264) <0.5(264)
K. pneumoniaed VIM-1 256 8(32) <2(=128) 4(64)
K. pneumoniaed VIM-1 64 <0.5(=128) <0.5(=128) <0.5(=128)
E. coli® VIM-2 8 0.25(32) 0.125 (64) 0.125 (64)
K. pneumoniaer VIM-2 8 0.5(16) 0.25(32) 0.25(32)
P. aeruginosa® VIM-2 32 8(4) 4(8) 4(8)
P. aeruginosab VIM-2 16 4(4) 1(16) 2(8)
P. aeruginosab VIM-2 32 2(16) 2(16) 4(8)
P. aeruginosad VIM-2, blarao 16 2(8) 1(16) 2(8)
P. aeruginosa® XIIM-Z, 0XA-50, 16 2 (8) 1(16) 2(8)
aprA0
P. aeruginosa VIM-11 16 2(8) 1(16) 1(16)
P. aeruginosar VIM-28 >256 256 (=2) 64 (=8) 128 (=4)
P. aeruginosac IMP-1 >256 256 (=2) 256 (=2) 256 (=2)
P. aeruginosa IMP-7 64 16 (4) 16(4) 16 (4)
P. aeruginosar IMP-13 64 32(2) 16 (4) 16 (4)
P. aeruginosa? 21;:1151;013, IMP-37, 64 32(2) 16(4) 16 (4)
K. pneumoniaed IMP-28 4 0.5(8) 0.5(8) 2(2)
K. pneumoniae? KPC-2 256 256 (1) 256 (1) 256 (1)
K. pneumoniaed OXA-48 32 32 (1) 32 (1) 32(1)
E. colif - <0.0625 <0.0625 (=1) <0.0625 (=1) <0.0625 (=1)

aEach inhibitor was used at 32 ug/mL in combination with meropenem. None of the inhibitors showed toxicity up to 256
ug/mL against the tested strains. Fold reduction of MIC has been shown in brackets. ®Source: Vrije Universiteit Medical
center, The Netherlands. cSource: The Dutch national institute for public health and the environment. dSource: Utrecht
university medical center, The Netherlands. ¢Source: National reference laboratory for multidrug-resistant gram-negative
bacteria, Bochum, Germany. FATCC 25922, this strain does not harbor any carbapenemase and was used as a negative
control.
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3. Conclusion

The most clinically relevant MBLs continue to be the NDM, VIM, and IMP classes and
present a significant challenge to the efficacy of virtually all classes of p-lactam antibiotics
including “last-line-of-defense” carbapenems such as meropenem. Despite this, no inhibitors are
clinically available to combat resistant infections caused by gram-negative pathogens that express
MBLs. The current study expands our understanding of the diversity of small molecule carboxylic
acids that inhibit MBLs and synergize with carbapenems. By screening a series of available and
commonly used small-molecule carboxylates, we found that nitrilotriacetic acid (3) and its
phosphoric acid analog N-(phosphonomethyl)iminodiacetic acid (5) are both potent inhibitors
of NDM- and VIM- type enzymes with sub- to low-pM ICso values. Using ITC both 3 and 5 were
shown to bind zinc with nanomolar affinity. When further tested against a broad panel of MBL-
producing gram-negative pathogens, compounds 3 and 5 effectively reduced the MIC of
meropenem against NDM- and VIM- type enzymes. As for the well-characterized DPA, the
mechanism of MBL inhibition for 3 and 5 appears to be largely driven by zinc-sequestration.
While such strong zinc-binding compounds are unlikely clinical candidates, they do represent
readily available inhibitors for biochemical studies of MBLs. Furthermore, given their small size
and structural simplicity, such compounds may serve as leads for further optimization. One
approach may be to administer such compounds as prodrugs that are activated only upon entry
to the bacterial cell. In the absence of clinically approved MBL-inhibitors, and with increasing
rates of MBL-driven carbapenem resistance, it is important that many approaches, including

unconventional avenues, be explored in the pursuit of an effective therapeutic response.
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4. Experimental section

[Enzyme production and purification

For the production of VIM-2 and NDM-1, pOPINF NDM-1 and pTriEx-based pOPINF
plasmids (ampicillin resistant) were used. The constructs were a generous gift from Prof.
Christopher J. Schofield (Oxford university). In the case of IMP-28, the construct was designed
in pET28b with a 6-His tag at the C-terminus. The plasmids of IMP-28, VIM-2, NDM-1 were
transformed in BL21 competent E. coli using standard heat shock transformation method. The
single colonies were grown overnight at 37 °C in LB medium containing 1% glucose and
appropriate antibiotic (100 pg/mL ampicillin or 300 pg/mL amikacin). The cell suspension was
diluted 100 times in YT2x supplemented with 0.1% glucose and antibiotic, shaking at 37 °C for
about 4 h to reach ODsoo of 0.5-0.7. The expression of the enzymes was induced by addition of
isopropyl B-D-1-thiogalactopyranoside (IPTG, final concentration 0.5 mM). The cells were
incubated overnight at 25 °C with shaking and then harvested by centrifugation for 20 min at
6000 rpm. The pellet was resuspended in lysis buffer (PBS, 150 mM NaCl, 0.05% Triton X-100,
protease inhibitor cocktail). After two freeze-thaw cycles the cell suspension was incubated with
1 mg/mL lysozyme for 30 min at 37 °C followed by 3 cycles of sonication (30-s pulse and 30-s
rest each cycle). The cellular debris were removed by centrifugation at 12000 rpm for 20 min at
4 °C. Akta Xpress chromatography system was used to purify the enzymes. Briefly, the
supernatant was loaded on 1 mL HisTrap HP column and the enzymes were eluted with 300 mM
imidazole. The fractions were then loaded on HiTrap desalting column to exchange the buffer. In
case of IMP-28, the fractions were collected in 20 mM Tris, 150 mM NaCl, 10% glycerol, 20 uM
ZnCla. VIM-2 and NDM-1 fractions were buffer exchanged to 20 mM Tris, 200 mM NaCl. The
purity of the fractions was determined on 15% SDS-PAGE gel (figure 4). The concertation of the
enzymes was measured by Nanodrop at 280 nm. To remove the His tag at the N-termini of VIM-
2 and NDM-1, the proteins were incubated overnight at 4 °C with HRV-3C protease (1:100

70kDa —— W — 100 kDa 70 kDa |
S5kDa —— & — 70kDa 55kDa
- -~

35kDa — L el 35kDa —

- — 40kDx
25kDa —‘- : 25kDa —‘-

. — 35KDa
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Figure 4. SDS-PAGE gels of purified NDM-1 (A), VIM-2 (B), and IMP-28 (C).
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w/w). The digestion mixture was passed through a HisTrap column to separate cleaved from
uncleaved enzymes. The cleavage of His tag was confirmed by western blot technique. Both

enzymes were buffer exchanged to 50 mM Tris (pH 7.5) containing 500 mM NaCl

ICso and zinc dependency assay

All the test compounds were dissolved and serially diluted in 50 mM HEPES pH 7.2,
supplemented with 0.01% Triton X-100 and 1 pM ZnSO4. The MBL enzymes (60 pM NDM-1,
100 pM VIM-2, and 60 pM IMP-28) were then added to the wells and incubated at 25 °C for 15
min. Next, the fluorescent cephalosporin substrate FC536 (0.5 uM for NDM-1 and VIM-2, 16
uM for IMP-28) was added to the wells and fluorescence was monitored immediately over 30-40
scanning cycles (Aex 380 nm, Aem 460 nm) on a Tecan Spark plate reader. Using the initial velocity
data plotted against inhibitor concentration, the half-maximal inhibitory concentrations were
calculated by ICso curve-fitting model in GraphPad Prism 7 software (figure 5). 2,6-Dipicolinic
acid was used as positive control. The ICso of captopril, dipicolinic acid, and 5 was also evaluated
in the presence of different concentrations of zinc sulfate (0.1, 1, 10 and 20 uM) against NDM-1

following the procedure described above.
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Figure 5. ICso curves of the test compounds against NDM-1 (A), VIM-2 (B), and IMP-28 (C). The
activity plot of compounds 3 (D) and 4 (E) against VIM-2 did not have a sigmoidal shape.
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Isothermal Titration Calorimetry (ITC)

The test compounds were evaluated for their ability to bind zinc using an automated PEAQ-ITC
calorimeter (Malvern). Zinc sulfate dissolved in 100 mM Tris (pH 7.0) was titrated into the test
compounds dissolved in the same buffer over 19x2 uL aliquots (except for the first aliquot which
was 0.4 uL). The titrations were performed at 25 °C and reference power was set at 10 pcal/sec.
Peak integration and curve-fitting was done using the PEAQ-ITC data analysis software provided
by the manufacturer. The blank titrations included buffer titrated in the test compounds, and zinc
sulfate titrated in buffer all of which showed negligible signals attributed to heat of dilution (see

figure 6 for the thermograms).
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Antibacterial assays

All antibacterial assays were carried out following the guidelines published by the clinical and
laboratory standards institute (CLSI). Bacterial strains and clinical isolates were cultured on
blood agar and incubated overnight at 37 °C. Fresh colonies were suspended in tryptic soy broth
(TSB) and incubated at 37 °C with shaking. Following growth to exponential phase (ODsoo =
0.5), the bacterial suspension was diluted to 106 CFU/mL in Mueller-Hinton broth (MHB) and
added to the test compounds prepared as described for each assay:

A. Single concentration synergy assay. On a polypropylene microplate, meropenem was
dissolved and serially diluted in MHB (25 uL/well). Compounds 3, 5, and DPA with the final
concentration of 32 pg/mL (25 uL/well) were then added to the wells. Following the addition of
the diluted bacterial suspensions prepared as described above (50 pL/well), the microplates were
incubated at 37 °C with shaking and after 16-20 h, the plates were inspected for the bacterial
growth. Minimum inhibitory concentration (MIC) values were reported as the lowest
concentration of the antibiotic/test compounds that prevents the visible growth of bacteria. All
the assays were performed in triplicate and the median values were used to report MICs.

B. ODsoo checkerboard assay. Meropenem was dissolved and serially diluted on the
polypropylene microplates in MHB (25 uL/well). The test compounds dissolved and serially
diluted to the final concentration ranging from 128 pg/mL to 1 pg/mL were then added to
meropenem (25 uL/well). E. coli RC0089, a clinical isolate producing NDM-1, grown to the
exponential phase and diluted in MHB was added to the microplate (50 uL/well) which was then
incubated at 37 °C with shaking. After 16-20 h, the optical density of wells was scanned at 600

nm on a Tecan Spark plate reader (figure 7).
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Figure 7. Checkerboard assays of the tested small molecules in combination with meropenem against an
NDM-1 producing clinical isolate of E. coli. The optical density of the bacteria at 600 nm (ODeoo) has been
shown as color gradient between white (no bacterial growth) and magenta (maximum growth).
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Chapter 3

1. Introduction

Antibiotic resistance is a global public health concern with an increasing economic
burden.l2 Among gram-negative pathogens, p-lactam resistance due to the production of
B-lactamases is a major cause of antibiotic resistance.3 Based on their mechanism of -lactam
hydrolysis, 3-lactamases can be classified as serine- or metallo-p-lactamases (SBLs and MBLs
respectively). While SBLs hydrolyze B-lactams via an active site serine nucleophile, MBLs do so
via a water molecule coordinated with active site zinc ion(s).4 While there are clinically used SBL
inhibitors available to counteract the infections caused by SBL-producing bacteria,® there are

currently no approved MBL inhibitors available.

Recent screening efforts led to the identification of aspergillomarasmine A (AMA, entry
1a, table 1) as a potent inhibitor of the clinically relevant NDM- and VIM-type MBLs.6 This
finding was followed by reports describing the chemical synthesis of AMA and its structural
analogs.”-!! Among them, synthetic routes using either a key N-nosyl protected aziridine
intermediate!0 or a cyclic sufamidate® furnished AMA in relatively few steps and the highest

reported yields (overall yields of 28% and 19% respectively).

Recently, our collaborators in the Poelarends group (Groningen) reported that
ethylenediamine-N,N'-disuccinic acid (EDDS) lyase naturally catalyzes a reversible two-step
sequential addition of ethylenediamine (2) to two molecules of fumaric acid (3), giving (S)-N-(2-
aminoethyl)aspartic acid (AEAA, 4) as an intermediate and (S,S)-EDDS (5) as the final product
(table 1A).12 EDDS lyase was subsequently found to have broad substrate promiscuity,'3-15
accepting a wide range of amino acids with terminal amino groups (6a-k) for regio- and
stereoselective addition to fumarate, thus providing a straightforward biocatalytic method for the
asymmetric synthesis of AMA (1a), AMB (1b), and related aminocarboxylic acids (1e—K, table
1B).13 To further explore the substrate scope of EDDS lyase, as well as to prepare a small library
of EDDS derivatives as potential NDM-1 inhibitors,6 in this chapter we describe the MBL-
inhibitory activity and zinc binding affinity of AMA and AMB analogs as well as a series of EDDS
analogs prepared by the Poelarends group via the EDDS-lyase catalyzed reaction of fumaric acid
with various diamines containing different aliphatic linkers between the two amino functional

groups (7a—i) (table 2).
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Table 1. Stereoselective C—N bond-formation reactions catalyzed by EDDS lyase

Ho.e”-CO:H H A COH COH
2 AN~ HOC ©.N ~_CO,H
o NH2 HO,C™ NH, 3 HO,C Y TN
A) 2 EDDS lyase CO,H EDDS lyase COH
2 . 5
(S)-AEAA (S,S)-EDDS
EDDS lyase H
B) HN-R ————————> HO,C” > 'R
HOZC/\/COZH CO,H
6a-k 1a-k
CO,H by COM
S) (S),
HZN\/(SEN 5L.COH 6a Hozc/\@N\/('S)N/YCOZH 1a(AMA)
NH, CO,H NH,
COH
COH H 2
SN
HZN\/(S)LN/\COZH 6b HO,C Y \)@N/\COZH 1b (AMB)
H CO,H
COoH
CO,H 2
(S)
HzN\/(S',\N/\/COzH 6c Hozc/\/N\/(s)LN/\/COZH 1c
H CO,H
ol H H
HaN_~&N._COH 6d Hoo "IN A~ EN_COyt 1d
CO,H CO,H CO,H
COH
COH )
HoN 6e Ho,c & N\/(gNHZ le (toxin A)
© NH, COH
2!
CO,H COH
w2 -
HN 6f Ho,c N NH, 1f
5 NH; Co,H
2/
HN_A~ENH, 6g HO. C/\(S}H\/\(S/)NHZ lg
= 2 H H
COH CO,H  COH
com N COH
2!
HoN S, 6h Hozc:/\(f}N\/\/rVSTNH2 1h
Eo,H
HN A~ A~ NH, 6i o C/\@H\/\/\@NHZ 1i
z 2! H H
CO,H COH COxH
© H CO,H
HN___COH 6j Ho,c G NAC02 1j
CoH
() n CO.H
HoN _~_ CO.H 6k HOQC/\(::/O HV\/ 2 1k
2/

(A) Natural reaction catalyzed by EDDS lyase. (B) Previously reported!2!13 analogs of AMA, AMB, and
toxin A prepared using the EDDS lyase methodology and here investigated as NDM-1 inhibitors.
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Table 2. Enzymatic synthesis of EDDS analogs

HO,C  CO,H
EDDS lyase
ZHOC A coH + N N, ——— HN—_)-H
3 ) Conditions?
7ai HO,C  COMH gai
Entry Diamine Product® Conv.c (yield9)[%]
" CO,H
N CO,H
1 7a HZN\V?%FNHZ 8a HOZC’A\T’ M)”’L\v/ 2 75(31)
CO,H
- H H CO,H
: N_ - CO,H
2 T HN Gy 8  Hoc Y N0 70 (21)
CO,H
3 e HNANH 8c HOLT Y Y CoH 74 (33)
CO,H CO,H
CH
H 5 H
CHs
4 7 HN__ A NH, 8d Hozo/\(N\/k/N\l/\cozH 67 (31)
CO,H CO,H
H OH oy
OH N N
5 7e HszyNHz 8e HOzc/\( J\/ ﬁ/\CozH 80 (60)
CO,H CO,H

6 TE  HN_S_NH, 8 HoCTY Y TcoH  47(26)

COLH CO,H
. CO,H
H,N
7 78 T2NONH, 8g Hozcﬂ/N\/\/\HJ\/CozH 83(32)
CO,H
N N
NN
8 7h HN_~_~_NH  ghHOC Y Y coH 0
CO,H COH
N N
9 7i HN A~ g~ NH 8i HO,C™ Y 07 Y CoH 0
CO,H CO,H

aConditions and reagents: reaction mixture (15 mL) consisted of fumaric acid (3, 60 mM), a
diamine substrate (7a—i, 10 mM) and purified EDDS lyase (0.05 mol% based on diamine) in
50 mM Na2HPO4 buffer (pH 8.5). The reaction mixture was incubated at room temperature for
48 h (7a—e and 7g) or 96 h (7f and 7h—i). ®Absolute stereochemistry of products not determined.
cConversion yields based on comparing 'H-NMR signals of substrates and corresponding
products. 9Isolated yield after ion-exchange chromatography.
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2. Results and discussion

Synthetic experiments revealed that diamine substrates with two to four atoms between
the two amino groups (7a—g) were well accepted as substrates by EDDS lyase, giving good
conversions (47-83%) and yielding the corresponding aminocarboxylic acid products (8a—g) in
21-60% isolated yield (table 2, entries 1-7). Hence, EDDS lyase has a broad diamine scope,
allowing the two-step sequential addition of appropriate diamines to fumaric acid, providing a
powerful synthetic tool for the preparation of valuable aminocarboxylic acids. However, the
elongated diamines with five atoms between the two amino groups (7h—i) were not accepted as

substrates by EDDS lyase (table 2, entries 8 and 9).

The ability of the AMA and EDDS analogs to inhibit NDM-1 was evaluated using a
fluorescence-based assay previously described by Schofield and coworkers.!7 This assay makes
use of a cephalosporin substrate (known as FC5) which upon hydrolysis releases
7-hydroxycoumarin. The well characterized NDM-1 inhibitors AMA, EDTA, and dipicolinic acid
(DPA) were used as positive controls. In general, most of the AMA and EDDS analogs tested
showed potent activity against NDM-1 with ICso values ranging from 1.3 uM to 18.3 uM (table
3).

Compared with its analogs 8a—g, EDDS (5) proved to possess the highest activity (ICso
=2.21 uM). Modifications to the central aliphatic spacer in length or steric bulk (or both) were
generally tolerated. However, elongation of the linker to four methylene units (8g) led to a
complete loss of activity. The inhibitory activity of the naturally occurring AMB (1b) was also
promising (ICso = 2.63 uM). Insertion of a methylene group (as in compounds le and 1d)

maintained the activity leading to equipotent new AMB analogs.

Toxin A (le) is believed to be the biosynthetic precursor of the related fungal
aminocarboxylic acids AMA and AMB.18 We found low ICso values for toxin A (1le) and its
diastereomer 1f (ICs0 = 2.33 uM and 2.89 uM respectively). Replacing the diaminopropionic acid
moiety with the much simpler glycine unit as in 1j led to a slight reduction of potency. Notably,
elongation of the aliphatic spacers in both 1e and 1j, to generate compounds 1g—i and 1Kk, resulted

in further or complete loss of NDM-1 inhibitory activity.

The majority of MBL inhibitors reported to date owe their activity to an ability to bind
zinc. In general, MBL inhibitors either coordinate with zinc ions within the MBL active site or, if

they are strong enough chelators, actively strip zinc from the MBL active site rendering the
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Table 3. Activity of AMA and EDDS analogs against NDM-1 and an

E. coli strain producing the same enzyme

Compound ICs0 (UM)a RC (uM)be FICIed
la(AMA) 0.94 £0.11 50 0.063
1b (AMB) 2.63+0.10 50 0.063
1lc 1.35+0.12 200 0.156
1d 1.37 £0.04 100 0.094
le 2.33+0.18 >400 >0.281
1f 2.89£0.24 >400 >0.281
1g 18.34 + 3.67 >400 >0.281
1h >400 >400 >0.281
1i >400 >400 >0.281
1j 7.87 £0.29 >400 >0.281
1k >400 >400 >0.281
5 (EDDS.3Na) 2.21+0.39 25 0.047
8a 4.33+0.11 100 0.094
8b 9.65+0.16 400 0.281
8c 3.11+£0.19 >400 >0.281
8d 2.85+0.10 >400 >0.281
8e 3.50+0.16 >400 >0.281
8f 2.85+0.04 200 0.156
8g >400 >400 >0.281
EDTA.2Na 1.25+0.06 25 0.047
DPA 494 +0.22 100 0.094

@The half-maximal inhibitory concentration of the compounds tested against NDM-1 using
FC5 as substrate. °RC (rescue concentration): the lowest concentration of the inhibitor that
resensitizes the bacteria to meropenem. °The test microorganism was E. coli RC0089, an
NDM-1 positive patient isolate with an MIC for meropenem of 32 mg/mL. ¢FICI: fractional
inhibitory concentration index. FICI < 0.5 indicates synergy (see main text for formula used
to calculate FICI).
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enzyme inactive.1920 We have previously shown that the zinc-binding capacity of MBL inhibitors
can be conveniently quantified using isothermal titration calorimetry (ITC).2! To this end, we
next measured the zinc-binding affinity of the aminocarboxylic acid analogs listed in table 3.
These studies were conducted by titrating a zinc sulfate solution into the test compound with the
heat of binding monitored using a microcalorimeter. The relevant thermodynamic parameters
thus obtained (K¢ and AH) are presented in table 4. For compounds le—f, 1j, and 8¢ strong zinc
binding was established with Kq values in the nM range. Notably, in the case of compounds 1b—
d, 5, 8a, 8b, 8d, 8e, and 8f, the zinc binding interactions were found to be so strong (Ka < 100
nM) that only AH values could be accurately determined. By comparison, for 1h, 1i, 1k, and 8g
the zinc binding was too weak to allow for a reliable determination of any thermodynamic

parameters. The data thus obtained reveals a clear correlation between zinc-binding affinity and

Table 4. The thermodynamic parameters of Zn2+ binding to the aminocarboxylic acid derivatives

Compound Ka(uM) AH (kcal /mol)
1b NDe -8.51 £ 0.06
1lc NDe -6.36 £ 0.05
1d NDe -11.2 £0.06
le 0.181+0.013 -6.81 £ 0.03
1f 0.240+0.017 -6.18 £ 0.03
1g 2.810+0.088 -7.12 £0.04
1h ND? NDb

1i ND? NDb

1j 0.828 + 0.035 -5.28 £0.03
1k ND? NDb

5 NDe -8.04 £ 0.06
8a NDe -11.7 £0.04
8b NDe -5.78 £ 0.05
8c 0.334 +0.031 -6.49 £ 0.05
8d NDe -7.51 £ 0.04
8e NDe -7.43 £0.04
8f NDe -11.7 £0.04
8g ND? ND?

aUnder the experimental conditions used, Ka values below 100 nM
cannot be accurately determined. Only AH could be reliably
measured.

bND: not determinable. No binding was observed or K4 was too high
to allow an accurate determination of the thermodynamic
parameters.
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the ICso values measured against NDM-1. These findings indicate that the major mechanism of
NDM-1 inhibition for the aminocarboxylic acids here studied can be attributed to their ability to

bind zinc.

The compounds were also tested for their ability to resensitize an NDM-1 producing
E. coli isolate to meropenem, a clinically important carbapenem antibiotic. This NDM-1
expressing strain of E. coli was found to be highly resistant to carbapenem antibiotics with a
minimum inhibitory concentration (MIC) of 32 ug/mL for meropenem. As a measure of potency,
we determined the “rescue concentration” of each test compound (table 3) which provides an
indication of synergy.® Rescue concentration is defined as the lowest concentration of an MBL
inhibitor that can resensitize a resistant strain to the antibiotic of interest when applied at its
clinical breakpoint concentration (1 ug/mL for meropenem). In addition, the fractional inhibitory
concentration index (FICI) values were determined for each compound and are provided in table

3. FICI values were established by applying the following formula where an FICI < 0.5 indicates
synergy:

MICMeropenem in combination MICrohibitor in combination
FICI = .
MICMeropenem alone MICronibitor alone

Among the EDDS analogs examined, 5 followed by 8a were among the most potent
synergizers. AMB (1b) and its related analogs 1¢ and 1d also showed potent to moderate activity.
Interestingly, neither toxin A or its analogs (le—k) demonstrated potent synergistic activity

suggesting they may not be able to effectively access the enzyme target in the microorganism.

3. Conclusion

We here describe the application of a robust chemoenzymatic synthesis route in the
preparation of a series of novel aminocarboxylic acids. A number of these compounds were found
to be potent inhibitors of NDM-1, with inhibitory activities well correlated to their zinc binding
ability. In addition, a number of the most active compounds demonstrated promising synergistic
activity against an NDM-1 producing E. coli isolate when combined with meropenem. In the
search for new agents to combat antibiotic resistance, chemoenzymatic methodologies such as
those here described have the potential to provide access to novel inhibitors of metallo-3-

lactamases of clinical relevance.
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Experimental section

Enzyme inhibition assays

NDM-1 plasmid was a generous gift from Prof. Christopher Schofield (Oxford University). The
overexpression and purification of NDM-1 has been described in chapter 2, and FC5 substrate
(figure 1) was prepared according to a previously reported procedure.l? In order to determine
half-maximal inhibitory concentration (ICso), the serially diluted aminocarboxylic derivatives
were incubated with NDM-1 (50 pM) at 25 °C for 15 min. FC5 (0.5 uM) was then added to the
wells and fluorescence was monitored immediately over 30-40 cycles (Aex 380 nm, Aem 460 nm)
on a Tecan Spark plate reader. The initial velocity data were used for ICso curve-fitting using
GraphPad prism 7 software (figure 2). Aspergillomarasmine A, EDTA and dipicolinic acid were
used as positive controls. The buffer was 50 mM HEPES pH 7.2 supplemented with 0.01%
Triton X-100 and 1 puM zinc sulfate. The assay microplate was pClear®), black half-area 96-well

plate (Greiner Bio-one).

Ph

Ph N ;\
W NDM 1 NH O 0

T e

Fluorescent

0.0020-

R [NDM-1]: 50 pM
B g oovo K: 0.73 £ 0.015 uM
3
0.0005
keat: 45.08 + 0.41 571
0.0000-f T T T T
oo e keat/ Koz 62.18 + 1.42 iM-Lg°L

Figure 1. A. Hydrolysis mechanism of cephalosporin substrate known as FC5; B. Michaelis-Menten
parameters of NDM-1 mediated hydrolysis of FC5.
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Figure 2. ICso curves of 1a-j (A), EDDS analogs (B), and control compounds (C) tested against NDM-1
(50 pM) using FC5 (0.5 uM) as substrate.

Isothermal titration calorimetry

The titrations were performed on an automated PEAQ-ITC calorimeter (Malvern). Test
compounds were dissolved in 20 mM tris pH 7.0. Zinc sulfate (1 mM) was titrated in the 0.1 mM
solutions of the aminocarboxylic acids over 19x2 uL aliquots (first aliquot was 0.4 uL.). Reference
power was set at 10 pcal/sec and the assay temperature was 25 °C. The blank titrations included
the titration of buffer into the test compounds and zinc sulfate into buffer all of which showed
negligible heat of dilution signals (see figure 3 for the thermograms). The signals were integrated

and the thermodynamic parameters were calculated using the PEAQ-ITC analysis software.
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Figure 3. ITC thermograms of zinc sulfate titrated in the solutions of animocarboxylic acids.
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Antibacterial activity

A. MIC assay. The antibacterial assays were performed according to the guidelines published
by the clinical and laboratory standards institute (CLSI). On a polypropylene 96-well plate, the
aminocarboxylic acid derivatives as well as the control compounds were serially diluted in
Mueller-Hinton broth (MHB). In the same day, a few colonies of E. coli RC0089 (NDM-1) were
suspended in tryptic soy broth (TSB) and incubated with shaking at 37 °C. When the bacteria
grew to the exponential phase (ODsoo = 0.5), the suspension was diluted in MHB to reach
106 CFU/mL and then added to the microplate containing the test compounds. After incubation
at 37 °C for 15-20 h, the microplates were inspected for growth inhibition. MIC is defined as the
lowest concentration of the compound that prevented the visible growth of the bacteria.

B. Determination of rescue concentration (RC). The test compounds were serially diluted
starting from 400 uM. Meropenem was then added to the wells with the final concentration of
1 pg/mL. The bacteria were cultured and added to the microplates as described above. Rescue
concentration was defined as the lowest concentration of the inhibitor that prevented the visible

growth of the bacteria when combined with 1 ug/mL of meropenem.
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Chapter 4

1. Introduction

Resistance to B-lactam antibiotics poses a serious threat to human health. The enzymes
responsible for such resistance are the -lactamases and are especially prevalent among gram-
negative bacteria.l2 These enzymes are divided in two classes: the serine -lactamases (SBLs)
which hydrolyze B-lactam ring by a serine nucleophile in their active site; and the metallo-3-
lactamases (MBLs) whose mechanism relies upon the presence of one or two active site zinc ions.?
These zinc ions stabilize a nucleophilic hydroxide species that is believed to be the active agent in
the hydrolysis the f-lactam ring leading to antibiotic inactivation. The best-studied MBLs include
the NDM (New Delhi metallo-f-lactamase), VIM (Verona integron-encoded metallo-(-
lactamase) and IMP (imipenemase) enzymes which collectively exhibit a broad substrate
specificity and hydrolyze antibiotics from all known B-lactam classes with the exception of

monobactams.

The global concern relating to antibiotic resistance has led to a number of different
strategies aimed at addressing the problem. One such approach involves the co-administration of
antibiotic adjuvants capable of maintaining the activity of existing antibiotics.> This strategy is
widely effective in treating infections due to bacteria that express SBLs. Clinically relevant SBL
inhibitors include clavulanic acid, sulbactam, tazobactam, avibactam, and vaborbactam which
effectively protect [-lactam antibiotics from inactivation when administered as combination
therapies. By comparison, there are no clinically used MBL inhibitors available for use in

addressing the growing threat posed to the B-lactam arsenal by these enzymes.

Attempts to identify inhibitors of the MBLs have revealed a number of compound
classes that display promising activities when tested using in vitro enzyme inhibition assays.6
Such compounds include small molecules that contain functionalities often associated with zinc
binding such as thiols, dicarboxylates, hydroxamates, aryl sulfonamides, N-arylsulfonyl
hydrazones and tetrazole-based compounds.378 Among the known MBL inhibitors, sulfur-
containing small molecules containing either a free thiol or a sulfur atom masked as a
heterocycle?10 are among the best characterized.37:11-15 Structures as simple as mercaptoacetic
acid and mercaptopropionic acid have been shown to be effective inhibitors of the IMP-1 enzyme
(Ki = 0.23 uM and 0.19 uM respectively).16 Follow-up studies identified higher analogs of
mercapto-carboxylic acids including 2-arylmethyl-2-mercaptoacetic acids and their thioesters as
potent MBL inhibitors with ICso values in the low-nanomolar range.l” Similarly, thiomandelic
acid was found to be a broad-spectrum inhibitor of different MBLs including BCII (K; = 0.34 uM),
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IMP-1 (Ki = 0.029 uM), IMP-2 (K; = 0.059 uM) and VIM-1 (Ki = 0.230 uM)!8, and 2-w-
phenylpropyl-3-mercaptopropionic acid has been reported as potent inhibitor of VIM-2 (K; =
0.220 uM).19.20 Other examples of structurally similar MBL inhibitors include compounds
containing a free thiol with a neighboring carbonyl functionality such as a-
mercaptoacetophenone,?! thiosalicylic acid,'8 and interestingly, the dipeptide drug captopril
which is used in the treatment of hypertension.22 The inhibitory activity of these molecules is
attributed to the ability of the thiol group to bind the zinc ion present in the MBL active site as
supported by several X-ray crystallography studies.2L,23-26

The inhibitory activity of thiol-containing small molecules against clinically relevant
MBLs in vitro prompted us to conduct a series of antibacterial assays to evaluate the synergistic
activity of such compounds with the representative -lactams meropenem and cefoperazone. To
do so, the sensitizing effects of thiols 1-5 (figure 1) on the activity of meropenem and cefoperazone
were assessed against a panel of gram-negative bacteria expressing various p-lactamases. The
stability of the thiols was also assessed under the assay condition employed and isothermal
titration calorimetry (ITC) was used to measure the zinc-binding affinity of the most

synergistically-active compounds.

o OyoH SH O o o o
SH
OH OH T OH
Q SH SH

OH Oy _OH

s (0]
o S ©)vs
2
2 2 8
6 7
OH
H [0
NI
OH o
H o i“ 7" "N(CHa), //\N/( ’
N S
o
OH
o
9 (Meropenem) 10 (Cefoperazone) O

Figure 1. Thiol-based MBL inhibitors and disulfides evaluated for synergy with
meropenem and cefoperazone in the current study.
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2. Results and discussion

Thiols 1-5 were initially tested alone for antibacterial activity against a panel of
carbapenem-resistant gram-negative pathogens expressing MBLs including NDM, VIM and IMP
enzymes or SBLs such as KPC-2 and OXA-48. These studies revealed that none of the thiols
inhibited bacterial growth at the highest concentration tested (64 ug/mL). All of the MBL-
expressing strains used in our study exhibited resistance to both meropenem and cefoperazone
with MIC values ranging from 8 to >256 ug/mL. For use as a reference MBL inhibitor known to
synergize with -lactam antibiotics, we turned to the work of Migliavacca and coworkers who
reported a zinc chelating mixture of EDTA and 1,10-phenanthroline as being synergistic with
imipenem in preventing growth of MBL-expressing strains of Pseudomonas aeruginosa.2” We
found that the EDTA/1,10-phenanthroline mixture was similarly effective in lowering the MIC
of meropenem and cefoperazone against the MBL-expressing strains used in our study (table 1).
Also, and as expected, the EDTA/1,10-phenanthroline mixture showed no synergistic effect with

meropenem against the two SBL-expressing strains also evaluated.

With a reliable reference system in hand, the capacity for thiols 1-5 to synergize with
meropenem was next investigated. Table 1 shows the synergy data of thiols 1-5. Captopril 1
exhibited moderate to weak synergy at a concentration of 64 ug/mL while thiosalicylic acid 2
displayed no appreciable synergy when tested at the same concentration. By comparison, when
administered at 64 pg/mL thiols 3 and 4 significantly lowered the MIC of meropenem against all
the MBL-producing isolates tested. The activity of compound 5 was also promising but
interestingly limited to only the two Klebsiella strains tested. Thiols 3-5 have previously been
shown to be more potent MBL inhibitors than compounds 1 and 2 in biochemical enzyme
inhibition assays!7.1821.23 and our MIC synergy results follow the same trend. Notably, for
compounds 3 and 4 we observed broad-spectrum, and in some cases, potent synergistic activity

with meropenem against the MBL-producing isolates evaluated.
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Table 1. MIC of meropenem (Mer) and Ceferazone (Cef) tested alone or in combination with thiol MBL-inhibitors 1-5

Isolates Mer Cef  Mer+1a Mer+2 Mer +3 Cef+3 Mer + 4 Cef+4 Mer+5  EPMb  EPCb
K. pneumoniae (KPC-2) >128 >256 >128 >128 128 >256 >128 >256 128 >128¢ >256¢
K. pneumoniae (OXA-48) 64 >256 64 64 64 >256 64 >256 64 164 >2564
K. pneumoniae (VIM-1) 64/32 >256 8 (4) 16 (2) 0.5(=128) 256 1(32) >256 8(8) <0.5¢ 8¢
K. pneumoniae (IMP-28) 16/8 256 1(8) 8 0.125(128) <2(=128) 0.125(64) <2(=128) 0.5(32) <0.125 <2f
E. coli (NDM-1) 128/64 >256 16 (4) 128 16 (8) >256 16 (8) >256 64 (2) <le >256¢
P. aeruginosa (VIM-2) 32 128 32 32 4(8) 16 (8) 16 (4) 16 (8) 32 0.5¢ 8¢
P. aeruginosa (IMP-13, IMP-37) 64 256 64 64 8(8) 8(32) 8(8) 16 (16) 64 4/ 4
K. pneumoniae (VIM-1) 64/32 >256 n.d. n.d. 0.5 (64) >256 1(32) >256 n.d. <0.5/ <2f
E. aerogenes (VIM-1) 32/16 >256 n.d. n.d. 0.5 (64) >256 1(16) >256 n.d. <0.25/ 64/
K. pneumoniae (VIM-1) >128/128 >256 n.d. n.d. 4(>32) >256 8(16) >256 n.d. <1/ <
K. pneumoniae (NDM-1) 32/16 >256 n.d. n.d. 8(4) >256 2(16) >256 n.d. <05/  >256/
K. pneumoniae (NDM-1) 16/8 >256 n.d. n.d. 4(4) >256 1(8) >256 n.d. <0.25/  >256/
K. pneumoniae (NDM-1) 64/32 >256 n.d. n.d. 16 (4) >256 16 (4) >256 n.d. <1/ >256/

aThiols 1-5 added at 64 pg/mL

YEPM: EDTA/phenanthroline/meropenem; EPC: EDTA/phenanthroline/cefoperazone

EP mixture used at 16 and 1 pg/mL respectively
dEP mixture used at 64 and 4 ug/mL respectively
¢Fold reduction of MIC shown in parentheses

JEP mixture used at 32 ug/mL and 2 pg/mL respectively
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Building on the encouraging results of the preliminary synergy assays (carried out at
fixed thiol concentration of 64 pg/mL) we next performed a series of checkerboard synergy assays
in which the MIC of meropenem was determined at varying concentrations of inhibitors 1-5.
Such an approach provides for a better picture of the synergistic relationship between the two
combined agents and allows for determination of the fractional inhibitory concentration (FIC)
index. Briefly, FIC values are calculated by adding the following two fractional values: (MIC of
compound A in combination/MIC of compound A alone) + (MIC of compound B in
combination/MIC of compound B alone). In general, an FIC index value <0.5 is regarded as an
indication of synergy.28 Among the MBL-expressing strains used, the two Klebsiella isolates were
most effectively resensitized to meropenem when administered in combination with thiols 3-5.
Of particular note, compounds 3 and 4 were both found to significantly potentiate meropenem
against the IMP-28 producing Klebsiella strain tested with FIC values <0.07 and <0.13

respectively.

Thiols are well known for their tendency to form homo- or heterodisulfides in biological
systems. Such reactivity is of special importance in the case of thiol-based MBL inhibitors such
as compounds 1-5 as it has been reported that in their disulfide form their activity is significantly
reduced.!8 In this regard we selected compounds 3-5 as the three most active thiols from our
synergy assays and monitored their conversion to the corresponding disulfides under the assay
conditions used. Thiols 3-5 were thus incubated in Mueller-Hinton broth at 37 °C and sample
aliquots analyzed at time points ranging from O to 8 hours. As shown in figure 2, thiols 3 and 4
were found to form their corresponding disulfides (6 and 7 respectively) with half-lives of ca. 5
hours. By comparison, thiol 5 was oxidized to 8 more rapidly with a half-life in the range of
minutes which may also explain its lower level of synergy relative to 3 and 4. Disulfides 6-8 were
synthesized for use as reference compounds in the stability assays and were evaluated for their
synergy with meropenem against the two most susceptible Klebsiella isolates identified (table 2).
The three disulfides exhibited very low levels of synergy relative to that of the corresponding free
thiols. The slight synergy observed for these disulfides may in fact be attributable to a reductive
process carried out by the bacteria themselves to release a small amount of the more active thiol.
Many bacteria contain redox active enzymes capable of disulfide reduction both in cytoplasm

and periplasmic space.?®
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Figure 2. Time-dependent oxidation of thiols 3-5 to corresponding disulfides 6-8 by incubation in
Mueller-Hinton broth at 37 °C.

The superior synergistic activity and relative stability of thiols 8 and 4 prompted us to
further characterize their zinc binding abilities using isothermal titration calorimetry (ITC). To
do so a solution of zinc chloride was titrated into the sample well containing either 3 or 4 (both
found to be stable in the buffer conditions used for the ITC experiments) and the heat of binding
monitored. In this way a number of thermodynamic binding parameters are revealed including
Ka (dissociation constant), AH (enthalpy), AG (Gibbs free energy) and AS (entropy). As shown
in figure 3, compounds 3 and 4 exhibited high affinities for Zn2+ with Ks values of 9.8 and 20.0
uM respectively. Also of note was the lack of any measurable binding interaction when zinc
chloride was titrated into solutions of disulfides 6 and 7. The zinc binding abilities of the reference

compounds EDTA and 1,10-phenanthroline were also assessed using ITC showing strong

Table 2. MIC of meropenem _(Mer) tested _alone orin combination wit_h disulfides 6-8

Isolates Mer Mer + 6¢ Mer +7 Mer + 8
K. pneumoniae (VIM-1) 64 64 64 32 (2)
K. pneumoniae (IMP-28) 8 1(8) 4(2) 1(8)

aDisulfides 6 and 7 were added at 64 pg/mL and 8 added at 32 ug/mL.
bFold reduction of MIC has been shown in parentheses
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interactions with Ka values of <100 nM and 2.3 uM respectively (see experimental section for
thermograms). The results of these ITC studies correlate well with the synergy data obtained and
suggest that zinc binding may be a useful predictor for a compound’s ability to resensitize MBL-
expressing organisms to -lactam antibiotics. Furthermore, the relative ease with which ITC can
be used to assess zinc binding by small molecules may make it a complimentary technique for

identifying new lead compounds capable of effectively inhibiting MBLs.
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Figure 3. ITC Thermograms for binding of Zn?+ by thiols 3 (A) and 4 (B). A solution of zinc chloride
(2.0 mM) was titrated into the sample cell containing thiol 3 or 4 (0.2 mM). Thermodynamic
parameters shown based on triplicate binding assays and the reported as mean + SE.
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3. Conclusion

While small molecule thio-carbonyl compounds have previously been shown to inhibit
various MBLs, their ability to synergize with B-lactam antibiotics in overcoming MBL-associated
resistance has not been extensively studied. We here demonstrate a significant level of synergism
between meropenem and a series of thiols, most notably thiomandelic acid 3 and 2-merpto-3-
phenylpropionic acid 4. Combinations of meropenem with 3 or 4 exhibit antibacterial activity
against a number of gram-negative bacteria expressing different MBLs including IMP, NDM and
VIM. Given the high degree of active site heterogeneity among the different types of MBL
enzymes,!! designing an inhibitor with potent inhibitory activity towards several types of MBL is
challenging. In this light, thiomandelic acid 3 is unique given its ability to inhibit a range of MBLs
and, as shown in the present study, its capacity to resensitize MBL-expressing gram-negative
isolates to meropenem, an important B-lactam antibiotic of last resort. In addition, ITC studies
showed thiols 3 and 4 to be effective zinc chelators with low-micromolar Ky values supporting
the proposed mechanism of action for these compounds. In this regard, ITC may provide a useful
means of (pre)screening for zinc-binding MBL inhibitors. While compounds 3 and 4 exhibit
potent synergy with meropenem, their propensity to oxidize and likely ability to interact with free
zinc and other metallo-proteins precludes their use as clinical MBL inhibitors. In this regard,
MBL inhibitors employing free thiols as zinc binding groups are more likely to be of value as tool
compounds for biochemical studies involving MBLs. Optimized analogs or other classes of MBL
inhibitors capable of overcoming such pharmacokinetic hurdles present a key objective in the

continued fight against antibiotic resistance.
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4. Experimental Section

General

Potassium thioacetate was purchased from Combi-Blocks Inc. (San Diego, CA USA).
Thiosalicylic acid was purchased from Fisher Scientific (Waltham, MA USA). Other reagents
including captopril, 2-bromoacetophenone, S-mandelic acid, L-phenylalanine, were purchased
from Sigma-Aldrich company. The reaction progress was monitored by thin-layer
chromatography (normal SiO2, Merck 60 F254) and ethyl acetate/petroleum ether combination
was used as developing phase. The plates were visualized using UV indicator and/or stained by
ceric ammonium molybdate reagent. The NMR spectra were obtained on an Agilent 400 MHz
spectrometer. DMSO(ds) or CDCl3 were used to dissolve the samples and tetramethylsilane was
used as internal standard. High-resolution mass spectrometry was performed using an ESI
instrument. As the only exception, the molecular ion of thiol 5 could not be detected by the EST

technique.

Synthesis

Among the thiols selected for investigation, captopril 1 and thiosalicylic acid 2 were commercially
available while compounds 3-5 required preparation via previously reported synthetic
routes.2130-32 Briefly, compound 3 was synthesized via esterification of S-mandelic acid which
was followed by mesylation of the hydroxyl group. Substitution of the tosylate ester with
thioacetate anion followed by acidic hydrolysis furnished 3.30 For the synthesis of compound 4,
L-phenylalanine was converted to its corresponding a-bromocarboxylic acid through a sodium
nitrite mediated halo-deamination reaction, which was subsequently reacted with potassium
thioacetate to afford S-acetyl derivative of 4. Basic hydrolysis of the latter intermediate led to the
final product 4.3132 Thioacetophenone 5 was prepared via a two-step procedure involving
thiolation of a-bromoacetophenone with potassium thioacetate followed by a basic hydrolysis.2!
In addition, disulfides 6-833-35 were readily prepared by reacting the corresponding thiol with

iodine in water/acetonitrile.36
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Spectral characterization of compounds 3-8.
3 IH-NMR (400 MHz, CDCls): § 7.47-7.42 (m, phenyl H, 2H), 7.38-7.29 (m,

phenyl H, 3H), 4.69 (d, J=7.6 Hz, -CH-, 1H), 2.60 (d, J = 7.6 Hz, -SH, 1H).
I3C-NMR (100 MHz, CDCls): 6 177.62, 137.13, 128.86, 128.49, 127.86, 45.45.
HRMS (ESI): [M-HJ- calculated: 167.0178, found: 167.0172.

4 IH-NMR (400 MHz, CDCl3): § 7.39-7.11 (m, phenyl H, 5H), 3.62 (m, aliphatic
H, 1H), 3.25 (dd, J = 14.0 Hz, J = 8.2 Hz, aliphatic H, 1H), 3.01 (dd, J = 14.0 Hz,
J =7.0 Hz, aliphatic H, 1H), 2.15 (d, J = 8.9 Hz, -SH, 1H).
I3C-NMR (100 MHz, CDCls): 6 179.03, 137.26, 129.06, 128.64, 127.15, 42.22,
41.11.
HRMS (ESI): [M-HJ- calculated: 181.0329, found: 181.0318.

5 IH-NMR (400 MHz, CDCls): § 7.95 (m, phenyl H, 2H), 7.58 (m, phenyl H, 1H),
7.47 (t,J = 8.0 Hz, phenyl H, 2H), 3.95 (d, J = 7.3 Hz, -CH>-, 2H), 2.12 (t,J = 7.3
Hz, -SH, 1H).
I3C-NMR (100 MHz, CDCls): 6 194.71, 135.01, 133.59, 128.79, 128.47, 31.11.

6 IH-NMR (400 MHz, Acetone-ds): Isomeric mixture (7:1) 6 7.46—7.35 (m, phenyl
H, 10H), 4.79 and 4.71 (each s, -CH, isomeric ratio 1:7 respectively).
13C-NMR (100 MHz, DMSO-ds): § 171.40, 171.34, 136.10, 136.05, 129.12,
129.10, 129.01, 128.84, 128.79, 57.77, 57.59.
HRMS (ESI): [M-HJ- calculated: 333.0261, found: 333.0259.

7 IH-NMR (400 MHz, CDCls): § 7.29-7.14 (m, 10H, phenyl H), 3.65 (t, J = 7.7 Hz,
aliphatic H, 2H), 3.22 (dd, J = 14.3 Hz, J = 8.2 Hz, aliphatic H, 2H), 3.01 (dd, /=
14.3 Hz, J = 7.2 Hz, aliphatic H, 2H).
I3C-NMR (100 MHz, CDCls): 6 177.57, 136.70, 129.03, 128.62, 127.07, 53.03,
36.75.
HRMS (ESI): [M-HJ- calculated: 361.0574, found: 361.0569.

8 IH-NMR (400 MHz, CDCl3): § 7.92 (m, phenyl H, 4H), 7.56 (m, phenyl H, 2H),
7.45 (m, phenyl H, 4H), 4.18 (s, CHz, 4H).
I3C-NMR (100 MHz, CDCls): 6 194.27, 135.35, 133.64, 128.73, 128.69, 45.38.
HRMS (ESI): [M+Na]* calculated: 325.0333, found: 325.0338.
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MIC determinations and synergy assays

The antibacterial activity of compounds 1-5 was evaluated alone and in combination with
meropenem against a panel of B-lactamase producing gram-negative bacteria including K.
pneumoniae RC10 (KPC-2), K. pneumoniae RC 45 (OXA-48), K. pneumoniae RC51 (VIM-1),
K. pneumoniae JS265 (IMP-28), E. coli RC89 (NDM-1), P. aeruginosa RC60 (VIM-2), P.
aeruginosa JS80 (IMP13, IMP-37), K. pneumoniae RC21 (VIM-1), E. aerogenes RC22 (VIM-
1), K. pneumoniae RC48 (VIM-1), K. pneumoniae JS22 (NDM-1), K. pneumoniae JS177
(NDM-1), and K. pneumoniae JS37 (NDM-1). The CLSI guidelines were used to determine
minimum inhibitory concentrations (MICs). Starting from glycerol stocks, bacterial strains were
cultured on blood agar plates and incubated at 37 °C. A single colony was then transferred to
tryptic soy broth (TSB) and incubated with shaking at 37 °C until the optical density of the
bacterial suspension reached a level equivalent to the 0.5 McFarland standard. The suspension
was then diluted to 106 CFU/mL in Mueller-Hinton broth (MHB). Using polypropylene
microtiter plates, the wells of the first row received 50 uL of the test compounds dissolved in MHB
and were subjected to serial dilution. Finally, 50 uL of the bacterial suspension was added and
the plates were sealed and incubated at 37 °C with constant shaking (at 600 RPM). The next
morning, the plates were inspected for visible bacterial growth (see table 3 for antibiotic

susceptibility data).

Synergy between meropenem (or cefoperazone) and thiols 1-5 was evaluated as follows: To the
top row of a 96-well plate, 100 pL of a solution of meropenem at 4xMIC was added. 50 uL
aliquots of this solution was serially diluted down each row to achieve a range of decreasing
meropenem concentrations. Next, thiols 1-5 (50 uL aliquots) were added to the wells to provide
a concentration range of 128 to 16 pg/mL. The relevant bacterial suspension (100 pL/well) was
finally added to each well to give a final concentration of thiols 1-5 ranging from 64 to 8 ug/mL.
The plates were sealed and incubated overnight at 37 °C. MICs were determined the next
morning by visual inspection and used in calculating fractional inhibitory concentration index
(FIC) values. As a standard MBL inhibitor cocktail, a 16:1 (w/w) mixture of
ethylenediaminetetraacetic acid disodium salt-phenanthroline (EP) was also used. The MIC of
the EP mixture was first determined against each strain so that a sub-MIC concentrations could
be used for synergy assays. All the assays were performed in duplicates. Figure 4 provides a

graphical representation of the checkerboard assays.
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Table 3. Antibiotic susceptibility of the MBL-producing isolates

Isolates

MIC (pg/mL)

Meropenem

Ciprofloxacin Gentamicin Tobramycin Colistin

K. pneumoniae (KPC-2)  >128 (R)e
K. pneumoniae (OXA-48) 64 (R)

K. pneumoniae (VIM-1)  64/32 (R)
K. pneumoniae (IMP-28) 16/8 (R)
E. coli (NDM-1) 128/64 (R)

P. aeruginosa (VIM-2) 32 (R)

P. aeruginosa

(IMP-13, IMP-37) 64(R)

K. pneumoniae (VIM-1)  64/32 (R)

E. aerogenes (VIM-1) 32/16 (R)

K. pneumoniae (VIM-1)  >128/128 (R)
K. pneumoniae NDM-1) 32/16 (R)

K. pneumoniae (NDM-1) 16/8 (R)

K. pneumoniae NDM-1) 64/32 (R)

Cefoperazone

>256 (R) >4 (R)b
>256 (R) >32(R)
>256 (R) >32(R)
256 (R) 1(R)
>256 (R) >32(R)
128 (R) =>4 (R)
256 (R) 32(R)
>256 (R) =>4 (R)
>256 (R) 1(R)®
>256 (R) =>4 (R)
>256 (R) =8 (R)b
>256 (R) >32(R)
>256 (R) =8 (R)b

4(5»

>32(R)

>32(R)

0.5(9)

>32(R)

=16 (R)

>32(R)

=16 (R)

<1 (S)y

2(Sy

=16 (R)

>32(R)

=16 (R)

=216 (R)

32(R)

32(R)

1(S)

>32 (R)

=216 (R)

32(R)

=216 (R)

=16 (R)

16 (R)

>4 (R)p

16 (R)

>4 (R)p

1(S)y

<0.25(S)

32 (R

<0.25(S)

<0.25(S)

1(S)y

1(S)

<0.5 (S)

<0.05 (S)>

<0.5(S)

<1(Sy

8(R)

<1(Sy

aR: resistant; S: sensitive. Sensitivity to the tested antibiotics (except for cefoperazone) according to the

clinical MIC breakpoints issued by the European Committee on Antimicrobial Susceptibility Testing
(EUCAST).%" For cefoperazone, the MIC breakpoint based on that published by the United States food and

drug administration (FDA).38

bMIC data provided by Utrecht University medical center.
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Figure 4. The MIC values of meropenem/cefoperazone in combination with thiols 1-5.
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Figure 4. Continued.
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Stability analysis

To prepare calibration curves for thiols 3-5 and the corresponding disulfides 6-8 each compound
was dissolved in DMSO to prepare a stock solution (10 mg/mL) that was then immediately
diluted in Mueller-Hinton broth (MHB) to reach concentrations ranging from 1 pg/mL to 256
ug/mL. The samples were then processed as follows: To precipitate undesired media
components, the sample solutions were diluted with acetonitrile (1:3 v/v), vortexed for 10
seconds, and centrifuged at 10000 rpm for 10 min. The supernatant was retained and stored at -
20 °C until HPLC analysis. Samples were analyzed by analytical RP-HPLC using a Phenomenex
Gemini C-18 110A column (250x4.60 mm, 5 micron) at a flow rate of 1 mL/min and their UV
absorbance were detected at 214 nm. For the analysis of compounds 4, 5, 7, and 8, the gradient
started with 0% of buffer B (5% H>0, 95% acetonitrile, 0.1% TFA) and 100% buffer A (95% H-0,
5% acetonitrile, 0.1% TFA) increasing to 50% buffer B over 5 min followed by an increase to
100% buffer B over 10 min and maintenance at 100% buffer B for 3 min. The buffer gradient was
then returned to 0% buffer B in 2 min and maintained at 0% for an additional 5 min to re-
equilibriate the system. For the analysis of compounds 3 and 6 the gradient started with 0% of
buffer B, increased to 50% buffer B over 5 min, then to 90% buffer B over 8 min followed by a
final increase to 100% buffer B over 1 min. After 1 min at 100% buffer B the gradient returned to
0% buffer B over 2 min and was maintained at 0% for 3 min to re-equilibriate the system. The
calibration curves were linear from 2-256 pg/mL for compounds 3-6 and from 1.6-200 pg/mL
for compounds 7 and 8 with r2 > 0.990 in all the cases. Due to the relatively short half-life of
compound 5 in MHB, the medium needed to be supplemented with 5.0 mM TCEP to obtain a
suitable calibration curve. To assess the half-lives of thiols 3-5 in MHB, each compound was
dissolved in MHB (200 ug/mL) and incubated at 37 °C. At time points of 0, 0.5, 1, 2, 4 and 8
hours, 100 pL aliquots of each samples were taken and subjected to the same processing

described above for the standards prior to HPLC analysis.
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Isothermal titration calorimetry

ITC experiments were performed using a MicroCal Auto-ITC200 instrument (Malvern). The test
compounds and zinc chloride were dissolved in Tris-HCI buffer (20 mM, pH 7.0) and degassed
using a sonication bath (10 min) before running the experiments. The zinc chloride solution was
titrated into a solution of 3, 4, 6, 7, EDTA, or 1,10-phenanthroline (see table 4 for specific
concentrations used) over 26 aliquots of 1.5 uL (except the first injection which was 0.5 pL) with
120 seconds spacing between injections. All the experiments were performed at 25 °Cin triplicate
with reference power set at 2.0 pical/sec. The generated peaks were integrated using Origin 7.0
software (see figure 5 for thermograms). The error for all the reported thermodynamic parameters

was estimated through Monte Carlo simulation the standard errors of three experiments.

Table 4. Concentrations of the metal/ligands used for the I'TC experiments

Experiment (metal/ligand) ~ Zn2* concentration (mM) Ligand concentration (mM)

ZnClz / compound 3,4,6,7 2.0 2.0
ZnClo / EDTA 0.4 0.04
ZnClz / phenanthroline 1.0 0.1
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Chapter 5

1. Introduction

Despite the growing threat of B-lactam resistance caused by metallo-p-lactamases
(MBLs), there are no approved drugs in the market that target this class of enzymes. Unlike
serine-B-lactamases, MBLs (figure 1) are metalloenzymes containing one or two zinc ions in their
active site and an activated water molecule coordinated by the zinc ions hydrolyzes all classes of
B-lactams (except monobactams).! The MBLs of particular clinical significance are the New Delhi
metallo-B-lactamase (NDM), Verona integron-encoded metallo-f-lactamase (VIM) and
imipenemase (IMP) families all of which possess broad (-lactamase activity.2 The previously
reported inhibitors of MBLs have been the subject of several comprehensive review articles.3-6
Indeed, a wide range of compounds have been reported as MBL inhibitors with the majority
acting by either sequestering zinc and/or by forming a ternary complex with the
metalloenzyme.”8 In chapter 4, we described the in vitro ability of a selected group of thiols (1-3,
figure 2A) to inhibit MBLs and in doing so resensitize a panel of MBL-producing clinical isolates
to meropenem, a potent carbapenem antibiotic. The binding experiments described in chapter 4
employed isothermal titration calorimetry (ITC) to demonstrate that thiols 1 and 2 bind zinc with
Ki values of 10 uM and 20 uM respectively. However, as we also demonstrated, these thiol-
containing compounds are prone to rapid oxidation to the corresponding disulfides, leading to
the loss of zinc-binding affinity, MBL inhibition, and synergistic activity.? As a means of limiting
this unwanted oxidation, we were drawn to consider the hydrolysis mechanism of the
cephalosporin class of B-lactam antibiotics (figure 2B). Specifically, we hypothesized that if
conjugated to the 3-position of the cephalosporin core, these thiols could be delivered as MBL-
inhibitor prodrugs which would enhance their selectivity and stability. Only upon MBL-mediated
hydrolysis of the cephalosporin moiety would the active thiol-based inhibitor be released,
providing both spacial and temporal control of inhibitor delivery and activation. This chapter

describes the preparation of cephalosporin-thiol conjugates based on thiols 1-8 and evaluation of

p-Lactam antibiotic Hydrolyzed
(meropenem) H SNT MBL (inactive) H SN
AN OH Nk
OH B
HH <_7 "o Zn?t " Zn?* HH o
o N \e/ L’ o
Ny S OH o={ Ny S
o (activated hydroxide ion for OH
o OH nucleophilic attack at p-lactam) o OH

Figure 1. Metallo-B-lactamases as zinc metallo-enzymes
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Figure 2. A. The previously reported thiols as MBL-inhibitors. B. Cephalosporin
prodrugs of the thiols 1-3.

their performance as MBL-inhibitor prodrugs capable of resensitizing MBL-expressing strains to

B-lactam antibiotics.

2. Results and discussion

The cephalosporin-thiol conjugates were synthesized using two different routes
(scheme 1). Thioalkylation of mercaptoacetophenone with the chloromethyl cephalosporin
"GCLE", a common intermediate used in the industrial synthesis of cephalosporin antibiotics,
yielded intermediate 4 followed by deprotection with TFA to yield compound 5. Alternatively,
compounds 6 and 7 were prepared via the BFs-promoted substitution of 7-
aminocephalosporanic acid (7-ACA) with thiomandelic acid or 2-mercapto-3-phenylpropionic
acid, followed by acylation of the 7-amino group (see experimental section for detailed
procedures). To assess the zinc-binding properties of the MBL-inhibitor prodrugs 5-7, ITC
binding studies were performed which revealed no binding interaction with zinc. This was in
contrast with the starting thiols which were found to be relatively strong zinc-binders with low-
UM Ky values®. In addition, stability analyses were performed to test whether inhibitor release
occurred spontaneously. Following overnight incubation in Mueller-Hinton broth, HPLC
analysis of the conjugates 5-7 showed very good stability (>95% after 15 h, table 1).
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Scheme 1. Chemical route to the cephalosporin conjugates. Reagents and conditions: a. Nal,
DMF, r.t.,, 30 min.; b. NaHCO3, 1, r.t., 20 h; ¢. TFA, anisole, 0 °C, 1 h; d. BF3.0Et2,2/3, ACN,
45 °C, 2 h; e. phenylacetyl chloride, saturated NaHCOs solution, acetone, r.t., 20 h.

Table 1. Stability of compounds 5-7 in Mueller-Hinton broth

Compound (Ar15/AT0)% 2
5 9542
6 98+1
7 98+2

aAris: peak area after 15 h incubation, Ato: peak area at time 0.

The compounds were next tested for their ability to restore the activity of meropenem
against a panel of MBL-producing clinical isolates. The results showed that compound 6 and 7
were the most potent resensitizers, lowering the MIC of meropenem against IMP-producing
isolates most effectively (figure 3).

Encouraged by the promising results against the MBL-producing clinical isolates, we
tested the ability of the conjugates to inhibit purified IMP-1, IMP-28, VIM-2, and NDM-1
enzymes. The biochemical assay used for these studies employed the chromogenic cephalosporin
nitrocefin as substrate. The ICso data obtained (table 2) are consistent with the trend observed in
bacterial growth inhibition synergy assays with IMP enzymes most strongly inhibited by the

conjugates with 6 and 7 demonstrating the most potent inhibitory activity.
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Figure 3. MIC of meropenem in combination with different concentrations of compounds 5-7 and

dipicolinic acid (DPA).

Table 2. ICso (uM) of thiol conjugates reported as mean + SD

Compound IMP-1 IMP-28 NDM-1 VIM-2
5 3.3+0.2 141 7712 76x11
6 0.47+0.08 046+0.04 123+8 10x0.5
7 47+04 1.1+0.2 94+02 161
DPA 29+0.5 29+5 10£0.1 10+0.8

To assess the release of the thiol inhibitors, the cephalosporin conjugates were
incubated with IMP-28 and analyzed using H-NMR and LC-MS techniques. It has been shown

previously that the molecular mechanism of cephalosporin hydrolysis can be probed in situ using

NMR techniques.!01! For our studies, we used the 7-phenylacetylamide derivative of 7-ACA

(compound 8, figure 4) as a positive control. After incubating this compound with IMP-28, we

detected the vinylic hydrogens of the corresponding elimination product as two singlets
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resonating ca. 5.50 ppm (figure 4). Notably, however, when 6 and 7 were subjected to the same
experiment, the vinylic hydrogens were not detected (figure 5 and 6). The results of these H-
NMR studies were further corroborated by LC-MS analyses of the hydrolysis products which
revealed hydrolyzed B-lactam compounds 6H and 7H as the only detectable products
(figure 7).
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Figure 6. Hydrolysis of 7 monitored by !H-NMR
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Figure 7. IMP-28-mediated hydrolysis of 6 and 7 monitored by HPLC-MS (procedure described in the
experimental section).

The finding that compounds 6 and 7 demonstrate potent inhibition of IMP-28 despite
not releasing the corresponding zinc-binding thiol inhibitors upon MBL-mediated p-lactam
hydrolysis was surprising. To better understand the mechanism of inhibition of these
cephalosporin conjugates, a series of structural variants of compound 6 were prepared to
establish which structural features are most important for the inhibitory activity observed (figure
8, synthesis described in detail in the experimental section). Specifically, we designed compounds
9, 10, and 11 to systematically evaluate the contribution made by the aromatic group, the

carboxylate moiety, or both.

P“Wr“;c( fv ) \U/ "“Wr ;Ef f\

OH
10

Figure 8. New derivatives of 6 synthesized for structure-activity relationship (SAR) clarification.
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The ICso data obtained (table 3) shows that upon the elimination of the phenyl group

(9), carboxylic acid (10) or the entire thiomandelic acid fragment (11), the activity against IMP-

1 and IMP-28 is decreased at least by ~100 times, suggesting that the thiomandelic acid fragment

introduces productive biding interactions with the IMP active site.

The same trend was observed when the cephalosporin conjugates were tested for their

synergy with meropenem against MBL-producing clinical isolates. To compare the potency of the

cephalosporins, their ability to lower the MIC of meropenem by 4-fold were determined (table

4). The synergy data show the IMP selectivity of the cephalosporins among which 5 and 6 can

reduce the MIC of meropenem by 4-fold when added at 1 pg/mL or lower.

Table 3. ICs0 (uM) of cephalosporins 9-11 reported as mean + SD

Compound IMP-1 IMP-28 NDM-1  VIM-2
9 >200  101+4 72+2 5312
10 43+£3 455 131x11 73zx0.1
11 >200  >200 >200 57+9

Table 4. Cyic/4 values defined as the lowest concentration of the inhibitors leading to 4-fold reduction

in the MIC of meropenem
Cwircy4 (ug/mL)
Isolate MBL
5 7 9 10 11
E. coli IMP-4 16 <0.5 4 4 32
K. pneumoniae IMP-28 32 05 025 8 32 64
E. coli VIM-2 >128 64 128 128 128 128
E. coli NDM-1 64 128 64 128 >128 >128
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The kinetic analysis of the hydrolysis of the cephalosporins by IMP-28, NDM-1 and
VIM-2 provided additional insights on the observed IMP-28 selectivity for the inhibitors and the
greater potency of 6 and 7. These analyses showed that IMP-28 has the lowest catalytic efficiency
for 6 and 7 among the tested cephalosporins (see table 5 for relative kcar/Ku data). Comparison
with the other major MBL families also revealed that 6 and 7 were hydrolyzed more efficiently by
NDM-1 and VIM-2 than by IMP-28. These findings indicate that conjugates 6 and 7 inhibit IMP-
28 either by acting as slowly turned-over substrates or that the hydrolyzed products 6H and 7H
are more tightly bound within the IMP active site than either the NDM or VIM active sites.

To evaluate the inhibitory activity of their corresponding hydrolysis products 6H and
7H, the intact conjugates 6 and 7 were fully hydrolyzed by incubation with NDM-1 as described
in the experimental section. Following hydrolysis, the NDM-1 enzyme was completely removed
via spin-filtration as confirmed by the lack of nitrocefin activity by the filtrate. The partially
hydrolyzed 6H and 7H (see figure 5 and 6 for chemical structures) were then tested for their
inhibition of MBLs. Interestingly both hydrolysis products were found to possess potent activity
against IMP-1 and IMP-28 with sub-uM ICso values (table 6). In addition, the hydrolysis
products 6H and 7H were evaluated for their zinc-binding affinity using ITC. When zinc was
titrated into the solution of 6 and 7 preincubated with NDM-1, a binding interaction with Kq
values of 11.8 pM and 2.9 uM were observed respectively (figure 9), while the intact
cephalosporins showed no zinc-binding affinity. This may suggest that the acquired affinity to

zinc could play a partial role in the inhibitory activity of 6H and 7H.

Table 5. The Michaelis-Menten parameters determined for the cephalosporin conjugates as substrates of
IMP-28, VIM-2 and NDM-1.

Enzyme Substrate Ku (uM) keat (1) keat/ Kv (UM L.s1) Relative kear/Ku
6 130+ 14 0.386 0.003 0.3
7 250+ 8 2.84 0.011 1.2
Mp-28 9 219 + 24 37.1 0.169 18
10 21+4 10.8 0.529 57
11 393 + 74 23.3 0.059 6.3
6 8.29+2.3 4.06 0.490 52
VIM-2 7 431+1.2 2.35 0.546 58
6 14+3 13.13 0.936 100
NDM-1 7 21+4 17.5 0.821 88
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Table 6. ICs0 (UM) of the hydrolysis products 6H and 7H reported as mean + SD

Compound IMP-1 IMP-28 NDM-1 VIM-2
6H 0.54+0.02 0.75+0.06 1358+32.6 656+89
7H 0.59+0.06 0.64+0.05 1184+245 69+15
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Figure 9. Thermograms of zinc sulphate (2 mM) titrated in a 0.2 mM solution of 6 (A) and 7 (B)
incubated with NDM-1 (187 nM) for 2 h at room temperature.

3. Conclusion

We here describe a series of cephalosporin-based MBL inhibitor prodrugs designed to
release zinc-chelating small molecule thiols upon MBL-mediated hydrolysis. Notably, these
conjugates did not function as expected. While MBL-mediated hydrolysis was observed, the
release of the small molecule thiol fragment did not spontaneously occur for the conjugates
included in this study. This lack of release is presumably due to the pKa of the corresponding
thiols not being low enough, i. e. they do not possess sufficient “leaving group character”. It was
therefore surprising to find that the cephalosporin conjugates (5-7) selectively inhibit IMP

enzymes despite the fact that B-lactam hydrolysis does not result in release of thiols 1-3. Based
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on kinetic analyses, the most potent conjugates 6 and 7 were shown to be slowly turned over
substrates of IMP-28. In addition, the hydrolysis products 6H and 7H were found to be IMP-
selective inhibitors. Taken together these findings suggest that the inhibitory activity observed for
the conjugates is due to combination of effects. Future investigations will probe the interaction of
these cephalosporin conjugates with the IMP active site as compared with the other MBLs as a

means of better understanding the observed selectivity of inhibition.

4. Experimental Section

General

The chlorocephalosporin GCLE, 7-ACA, and 7-ADCA were purchased from Combi-Blocks (US)
and nitrocefin from Cayman chemical. The preparation of thiols 1-3 has been described in chapter
4. Compound 8 was synthesized via the acylation of 7-ACA following a previously reported
procedure.!2 Proton and carbon nuclear magnetic resonance spectra were recorded on an AV400
NMR spectrometer (Bruker) and samples were dissolved in CDCls or DMSO-ds. HRMS analyses
were performed on a Thermo Scientific Dionex UltiMate 3000 HPLC system with a Phenomenex
Kinetex C18 column (2.1 x 150 mm, 2.6 um) at 35 °C and equipped with a diode array detector.
The samples were eluted over a gradient of solution A (0.1 % formic acid in water) vs. solution B
(0.1% formic acid in acetonitrile). This system was connected to a Bruker micrOTOF-Q II mass

spectrometer (ESI ionization) calibrated internally with sodium formate.

Synthesis
Compound 5. GCLE (1.0 g, 2.1 mmol) and Nal (314 mg, 2.1 mmol) were stirred in DMF (10

mL) for 30 min at room temperature. Then mercaptoacetophenone (479 mg, 3.15 mmol) and
sodium bicarbonate (200 mg, 2.38 mmol) were added successively and the mixture was stirred
overnight. The reaction mixture was then partitioned between water and DCM followed by
washing the organic layer with brine (3x20 mL). Concentration of the organic layer and
purification of the residue on silica using ethyl acetate and DCM mixture as eluent furnished the
intermediate 4 as a pale yellow solid (854 mg, 68%). lH-NMR (400 MHz, CDCl3): § 7.89 (d,J =
8.3 Hz, aromatic H, 1H), 7.58 (t, J = 8.0 Hz, aromatic H, 1H), 7.45 (t, J = 8.0 Hz, aromatic H,
2H), 7.37-7.25 (m, aromatic H, 7H), 6.85 (dd, J = 8.6 Hz, J = 1.8 Hz, aromatic H, 2H), 5.99 (d,
J=9.2 Hz, 1H), 5.77 (m, B-lactam C-H, 1H), 5.14 (s, benzyloxy CHz, 2H), 4.90 (d, J = 4.9 Hz,
1H), 3.99-3.45 (m, aliphatic H, 11H), 13C-NMR (100 MHz, DMSO-ds): § 194.41, 171.14,
164.50, 161.52, 159.83, 135.37, 133.72, 133.46, 130.67, 129.40, 129.10, 128.69, 128.53,
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128.49, 127.64, 126.78, 124.58, 113.91, 67.93, 59.03, 57.74, 55.23, 43.26, 37.81, 33.81,
27.72. HRMS (ESI): [M+H]* calculated: 603.1624, found: 603.1620. To 4 (600 mg, 1.0 mmol)
was added TFA/anisole (15 mL/3 mL) and the mixture was stirred at O °C for 1 h. It was then
concentration under vacuum and the residue was precipitated by 1:1 mixture of diethyl ether and
petroleum ether. The solid was isolated by centrifugation and purified by reversed-phase prep-
HPLC using C18 and an optimal gradient of buffer A (H20 95%, ACN 5%, TFA 0.1%) vs. buffer
B (ACN 95%, H20 5%, TFA 0.1%) to afford 5 (51 mg, 35%, based on the purification of ~100
mg of the crude product by prep-HPLC). 'H-NMR (400 MHz, CDCls): 6 7.85 (d, J = 7.3 Hz,
aromatic H, 1H), 7.53-7.22 (m, aromatic H, 8H), 6.50 (d, J = 8.8 Hz, 1H), 5.72 (dd, J = 8.9 Hz,
J =4.7 Hz, B-lactam C-H, 1H), 4.90 (d, J = 4.7 Hz, f-lactam C-H, 1H), 3.97-3.44 (m, aliphatic
H, 8H), 13C-NMR (100 MHz, DMSO-ds): § 195.06, 171.36, 165.01, 163.45, 136.24, 135.91,
133.78, 129.44, 129.15, 128.79, 128.63, 127.36, 126.90, 125.49, 59.37, 58.22, 42.03, 38.20,
33.70, 27.45. HRMS (ESI): [M—H]- calculated: 481.0897, found: 481.0863.

General procedure for the synthesis of compounds 6, 7, 9, and 10. To a solution of BF3.0Et2 (2.6
mL, 21.3 mmol, 3.0 eq.) in acetonitrile (10 mL) were added the corresponding thiols (10.7 mmol,
1.5eq.) and 7-ACA (1.9 g, 7.1 mmol, 1.0 eq.) successively. The mixture was stirred at 45-50 °C
for 2 h after which it was diluted with water and pH was adjusted to 4 by adding 28% ammonium
hydroxide solution. The precipitate was filtered off and washed with cold water and acetone
respectively. The crude product (1.0 g) was added to a mixture of saturated bicarbonate solution
(6 mL) and acetone (9 mL). Then phenylacetyl chloride (2.0 eq.) was added dropwise and the
mixture was stirred overnight at room temperature. Diluting the mixture with water followed by
acidification to pH 2.0 using 1.0 M HCl resulted in a white solid which was filtered off and washed
with minimum water and ether respectively. The crude material was purified by reversed-phase
prep-HPLC using C18 and an optimal gradient of buffer A (H20 95%, ACN 5%, TFA 0.1%) vs.
buffer B (ACN 95%, H20 5%, TFA 0.1%). The quantities and yields below are reported based on
the purification of ~100 mg of the crude product by prep-HPLC.

Compound 6. 40 mg (26%, over two steps). 1H-NMR (400 MHz, DMSO-ds): diastereomeric
mixture § 9.07 (apparent t, 1.8 H), 7.44-7.21 (m, aromatic H, 9H), 5.61 (m, B-lactam C-H,
1.8H), 5.04 (d, J = 4.8 Hz, B-lactam C-H, 0.8H), 4.88 (d, J = 4.7 Hz, B-lactam C-H, 1H), 4.65
(apparent d, aliphatic C-H, 1.8H), 3.69-3.32 (m, aliphatic CHz, 10.8H), HRMS (ESI): [M—H]-
calculated: 497.0847, found: 497.0842.
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Compound 7. 69 mg (47%, over two steps). tH-NMR (400 MHz, CDCl3): § 7.41-7.14 (m,
aromatic H, 10H), 6.16 (brs, 1H), 5.81 (dd, J = 8.9 Hz, J = 4.7 Hz, -lactam C-H, 1H), 4.92 (d,
J=4.8 Hz, B-lactam C-H, 1H), 4.19 (d, J = 13.7 Hz, aliphatic C-H, 1H), 3.71-2.92 (m, aliphatic
C-H, 8H), 13C-NMR (100 MHz, DMSO-ds): 6 172.61, 170.99, 164.66, 163.08, 138.14, 135.84,
129.03,129.01, 128.27, 128.23, 127.45, 126.55, 126.50, 124.95, 58.96, 57.75, 48.23, 41.58,
38.16, 33.38, 26.97, HRMS (ESI): [M—H]- calculated: 511.1003, found: 511.1000.

Compound 9. 88 mg (27%, over two steps). LH-NMR (400 MHz, DMSO-ds): §9.14 (d, J = 8.3
Hz, N-H, 1H), 7.34-7.21 (m, aromatic H, 5H), 5.65 (dd, J = 8.3 Hz, J = 4.7 Hz, B-lactam C-H,
1H), 5.11 (d, J = 4.8 Hz, p-lactam C-H, 1H), 3.73-3.20 (m, aliphatic H, 8H), 13C-NMR (100
MHz, DMSO-ds): 6 170.55, 170.44, 164.10, 162.47, 135.31, 128.51, 127.72, 126.48, 125.99,
124.48,58.43,57.31,41.10, 32.94,32. 74, 26.42. HRMS (ESI): [M+H]* calculated: 423.0685,
found: 423.0702.

Compound 10. 82 mg (74%, over two steps). LH-NMR (400 MHz, DMSO-de): §9.13 (d, J=8.3
Hz, NH, 1H), 7.35-7.22 (m, aromatic H, 5H), 5.65 (dd, J = 8.3 Hz, J = 4.7 Hz, B-lactam C-H,
1H), 5.06 (d, J = 4.7 Hz, p-lactam C-H, 1H), 3.79-3.47 (m, aliphatic H, 8H), 13C-NMR (100
MHz, DMSO-ds): 6 171.41, 165.11, 163.62, 138.81, 136.29, 129.49, 129.34, 128.89, 128.69,
128.22, 127.37, 126.96, 125.25, 59.40, 58.36, 42.06, 35.81, 33.78, 27.44. HRMS (ESI):
[M+H]* calculated 455.1099, found: 455.1098.

Compound 11. 7-ADCA (2.14 g, 10 mmol) was dissolved in saturated bicarbonate solution (20
mL) to which phenylacetyl chloride (1.5 mL, 11.3 mmol) dissolved in acetone (10 mL) was added
in several portions. The mixture was stirred overnight at room temperature, then acidified to pH
2.0 using 1 M HCL. The precipitate was filtered off and washed with minimum amount of cold
water. The crude was purified by reversed-phase prep-HPLC using C18 and an optimal gradient
of buffer A (H20 95%, ACN 5%, TFA 0.1%) vs. buffer B (ACN 95%, H20 5%, TFA 0.1%). (85
mg, 75%, based on the purification of ~100 mg of the crude product by prep-HPLC). !H-NMR
(400 MHz, DMSO-ds): § 9.09 (d, J = 8.2 Hz, NH, 1H), 7.33-7.21 (m, aromatic H, 5H), 5.60
(dd, J = 8.2 Hz, J = 4.6 Hz, (-lactam C-H, 1H), 5.03 (d, J = 4.7 Hz, (-lactam C-H, 1H), 3.61-
3.35 (m, aliphatic H, 4H), 2.03 (s, methyl, 3H), 13C-NMR (100 MHz, DMSO-ds): § 171.44,
164.82,163.98, 136.33, 130.21, 129.48, 128.68, 126.93, 123.21, 59.33, 57.56, 42.03, 29.40,
19.87. HRMS (ESI): [M+H]* calculated: 333.0909, found: 333.0917.
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[Enzyme production and purification
NDM-1, VIM-2, and IMP-28 were expressed and purified as described in chapter 2. The

procedure for the production of IMP-1 has been reported in previous literature.!3

Enzymatic preparation of 6H and 7H

Compound 6 or 7 (2.0 mM each) was incubated with NDM-1 (187 nM) at room temperature in
50 mM HEPES-NaOH, pH 7.2 supplemented with 1 um ZnSO4 and 0.01% triton X-100. The
progress of hydrolysis was monitored by LC-MS (figure 10). After 2 h the conversion was
complete, and compounds 6H and 7H were separated from the enzyme by spin-filtration (3K
filter cutoff, Amicon) at 12000 rpm for 5 min.

[Enzyme inhibition assay

The cephalosporin derivatives were tested for their inhibitory activity against NDM-1, VIM-2
and IMP-28 using the chromogenic substrate nitrocefin. The assay buffer was 50 mM HEPES
pH 7.2, supplemented with 1 M ZnSOsand 0.01% triton X-100. Briefly, on a flat-bottom
polystyrene 96-well microplate NDM-1 (6 nM), VIM-2 (8 nM) IMP-1 (2 nM) or IMP-28 (1 nM)
were incubated with various concentrations of the test compounds for 15 min at 25 °C. Nitrocefin
(10 uM for NDM-1, VIM-2, and IMP-28, 13 uM for IMP-1) was added to the wells and
absorption at 492 nm was immediately monitored on a TECAN Spark microplate reader over 30

scan cycles. The initial velocity data were used for ICso curve-fitting using GraphPad Prism 7.
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Figure 10. LCMS trace of the enzymatic preparation of 6H and 7H.
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Determination of the kinetic parameters of cephalosporin conjugates

Hydrolysis of the cephalosporin conjugates was monitored on a Tecan Spark microplate reader
using UV-transparent 96-well plates (UV-Star®, Greiner). Various concentrations of the test
compounds were dissolved in 50 mM HEPES-NaOH, pH 7.2 supplemented with 1 um ZnSO4
and 0.01% triton X-100. Followed by the addition of MBLs dissolved in the same buffer,
absorption at 260 nm was measured immediately over 30-40 scan cycles at 25 °C. The obtained
initial velocity data were plotted against substrate concentration, and Ku and Vimax were

determined using Michaelis-Menten fitting model on GraphPad Prism 7.

MIC determination and synergy assays

Minimum inhibitory concentration (MIC) of the test compounds were determined following the
guidelines published by clinical and laboratory standards institute (CLSI) and as described
earlier.? Synergy between the cephalosporin derivatives and B-lactam antibiotics were evaluated
by the following protocol: B-lactam antibiotics dissolved in Mueller-Hinton broth (MHB) with
the concentration corresponding to 4xMIC was added to polypropylene 96-well microplates and
serially diluted (25 uL/well). Then each 3 columns received a fixed concentration of the test
compounds dissolved in MHB (25 uL/well). Multiple concentrations of the test compounds were
evaluated this way. Finally, bacterial suspensions grown to the ODsoo of 0.5 were diluted 100x in
MHB before adding to the plate (50 uL/well). The microplates were then covered with breathable
seals and incubated overnight with shaking at 37 °C for 15-20 h. Dipicolinic acid was used as

positive control.

Stability analysis in MHB

The solutions of the test compounds (1.0 mM) in MHB were incubated at 37 °C for 15 h. Then,
100 L of the MHB solution was precipitated by adding to acetonitrile (200 uL) supplemented
with 2 mM benzocaine, vortexed and centrifuged (12000 rpm, 5 min). The supernatant was
analyzed by reversed-phase analytical HPLC using a C1s column and an optimal gradient of buffer
A (H2095%, ACN 5%, TFA 0.1%) vs. buffer B (ACN 95%, H20 5%, TFA 0.1%). The detector

wavelength was set at 254 nm.
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Isothermal titration calorimetry
The ITC titrations were performed on a PEAQ-ITC calorimeter (Malvern). All the test
compounds and zinc sulfate were dissolved in 20 mM Tris-HCl buffer (pH 7.0). The experiments

consisted of titrating 2 mM zinc sulfate through 19x2.0 uL aliquots (except the first aliquot which

was 0.4 pL) into 200 uM solutions of the cephalosporin conjugates incubated with NDM-1 (187

nM) for 2 h at room temperature. Experiments were performed at 25 °C with 150 s interval

between titrations and reference power was set at 10.0 pical/s. Data was analyzed using Microcal

PEAQ-ITC analysis software. In separate experiments, upon the titration of zinc sulfate into the

solutions of cephalosporin conjugates or NDM-1, no binding interaction was observed (figure
11).

DP (ucal/s)

AH (keal/mol)

0354

DP (ucal/s)

DP (pcal/s)

o
005
01]

T T T T
5 1 15 2 25 30

T T T T T
R ) 5 1 15

T T T T T T s s e s L
0 25 30 3 4 45 50 5 10 15 2 25 30 35 4 45 50

Time (min) Time (min) Time (min)
0 1
08 084
o7
T o 3 o6
£ £
3® 3 o
< £
T 03 I oo
< 0 g
o]
o N T e e
o 02
USRS USRI e e = y T T T T T T T T T
o 02 o4 05 08 1 12 14 15 18 0 02 04 06 08 1 12 14 15 18 02 04 05 08 1 12 14 15 18
Molar Ratio Molar Ratio Molar Ratio
044 044
035] 03s]
03] 03]
025 025]
T 0] T 02
S o g o154
5 3
= 0 2 o]
o o
O 005+ O 005
o3 o}
-00s] 005
01 1]
e S e e A SRS L e e
s 10 15 20 25 30 3% 0 45 50 s 10 15 2 25 3 3% 4 45 50
Time (min) Time (min)
1 1
08 08
= o6 = o
° °
£ £ ow
E 8
< o < o2
I I
T I R T S
02- 02
S s e s VS R S
02 04 05 08 1 12 14 16 18 02 04 05 08 1 12 14 16 18
Molar Ratio Molar Ratio

Figure 11. Thermograms of zinc sulphate (2 mM) titrated in a 0.2 mM solution of 6 (A) and 7 (B)
incubated with NDM-1 (187 nM) for 2 h at room temperature. Control experiments include: C. zinc
sulphate (2 mM) titrated to 6 (0.2 mM), D. zinc sulphate (2 mM) titrated to 7 (0.2 mM), and E. zinc
sulphate (2 mM) titrated to NDM-1 (187 nM).
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NMR-based monitoring of the enzymatic hydrolysis

The cephalosporin conjugates dissolved in DMSO-ds were diluted in deuterated PBS (pH 7.4) or
deuterated 20 mM HEPES (pH 7.4) each supplemented with 1 uM ZnSO4. IMP-28 was added
to the solution and the final concentration of the enzyme, test compounds and DMSO were 320
nM, 1 mg/mL and 1% respectively. Following incubation at 25 °C, the tH-NMR spectra were

measured on a Bruker 400 MHz spectrometer in various time points.

LCMS-based monitoring of the enzymatic hydrolysis

The cephalosporin conjugates were dissolved in 20 mM HEPES buffer (pH 7.2) supplemented
with 1 pM ZnSO4 and 0.01% triton X-100. IMP-28 was added to the solution and the final
concentration of the enzyme, test compounds and DMSO were 320 nM, 1 mg/mL and 1%
respectively. Following incubation at 25 °C and in different time points, the solution was diluted
in ACN (1:2 v/v) and centrifuged at 12000 rpm for 5 min. The supernatant was analyzed on an
LCMS-8040 triple quadrupole liquid chromatograph mass spectrometer (LC-MS/MS,
Shimadzu) using a C18 column (3 pm, 3.0x 150 mm, Shimadzu) and a gradient of 5-100% pure

acetonitrile against 0.5% formic acid.
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1. Introduction

To combat antimicrobial resistance (AMR) effectively, it is important to monitor
reservoirs that may be sources of transmission to humans. Relevant reservoirs are those that may
be attributed to the AMR genes found in the general population and patients. Seafood has been
implicated as a potential source of AMR genes entering populations when several aquatic bacteria
carrying carbapenemase genes were identified in seafood imported from Southeast Asia.12 Often,
these genes are chromosomally located in nonpathogenic aquatic bacterial species, limiting them
as relevant threats for the general population.3 However, more recent studies screening seafood
imported from Southeast Asia have found carbapenemases encoded in human pathogens or on
conjugative plasmids.+6 As such, seafood imported from countries with high carbapenemase

prevalence may need to be included in monitoring programs.

Proteins with carbapenemase activity fall into the three major Ambler classes A, B, and
D B-lactamases.” Genes of these classes have been described on mobile genetic elements, such as
plasmids and chromosomally integrated elements, which adds to the concerns regarding these
genes because they facilitate the spread of these genes among both commensal and pathogenic
bacteria.6:89 The family of Enterobacteriaceae consists of many commensal, opportunistic, and
infectious species that can readily exchange genetic material. The organisms are collectively
referred to as carbapenemase-producing Enterobacteriaceae when they have acquired and

express one of these genes.

Recently, Enterobacter cloacae complex and Vibrio cholerae isolates have been
described with a distinctive phenotype of hydrolyzing penicillins, aztreonam, and carbapenems

but not extended-spectrum cephalosporins. 10

In the present chapter, the biochemical evaluations on a newly identified class A

carbapenemase named FRI-like carbapenemase-1 (FLC-1) will be discussed.

2. Results and discussion

In March 2017, our collaborators from Wageningen Bioveterinary Research isolated an
E. cloacae complex isolate, designated 3442, from a sample of frozen vannamei white shrimp
(Litopenaeus vannamet) originating in India. The isolate exhibited an unusual phenotype, i. e.,
resistant to carbapenems (meropenem, ertapenem, and imipenem) and susceptible to extended-

spectrum cephalosporins (cefotaxime, ceftazidime, and cefepime) (table 1).
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Sequencing analyses confirmed the presence of a 93 kb plasmid later named p3442-
FLC-1 which carries a novel carbapenemase with close sequence similarity to blarr:-1.10 It was
hypothesized that the blarri-related gene may have carbapenemase activity. Because the plasmid
carrying the gene could not be transformed or conjugated into E. coli cells, the gene was cloned
into an arabinose-inducible expression vector, pPBAD-FLC, and expressed in E. coli LMG194.11
The MIC of E. coli LMG194 pBAD-FLC was determined by broth microdilution after an
overnight culture in RPMI medium plus 0.2% glucose followed by dilution in Mueller-Hinton
broth containing 0.2% arabinose and incubation at 37 °C for 1 h to enable expression to start.
Standard protocols were followed thereafter and E. coli LMG194 and ATCC 25922 were used as
negative controls. E. coli LMG194 pBAD-FLC showed resistance against carbapenems and
extended-spectrum cephalosporins (table 1). This new FRI variant was concluded to be a

carbapenemase and further referred to as FRI-like carbapenemase-1 (blaric-1).

Multiple sequence alignments were made comparing FLC-1 with several members of
plasmid-encoded Ambler class A carbapenemases. All conserved residues among class A B-
lactamases were present. The most related protein family was that of the French imipenemase
(FRI), with 82% identity to FRI-1 and 87% to FRI-5.10.12.13

The soluble protein fractions of arabinose-induced E. coli LMG194 pBAD-FLC and E.
coli LMG194 were prepared as described in the experimental section, and their biochemical
properties were evaluated. Analysis of the periplasmic protein fractions by SDS-PAGE showed
induction of a protein between 25 and 35 kDa as expected (FLC-1 molecular weight, ~33 kDa;

see figure 1).

Table 1. Susceptibility data (MIC, ug/mL) of E. cloacae complex 3442, E. colt
recipient, and transformant of pPBAD-FLC.

E. coliLMG194

Antibiotic E. cloacae 3442 PBAD-FLC E. coli LMG194
Ampicillin >64 >64 4
Cefepime 0.12 0.5 0.12
Cefotaxime <=0.25 2 <=0.25
Cefotaxime/ clavulanic acid 0.25/4 0.12/4 <=0.06/4
Cefoxitin 64 8 8
Ceftazidime <=0.5 1 0.5
Ceftazidime/ clavulanic acid <=0.12/4 0.25/4 0.25/4
Ertapenem >2 >2 <=0.015
Imipenem >16 16 0.25
Meropenem >16 4 <=0.03
Temocillin 4 16 8
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The initial testing of the cytoplasmic fractions of E. coli containing the plasmid showed
hydrolysis of nitrocefin, while cytoplasmic fractions of E. coli lacking the plasmid did not (figure
2a). Expanding these measurements to several -lactam antibiotics over time allowed for the
determination of kinetic parameters of the protein-expressing cells (table 2). The enzymatic
activity of FLC-1 clearly showed greater efficiency of the enzyme toward carbapenems than
toward cephalosporins (as evident by the relative keat/Ku values) (table 2), with activity against
ceftazidime and cefepime below the threshold of detection. Using nitrocefin as the substrate, the
inhibition of FLC-1 enzymatic activity by clavulanic acid was tested, and the 50% inhibitory
concentration (ICso) was calculated (1.97 + 0.09 uM) (figure 2b).

Class A carbapenemases include members of GES, KPC, SME, and IMI/NMC-A
enzymes plus SFC-1 and SHV-38.14 With the exception of GES-1, most class A carbapenemases
demonstrate higher carbapenemase activity of various degrees relative to extended-spectrum -
lactamases.14-17 FRI-1 is the closest member of the class A carbapenemases relative to FLC-1 and
was found to be at least 15 times more efficient in degrading carbapenems than extended-
spectrum cephalosporins.1? Here, we report a similar substrate preference for the FLC-1 enzyme,
which hydrolyzes imipenem, ertapenem, and meropenem with greater efficiency than the

cephalosporins tested (table 2).

kDamey Figure 1. SDS-PAGE gel of E. coli LMG-194 pBAD-FLC.

Zg i F Periplasmic protein fractions were loaded before induction

- - (lane A) and after 2 hrinduction with 0.2% arabinose (lane
— B).
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Figure 2. Inhibitory effect of clavulanic acid on FLC-1 enzymatic activity. (A) Michaelis-
Menten plot of nitrocefin using 2 pg/mL of FLC-1 protein fraction. (B) Representative dose-
response curve of FLC-1 inhibited by clavulanic acid. ICso = 1.97 1M (« 0.09). Nitrocefin was
used as chromogenic substrate.

Table 2. Kinetic parameters determined for the cytoplasmic fraction of E. coli LMG-194
producing FLC-1.

Antibiotic Ei?&?ﬁl ,  Ku (uM) Vinax/ g proteine Relative keat/ Ku
Ampicillin 5.53 1649 +174.2 (1490 +70) x 103 1.00
Meropenem 100 32.4+9.3 (2.05+0.14)x 103 0.07

Imipenem 17.68 1772 +12.5 (48.61 +1.40) x 10* 0.30
Ertapenem  44.21 29.6+11.7 (6.34 +0.67) x 103 0.24
Cefotaxime  106.1 377.1+110.6 (7.85+1.25)x 103 0.02
Ceftazidime NDd ND¢

Cefepime ND4 ND¢

aProtein concentration of the cytoplasmic fraction.

bThe E. coli strain producing FLC-1 and the non-transformed strain were used to prepare
cytoplasmic fractions. The highest tested concentration of both preparations was 176.83
pg/mL. None of the tested antibiotics were hydrolyzed by the non-transformed E. coli
cytoplasmic fraction.

Expressed as uM/s/ g of protein.

dNot determinable.
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3. Conclusion

To control AMR and retain effective use of antimicrobials in human and veterinary
medicine, a complete and correct overview of the impact that these human and animal reservoirs
have on each other is essential. blaric-1 was detected here in a sample of raw shrimp from India,
but members of the FRI family, to which FLC is most closely related, and IMI, NMC-a, and SME
have been described in a various global reservoirs.810.12.13,16,18 Reliable databases of acquired
resistance genes and point mutations leading to resistance are essential to determine the gene
responsible for a particular resistant phenotype. The complete analysis presented here of the
novel carbapenemase FLC-1 in its complete genetic carrier context will aid in the future for the

recognition of its gene, blarLc-1, and related carbapenemases.

4. Experimental section

Preparation of bacterial cytoplasmic fractions

Cells were grown in YT2x (0.1% glucose, 50 pg/mL kanamycin). Upon reaching ODeoo = 0.65,
arabinose (0.2% final concentration) was added and after 2 h the cells were harvested by
centrifugation at 6000 rpm (20 min, 4 °C). Pellets were resuspended in PBS (0.05% Triton X-
100, 150 mM NaCl pH 7.4) and cells disrupted by two freeze-thaw cycles and three 30-second
sonication cycles. Cell debris was removed by centrifugation at 12000 rpm (20 min, 4 °C).
Protein content of the supernatant was determined by Pierce™ BCA protein assay kit following

the manufacturer’s protocol.
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Kinetic experiments

Hydrolysis of various B-lactam antibiotics was monitored with a Spark microplate reader (Tecan)
at 23 °C using 96-well UV-Star microplates. Phosphate-buffered saline (0.01% Triton X-100,
pH 7.4) was used as the assay buffer. The extinction coefficients for the p-lactam antibiotics
studied were Ae23s = 900 M-lem-! for ampicillin, Ae2o7 = 10940 M-lem-! for meropenem, Agzos =
11500 M-tcm-! for imipenem, Aesoo = 6920 M-lem-! for ertapenem, and Aezes = 7250 M-lem-!
for cefotaxime. To calculate kinetic parameters, including Kv and Vinas, the measured initial

velocities of the hydrolysis of the substrates were fit into the Michaelis-Menten equation using

GraphPad Prism 7 software (see figure 3 for Michaelis-Menten curves).

A 0.0 B 04 C
1.2
10 0.0
- o, —_ L] _—
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Z 08 $ 0034 ° ]
z : s
= 0. EX EY
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Figure 3. Michaelis-Menten plots of FLC-mediated hydrolysis of selected -lactam antibiotics: (A)
Ampicillin, (B) Meropenem, (C) Imipenem, (D) Ertapenem, (E) Cefotaxime.
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ICso determination

The inhibitory activity of clavulanic acid against FLC-1 fraction was assessed using nitrocefin as
substrate. On a polystyrene 96-well plate and using the assay buffer described above, FLC-1
fraction (2 ug/mL) was incubated with clavulanic acid ranging from 1000 to 0.004 M for 15
min at 25 °C. Nitrocefin with the concentration corresponding to Km value (44 uM) was added
to all the wells and absorption at 492 nm was monitored over 30 scan cycles. The initial velocity
data was normalized using nitrocefin with enzyme in the absence of inhibitor as 100% activity
and nitrocefin in the absence of enzyme as 0% activity. ICso curve-fitting was performed on

Log(concentration) vs. Activity (%) data using GraphPad Prism 7 software.
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Summary

If left unmitigated, antibiotic resistance will continue its path to become a global
catastrophe in the 21st century. B-Lactams are the most prescribed group of antibiotics making
modern medicine and many surgical interventions possible. However, infections, especially those
caused by gram-negative pathogens are becoming increasingly difficult to treat largely due to the
presence of B-lactamases. A number of innovative drugs have been developed over the past
decades to rescue the efficacy of B-lactams while treating [-lactamase-producing bacterial
infections. However, these agents only inhibit serine-type B-lactamases (SBLs, Ambler class A,
C, and D). This renders -lactams, including the last-resort carbapenems, clinically ineffective
against the infections caused by the bacteria that express the rapidly emerging
metallo-B-lactamases (MBLs, Ambler class B). There is an unmet and urgent need to add

inhibitors that target MBLs to our antibiotic arsenal.

The B-lactamase inhibitors approved by the FDA or being evaluated in clinical trials
have been reviewed in chapter 1. While the earlier generations of SBL inhibitors such as
clavulanic acid, sulbactam, and tazobactam were all B-lactam derivatives themselves, discovery
of avibactam (a diazabicyclooctane) and vaborbactam (a cyclic boronate) broadened the chemical
space available to develop potent and broad-spectrum {-lactamase inhibitors. Interestingly,
multiple studies have shown that certain cyclic boronates can mimic the intermediates formed
when [-lactams are attacked by both SBLs and MBLs. This provides a valuable opportunity in
the pursuit of a “pan-spectrum” -lactamase inhibitor. Taniborbactam, which is currently in a
phase IIT clinical trial is a cyclic boronate optimized to inhibit the clinically important
B-lactamases of all 4 Ambler classes (figure 1). MBLs are a diverse group of zinc metallo-enzymes
capable of hydrolyzing penicillins, cephalosporins, and also carbapenems. The majority of the

reported MBL-inhibitors either act by zinc-sequestration or binding the active site zinc thereby

i
H
H,N y N
N o Y Yj\i O/\m
2,0 H,N 0, .B.
O)_N\O’S/ S OHo’B\o OH 2INN HO™ "0
\ H
ONa CO.H
Avibactam Vaborbactam Taniborbactam
Figure 1. Structures of approved SBL inhibitors avibactam, and vaborbactam, and the SBL-MBL inhibitor
taniborbactam.
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forming a ternary complex. Since zinc is essential for the hydrolytic activity of MBLs, many
chelating agents have been applied for the phenotypic screening and biochemical characterization
of B-lactam resistant bacterial isolates. Other inhibitors containing a zinc-binding moiety include
thiols, diacids, and picolinic acid derivatives (figure 2). The following 4 chapters describe our
efforts to identify new compounds with ability to a. inhibit clinically relevant MBLs of the NDM,
VIM, and IMP families, and b. restore the activity of B-lactams in cell-based phenotypic assays.
This was followed up by our attempts to use a prodrug approach to improve the druggability of
the MBL-inhibitors.

HO___O
HO H\I NH =
2
YN Ho. M A on on
SN N N HS
O~ "OH O~ "OH le} 0
)

Aspergillomarasmine A (AMA) Dipicolinic acid Thiomandelic acid

Figure 2. Zinc-chelators, picolinic acid derivatives, and thiols represented by AMA, dipicolinic acid, and
thiomandelic acid respectively, all reported as MBL inhibitors.

In chapter 2, we describe our study leading to the identification of
N-(phosphonomethyl)iminodiacetic acid (PMIDA) and nitrilotriacetic acid (NTA) as potent
inhibitors of NDM-1 (figure 3). Building on literature reports in which commonly used buffering
agents were reported to possess MBL inhibitory activity, we screened a larger group of buffering
agents known to have metal-binding affinity. Among the tested compounds, PMIDA and NTA
exhibited the highest potency against purified NDM-1 and VIM-2, with moderate to weak activity
against IMP-28. The results of Zn-dependency studies and isothermal titration calorimetry (ITC)
assays shed light on the inhibitory mechanism of the most potent compounds, showing that they
act primarily by chelating the zinc ions crucial for the catalytic activity of the MBLs. Our data do
not support the possibility of the inhibitors forming a complex with the metallo-enzyme itself.
Phenotypic screenings revealed the strong synergistic relationship between PMIDA/NTA and
meropenem when tested against a large panel of carbapenem-resistant gram-negative clinical
isolates. We suggest that such readily available small molecules can serve as biochemical tool
compounds for enzymatic and phenotypic studies of MBLs, as well as leads for further

optimization on the path towards clinical development.
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Figure 3. PMIDA and NTA are potent NDM-1 inhibitors and strong zinc-binders.

Chapter 3, describes additional efforts to identify MBL inhibitors by screening a series
of small-molecule aminocarboxylic acids related to the secondary metabolites produced by
Aspergillus spp. including aspergillomarasmine A (AMA) and aspergillomarasmine B (AMB), as
well as the chelating agent ethylenediamine-N,N'-disuccinic acid (EDDS, figure 4). The various
analogs synthesized in Prof. Gerrit Poelarends’ group were first tested for their inhibition of the
NDM-1 enzyme. The promising ICso values of some of the analogs prompted us to evaluate their
Zn-binding affinity using ITC. There was a clear correlation between Zn-binding affinity and
inhibitory activity of the aminocarboxylic acids. Notably, the 2 methylene units between the
aspartate fragments of EDDS were found to be the optimal length for maximum zinc-binding and
NDM-1 inhibition. Interestingly, some of the potent inhibitors identified did not exhibit synergy
with meropenem when tested against an NDM-1 producing E. coli isolate, most probably due to
sub-optimal cellular accumulation. On the other hand, a methyl substituted EDDS, as well as a
methylene homolog of AMB, where among the most potent synergizers rescuing meropenem at
100 pM.

y o COM y  COMH H COH
s N (S.CO,H ©) s -
Ho,c & J{S?H/Y 2 HOZC/\:/NV(!}N/\COZH HO,e N 7o COH
EoH NH, coH M Co,H
AMA AMB (5,5)-EDDS

Figure 4. Previously reported aminocarboxylic acids as potent NDM-1 inhibitors.
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In chapter 4, another group of small-molecule MBL inhibitors (i.e. thiols) were
evaluated. Focusing on a series of previously reported thiol-containing MBL inhibitors, we
reported the first checkerboard synergy assays and zinc-binding affinity studies, and assessed the
chemical stability of these compounds. In the synergy experiments, thiomandelic acid and 2-
mercapto-3-phenylpropionic acid (compounds 3 and 4 respectively in chapter 4, figure 5) largely
reduced the MIC of meropenem and cefoperazone when tested against a panel of MBL-producing
gram-negative clinical isolates. The lack of synergy against KPC- and OXA-producing isolate
indicates that the activity of the thiols is MBL-specific. Despite their strong synergistic activity
and zinc-binding affinity, we found that thiols 3 and 4 suffer from poor stability in the assay
medium. With a half-life of ca. 5 hours, they oxidize to their corresponding disulfides which in

turn exhibit moderate to no synergistic activity.

o 0
OH ©/\i)‘\OH
SH SH

3 4
Figure 5. Thiomandelic acid (3) and 2-mercapto-3-phenylpropionic acid (4).

Chapter 5, describes the synthesis and bioactivity evaluation of a series of
cephalosporin-thiol conjugates which were designed to act as prodrugs of the thiols described in
chapter 4. Following our findings on the poor stability and specificity of these thiols and given
the well-known hydrolysis mechanism of cephalosporins, we designed and synthesized a small
group of cephalosporin thiol conjugates (compounds 5-7 in chapter 5, figure 6). The ICso assays
against IMP-1, IMP-28, NDM-1 and VIM-2 revealed the potent activity of compounds 6 and 7
with selectivity towards IMP enzymes. The same trend was observed in synergy assays against
MBL-producing gram-negative bacterial isolates where 6 and 7 largely reduced the MIC of
meropenem against the IMP-producing bacteria. Despite the promising activity data,
mechanistic studies using !H-NMR and LC-MS indicated that exposure of the cephalosporin
conjugates to IMP-28 does not lead to the expected release of the small-molecule thiols. This
observation prompted us to determine the mode of action of the cephalosporin conjugates. In
doing so, a structure-activity relationship analysis of compound 6 was performed by synthesizing
and testing a series of structural variants. The bioactivity data obtained pointed towards the

contribution of both phenyl and carboxylate residues of compound 6 to its potency. Secondly, we
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determined the kinetic parameters of the MBL-mediated hydrolysis of the synthesized
cephalosporins. The calculated catalytic efficiency values suggest slow substrate turn-over as the
inhibitory mechanism of compounds 6 and 7. Finally, the bioactivity evaluation of the partially
hydrolyzed products of 6 and 7 (i.e. 6H and 7H) revealed that IMP enzymes can be inhibited by
both substrates 6 and 7 as well as their hydrolysis products 6H and 7H.

Ph
Wr 1
3 o S 2
N + R-SH
OH Ny $

07 oH
0 0 o

sr S R S\HJ\OH 7R YKOH
Ph o

Figure 6. The cephalosporin conjugates hypothesized to release the thiol MBL-inhibitors after MBL-
mediated hydrolysis.

Chapter 6 was the result of a collaborative project with Dr. Mike Brouwers from
Wageningen Bioveterinary Research to evaluate the enzymatic activity of a newly discovered class
A carbapenemase. The enzyme, named FLC-1 (FRI-like carbapenemase-1), was originally
identified in E. cloacae isolated through the screening of food products imported to The
Netherlands. After transformation of E. coli with the FLC-1 plasmid and arabinose-induced over-
expression, the protein fraction of the bacterial culture was prepared and used for the
determination of kinetic parameters. The FLC-1 fraction demonstrated preference for
hydrolyzing the tested carbapenems over third-generation cephalosporins as indicated by higher
catalytic efficiency values. This preference was mirrored by the MIC data previously determined
where the transformed E. coli showed higher resistance to carbapenems vs. third generation
cephalosporins. We also found that FLC-1 is inhibited by clavulanic acid with an ICso value of
1.97 uM.
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Als de antibioticaresistentie niet wordt aangepakt zal dat in de 2le eeuw een
wereldwijde catastrofe tot gevolg hebben. B-Lactammen zijn de meest voorgeschreven groep
antibiotic. f-Lactammantibiotika maken de moderne geneeskunde en vele chirurgische ingrepen
mogelijk. Echter, infecties, vooral die veroorzaakt door gram-negatieve ziekteverwekkers, worden
steeds moeilijker te behandelen, vooral door de aanwezigheid van B-lactamasen. In de afgelopen
decennia is een aantal innovatieve geneesmiddelen ontwikkeld om de werkzaamheid van -
lactammen te herstellen bij de behandeling van p-lactamase-producerende bacteriéle infecties.
Deze middelen blokkeren echter alleen serine-type B-lactamasen (SBL's, Ambler klasse A, C en
D). Dit maakt B-lactammen, inclusief de last-resort carbapenems, klinisch ineffectief tegen de
infecties die worden veroorzaakt door de bacterién die de snel opkomende metallo-p-lactamasen
aanmaken (MBL's, Ambler klasse B). Er is een onvervulde en dringende behoefte naar remmers

die gericht zijn op MBL's toe te voegen aan ons antibiotica-arsenaal.

De [-lactamase-remmers die zijn goedgekeurd door de FDA of die worden geévalueerd
in Klinische trials, worden beschreven in hoofdstuk 1. Eerdere generaties SBL-remmers zoals
clavulaanzuur, sulbactam en tazobactam waren allemaal $-lactamderivaten. De ontdekking van
avibactam (een diazabicyclooctaan) en vaborbactam (een cyclisch boronaat) hebben de
beschikbare chemische ruimte voor de ontwikkeling van krachtige en breed-spectrum -
lactamaseremmers verruimd. Interessant is dat meerdere studies hebben aangetoond dat
bepaalde cyclische boronaten de tussenproducten kunnen nabootsen die gevormd worden
wanneer [-lactammen worden aangevallen door zowel SBL's als MBL's. Dit biedt een
waardevolle kans in het streven naar een 'pan-spectrum' f-lactamaseremmer. Taniborbactam dat
zich momenteel in een fase III klinische studie bevindt, is een cyclisch boronaat dat
geoptimaliseerd is om klinisch relevante B-lactamasen te remmen van alle 4 Ambler klassen

(figuur 1). MBL's zijn een diverse groep van zinkafhankelijke enzymen die in staat zijn om
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Figuur 1. Structuur van de goedgekeurde SBL-remmers avibactam, en vaborbactam, en de SBL-MBL-
remmer taniborbactam.
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penicillines, cefalosporines en ook carbapenems te hydrolyseren. De meerderheid van de
gerapporteerde MBL-remmers werken door zink-sequestratie of door het binden van zink in de
active site waarbij een een ternair complex vormt. Aangezien zink essentieel is voor de
hydrolytische activiteit van MBL's, worden voor fenotypische screening en biochemische
karakterisering van [-lactamresistente bacteri€le isolaten vaak chelatoren gebruikt. Andere
remmers die een zinkbindend motief bevatten zijn onder andere thiolen, dizuren en
picolinezuurderivaten (figuur 2). De volgende 4 hoofdstukken beschrijven onze inspanningen om
nieuwe verbindingen te identificeren met het vermogen om a. klinisch relevante MBL's van de
NDM, VIM en IMP-families te remmen, en b. de activiteit van [-lactammantibiotica in
fenotypische cel assays te herstellen. Dit werd opgevolgd door onze pogingen om een

prodrugsbenadering te gebruiken om de medicijneigenschappen van de MBL-remmers te

verbeteren.
HO__O
HO Hj NH A
2
Y ﬁ/\/ HO%OH OH
O 62on 07 0H S 8 HS
(0]
Aspergillomarasmine A (AMA) Dipicolinic acid Thiomandelic acid

Figuur 2. Zink-chelatoren, picolinezuurderivaten en thiolen vertegenwoordigd door respectievelijk AMA,
dipicolinezuur en thiomandelzuur.

In hoofdstuk 2 beschrijven we onze studie die heeft geleid tot de identificatie van N-
(fosfonomethyl)iminodiazijnzuur (PMIDA) en nitrilotriazijnzuur (NTA) als krachtige remmers
van NDM-1 (figuur 3). We hebben een grotere groep buffers gescreend waarvan bekend is dat ze
metaalbindende eigenschappen hebben. Van de geteste verbindingen waren PMIDA en NTA het
meest actief tegen gezuiverde NDM-1 en VIM-2, met een matige tot zwakke activiteit tegen IMP-
28. De resultaten van Zn-afhankelijkheid studies en isothermische titratie calorimetrie (ITC)
analyses werpen licht op het remmende mechanisme van de meest krachtige verbindingen,
waaruit blijkt dat ze vooral werken door de zinkionen te cheleren die cruciaal zijn voor de
katalytische activiteit van de MBLs. Ons onderzoek wijst er niet op dat de remmers een complex
vormen met het metallo-enzym zelf. Fenotypische screenings onthulden de sterke synergetische
relatie tussen PMIDA/NTA en meropenem wanneer ze werden getest tegen een groot aantal van
carbapenem-resistente gram-negatieve klinische isolaten. Wij stellen voor dat dergelijke direct

beschikbare kleine moleculen kunnen dienen als hulpmiddellen voor enzymatische en
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Figuur 3. PMIDA en NTA zijn krachtige NDM-1-remmers en sterke zinkbinders.

fenotypische studies van MBL'’s en dat ze ook kunnen dienen als startpunt voor verdere

optimalisatie op weg naar klinische ontwikkeling.

In hoofdstuk 3 wordt beschreven hoe om MBL-remmers geidentificeerd kunnen
weorden door middel van het screenen van Kkleine molecuul aminocarbonzuren. Deze
aminocarbonzuren zijn verwant aan secundaire metabolieten die door Aspergillus spp. worden
geproduceerd, waaronder aspergillomarasmine A (AMA), aspergillomarasmine B (AMB), en de
chelaatvormer ethyleendiamine-N,N'-disuccinezuur (EDDS, figuur 4). De verschillende in de
groep van Prof. Gerrit Poelarends gesynthetiseerde, analogen werden eerst getest op inhibitie van
het NDM-1 enzym. De veelbelovende ICso-waarden van sommige van de analogen hebben ons
ertoe aangezet hun Zn-bindende eigenschappen te evalueren met behulp van ITC. Er was een
duidelijke correlatie tussen de Zn-binding en de remmende activiteit van de aminocarbonzuren.
Met name de 2 methyleen eenheden tussen de asparaatfragmenten van EDDS bleken de optimale
lengte te zijn voor maximale zinkbinding en NDM-1 remming. Interessant is dat sommige van de
geidentificeerde krachtige remmers geen synergie met meropenem vertoonden toen ze getest
werden tegen een NDM-1 producerend E. coli isolaat, hoogstwaarschijnlijk als gevolg van

onvoldoende cellulaire accumulatie. Desalniettemin behoorden een methyl gesubstitueerde

4 COoH y o COoH H CO.H
5PN (5.CO,H SN s) -
Ho,c & V('s?u 2 HO,C V('ﬁNAcozH Ho,c N~ OO
CO,H NH, CO,H CO,H
AMA AMB (5,5)-EDDS

Figuur 4. Eerder gerapporteerde aminocarbonzuren als krachtige NDM-1-remmers.
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EDDS en een methyleenhomoloog van AMB tot de meest krachtige synergisten voor het

herstellen van de activiteit van meropenem.

In hoofdstuk 4 werd een andere groep van kleine moleculaire MBL-remmers (d.w.z.
thiolen) geévalueerd. De focus lag op een reeks eerder gerapporteerde thiol-bevattende MBL-
remmers. Hier hebben we de eerste checkerboard-synergieanalyses met betrekking tot
zinkbinding uitgevoerd en de chemische stabiliteit van deze verbindingen getest. Thio-
amandelzuur en 2-mercapto-3-fenylpropionzuur (respectievelijk genummerd 3 en 4 in hoofdstuk
4, figuur 5) verlaagden de MIC van meropenem en cefoperazone wanneer ze werden getest tegen
een panel van MBL-producerende gram-negatieve klinische isolaten. Het gebrek aan synergie
met KPC- en OXA-producerende isolaten geeft aan dat de activiteit van de thiolen MBL-specifiek
is. Ondanks de sterk synergistische activiteit en zinkbindende eigenschappen, waren de thiolen 3
en 4 slechts beperkt stabiel in het testmedium. Met een halfwaardetijd van ca. 5 uur oxideren ze

tot de overeenkomstige disulfiden, die geen of matige synergetische activiteit vertonen.

o 0
OH ; OH
SH

3 4

Figuur 5. Thio-amandelzuur (3) en 2-mercapto-3-fenylpropionzuur (4).

In hoofdstuk 5 wordt de synthese en bioactiviteitsevaluatie beschreven van een reeks
cefalosporine-thiolconjugaten die zijn ontworpen als prodrugs van de in hoofdstuk 4 beschreven
thiolen. Naar aanleiding van onze bevindingen over de slechte stabiliteit en specificiteit van de
thiolen beschreven in hoofdstuk 4 en gezien het bekende hydrolysemechanisme van
cefalosporinen, hebben we een kleine groep cefalosporine-thiolconjugaten ontworpen en
gesynthetiseerd (genummerd 5-7 in hoofdstuk 5, figuur 6). De ICso-testen tegen IMP-1, IMP-28,
NDM-1 en VIM-2 onthulden sterke activiteit van verbindingen 6 en 7 met selectiviteit voor IMP-
enzymen. Dezelfde trend werd waargenomen in de synergietests tegen MBL-producerende gram-
negatieve bacteriéle isolaten, waarbij 6 en 7 de MIC van meropenem tegen de IMP-producerende
bacterién grotendeels verminderden. Ondanks de veelbelovende activiteitsresultaten van deze
stoffen duidden mechanistische studies met behulp van !H-NMR en LC-MS erop dat
blootstelling van de cefalosporineconjugaten aan IMP-28 niet leidt tot het verwachte vrijkomen

van de Kkleine-molecuul thiolen. Dit heeft ons ertoe aangezet de werkingswijze van de
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cefalosporineconjugaten te bepalen. Er werd een structuur-activiteitsanalyse van verbinding 6
uitgevoerd door een reeks structurele varianten te synthetiseren en te testen. De verkregen
activiteitsresultaten wezen op de bijdrage van zowel fenyl- als carboxylgroepen van verbinding 6
aan de potentie. Ten tweede hebben we de kinetische parameters van de MBL-gemedieerde
hydrolyse van de gesynthetiseerde cefalosporines bepaald. De berekende katalytische efficiéntie
suggereerde een trage omzetting van het substraat als het remmende mechanisme van de
verbindingen 6 en 7. Ten slotte heeft de activiteitsevaluatie van de gedeeltelijk gehydrolyseerde
producten van 6 en 7 aangetoond dat deze verbindingen de IMP-enzymen kunnen blokkeren als

substraten en als hydrolyseproducten.

Ph
W 1
Ph/YN S, 07 NH
o S
© :l;""/“/?’ S\r ME W 2 + R-SH
o s OH N g
07 oH
07 OH
o} o} o
5 R: ré\)J\Ph 6, R: ‘é\ﬁJJ\OH 7,R: Y\OH
Ph oh

Figuur 6. De cefalosporine conjugaten verondersteld om de thiol MBL-remmers vrij te geven na MBL-
gemedieerde hydrolyse.

Hoofdstuk 6 is het resultaat van een samenwerkingsproject met dr. Mike Brouwers van
Wageningen Bioveterinary Research naar de enzymatische activiteit van een nieuw ontdekte
klasse A carbapenemase. Het enzym, genaamd FLC-1 (FRI-achtige carbapenemase-1), werd
oorspronkelijk geidentificeerd in E. Cloacae geisoleerd uit naar Nederland geimporteerde
voedingsmiddelen. Na transformatie van E. coli met het FLC-1 plasmide en arabinose-
geinduceerde over-expressie werd de eiwitfractie van de bacteriecultuur gebruikt voor de
bepaling van kinetische parameters. De FLC-1 veroorzaakte selectieve hydrolyse van de geteste
carbapenems. De voorkeur voor carbapenems komt overeen met de resultaten van de eerder
uitgevoerde MIC-assays. De getransformeerde E. coli was in hogere mate resistent tegen
carbapenems dan tegen derde generatie cefalosporines. We vonden ook dat FLC-1 wordt geremd

door clavulaanzuur (ICso =1.97 uM).
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Afterword

No clouds, no full moon, not much light pollution. Sky is full of stars. It is the
summer of 2006 and I am about to sleep on the rooftop of my childhood house in Shiraz.
My father comes upstairs unexpectedly and sits down in front of me. “You wanted to talk
to me earlier today. Here I am. What is it about?” I tell him how I picture my future, and
what my goals and ambitions are. I tell him that I like to study abroad to become more
scientifically capable and competent to serve my country the best I can. Then he starts.
Like life in Shiraz, his talking is slow, with long pauses between his words. “Whatever
your plan is, you should look at your life with a global perspective. Even better with a
cosmic perspective. And wherever you go to live and study, be a curious student of their
culture. Try their food, learn their social norms, their history and their way of life”. Now
I'm in Utrecht lying in bed in my apartment, watching the old George Carlin on Youtube.
He reminds me of my father, not only because he is unapologetically honest and doesn’t
try to protect anyone’s feelings, but also because of what he says about national and ethnic

3

pride: “... pride should be reserved for what you achieve or attain on your own, not
because of something that happened by the accident of birth”. For someone who chose to
make his world as big as the world allows him to, someone who feels he belongs to
everywhere and nowhere, someone who lives between two fears of the unknown,
someone who leaves a lot behind to travel light, moments of hesitation and self-doubt are
frequent. In such moments I think about Carlin’s words and that slow conversation with

my father under a sky full of stars.
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