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Structural and Kinetic Studies on f-Lactamase Mechanism and Inhibition

B-Lactamases constitute one of the most prevalent identified mechanisms of bacterial
resistance to the B-lactam antibiotics. These enzymes are broadly divided into two
mechanistic subclasses, the serine-f-lactamases and the metallo-p-lactamases. The
metallo-B-lactamases constitute an important subclass of B-lactamases on account of
their ability to hydrolyse almost all classes of B-lactam, in particular the carbapenems,
which are considered to be B-lactams of last resort. At present inhibitors of the serine-f-
lactamases are clinically available for the treatment of resistant bacterial infections;
these include clavulanic acid and related compounds, and more recently avibactam.
However, there are currently no clinically validated inhibitors of the metallo-B-
lactamases.

Structural and mechanistic study of the B-lactamases will aid in the development
of novel inhibitor scaffolds with clinical potential in the treatment of resistant bacterial
infections. In this work, the ability of the metallo-p-lactamases to promiscuously bind
and employ transition metals, other than their native zinc, in catalysis is described in the
context of ferrous iron. The effects of metal substitution on enzyme structure,
mechanism and susceptibility to inhibitors are investigated. These studies demonstrate
that the metallo-pB-lactamases are able to employ iron, a transition metal of relatively
high bioavailability, in catalysis with only small changes in catalytic efficiency.

In an increasing number of cases, bacteria are found to exhibit resistance to f-
lactams mediated by both serine- and metallo-B-lactamases, simultaneously. With this
likely to be an important issue in the future, the utility of developing molecules with the
capability to inhibit both serine- and metallo-p-lactamases cannot be understated. In the
work described herein, cyclic boronic acids were explored as a chemotype with inhibitory
activity against the two mechanistic classes of B-lactamase and are shown to be potent
inhibitors of both. Structural characterisation of the cyclic boronic acids in complex with
B-lactamases reveals that their inhibitory activity likely derives from their mimicking of a
tetrahedral anionic intermediate common to both mechanistic classes of B-lactamase.
The activity of these molecules against clinically derived resistant bacterial strains is also
explored.

While the metallo-pB-lactamases are largely studied on account of their
involvement in antibiotic resistance, the metallo-p-lactamase protein fold can facilitate a
diverse range of chemistry from small molecule hydrolysis, to DNA and RNA processing,
to oxidoreductase reactions. Moreover, a number of human enzymes share the metallo-
B-lactamase fold. Thus the study of these human enzymes and development of activity
assays for their functions will likely prove useful in the discovery of bacterial metallo-f3-
lactamase inhibitors with low toxicity in human patients. In this thesis, efforts made in
the development of a novel high throughput assay for the unusual metallo-p-lactamase
persulfide dioxygenase ETHE1 via the fluorescent detection of sulfite are described.

Overall, the work of this thesis explores the mechanism of p-lactamases as a
framework for the discovery of novel B-lactamase inhibitors, and makes efforts in the

development of novel assays for human metallo-f-lactamase fold enzymes to expedite
the development of such molecules.
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Chapter 1 General Introduction

1.1. Antibiotic Chemotherapy: Eine Zauberkugel

Throughout human history, infections have constituted an important threat to public health
both in the form of contagious diseases or sepsis of wounds, acquired either through surgery
or the general vicissitudes of life(1). The clinical introduction of antibiotics in the early 20t
century, alongside increasing sanitation and the use of antisepsis has had an enormous
impact on life expectancy(2), with estimates that global life expectancy may have increased
by up to 10 years solely due to the introduction of antibiotics(3). Although often used
interchangeably with antibacterials, the term antibiotic, first coined by Selman Waksman(4),
originally referred to any metabolic product of one organism that antagonises the growth of
another, with antibacterials, antifungals and antiparasitics constituting individual subclasses
of antibiotics. Antibiotics may be further subcategorised based on their ability to either
inhibit the growth of, or kill, microorganisms upon dosing, for example bactericidals kill
bacteria, while bacteriostatics merely inhibit their ability to grow and divide, allowing

bacterial cells to recover once the antibacterial has ceased to be administered(5).
o
HO
Arsphenamine
(Salvarsan)

Oy _NH, H
Cre g
0 \)<
N ‘!N N

) 0 8
/©: /~OH
HoN NH, O/\
Sulfonamidochrysoidine Benzylpenicillin
(Prontosil) (Penicillin G)

Figure 1.1: Chemical structures for examples from the first marketed classes of antibiotic. Their trade names

are indicated in brackets.

Paul Ehrlich first pioneered the idea of chemotherapy in the form of a ‘magic bullet’ as a
method of treating infection, suggesting that, with strategic reasoning, chemistry might be
aimed like a gun to specifically target a pathogen(6). Ehrlich’s arsphenamine (marketed as
Salvarsan, Figure 1.1) constitutes the first synthesised antibiotic agent used clinically for the
treatment of syphilis and trypanosomal infections(7, 8). Arguably, given its noticeable
toxicity in patients, Salvarsan was not the ‘magic bullet’ that Ehrlich was shooting for. The
first organic compound that demonstrated selective toxicity towards bacteria was
sulfamidochrysoidine (marketed by Bayer as Prontosil)(9). Prontosil exerts it effect as a

dihydropteroate synthase inhibitor, blocking a key step in folate synthesis, so preventing
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Gram-positive bacteria from synthesising nucleic acids(10). Importantly, folic acid is a
human vitamin (vitamin B) and hence is acquired through diet and not metabolically
synthesised. This allows Prontosil to selectively act on bacteria in infections, thus rendering
it the first clinically used bacteriostatic antibacterial and a magic bullet much closer to

Ehrlich’s original intention.

1960:
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Glycopeptides
| 1962:

Trimethoprim
1950: |

Tetracyclines 2007:
: 1986: N
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Arsphenamines Macrolides
| L1 |

| | | | | [ [
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| 1052: 1999:
y Strept i
Lincosamides reptogramins
| 1962:

1946;: Quinolones
Aminoglycosides
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Figure 1.2: Timeline for the clinical introduction of novel classes of antibiotic. The lack of novel antibiotics
between the early 1960s and late 1990s is made clear by the introduction of only one new class, mupirocin.
While the introduction of four new classes, from 1999 to the present, reflect a rekindling of interest in

antibiotic research.

Following the identification and successful application of sulfonamides in the 1930s, no
fewer than 18 chemically distinct classes of antibacterial have been brought into clinical
use(11-30). The structures of these compounds range from small molecules, like
cycloserine(31-33) and the nitroimidazoles(34, 35), to the macrocyclic polyketide
macrolides(36-39)(Figure 1.2), with molecular mechanisms ranging from inhibition of cell
wall biosynthesis to that of protein and DNA/RNA synthesis(40). The substantial outpouring
of new antibiotic classes between the 1940s and early 1960s lead some to declare man’s
victory over infectious disease(41), and the surfeit of available drugs lead the pharmaceutical
industry to become disinterested in new antibiotic research, given the competition in this
marketplace(42). Thus, with a couple of exceptions, any new antibiotics introduced from the
1970s to the 1990s were likely analogues of a pre-existing class, with little novelty in their
mechanism of action(43). However the rise of antibiotic resistance as a global health

concern(44, 45), with the potential to rival pre-antibiotic infectious disease(46), has more
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recently rekindled interest, at least academically, in the need for new bactericidals, or,
indeed, methods for the continued use of pre-existing classes(47, 48). Growth of
‘unculturable’ soil bacteria, as well as exploration of unusual bacterial ecosystems in recent
years has resulted in the discovery of new antibiotics(49, 50), suggesting that sources of new

antibiotics and new antibiotic classes are far from exhausted.

1.2. The B-Lactam Antibiotics

Among the various established classes of antibacterial, the B-lactams are arguably the most
important, constituting around 60% of total worldwide antibiotic use(51, 52). The B-lactams
are divided into four main subclasses, the penicillins (or penams), cephems, penems and
monobactams, in order of their discovery. Despite being one of the first antibiotic classes to
be discovered, the pB-lactams remain a preferred class on account of their notable efficacy,
general affordability, and low toxicity(53-55). The pB-lactams are each characterised by a -
lactam ring (Figure 1.3), whose presence is crucial for antibacterial activity. The penams,
cephems and carbapenems all exhibit a fused bicyclic core; the B-lactam ring may be fused to
a thiazolidine ring, as in penams, to a dihydropyrrole or dihydrothiazole ring, for

carbapenems or penems, respectively, or to a dihydrothiazine ring, as in cephalosporins and

77’”:];( )jj,
RrH f\ //‘OH Ry 77,“ R,
s
Cephalosporin Penem
0 - S

0

cephamycins.

/oH ’ Q/ 0" “oH
N
R
Penam 1 j{ f\ )j;D— Monobactam
Oo
/ OH
0O~ ©OH 7
Cephamycin Carbapenem

Figure 1.3: General structures of the major classes of 3-lactam antibiotic. The four membered (-lactam ring,

essential for function, is maintained in each of these classes.

1.3. A Brief History of f-Lactams

Although the discovery of penicillin is often credited to Sir Alexander Fleming(13), there are
multiple accounts of inhibition of bacterial cell growth by Penicillium strains that predate his
report(56, 57). In 1871, John Burdon Sanderson observed that Penicillium mould prevented
bacterial growth both in culture fluid and in dissected guinea pig muscle(58). Around the
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same time, Joseph Lister observed that the presence of Penicillium mould resulted in the
growth of abnormal degenerate bacteria, or a complete absence of bacteria, in urine based
cultures(59). Lister even went as far to suggest that Penicillium extracts might be used as an
antiseptic against bacteria(60) and may have even used a crude extract in the treatment of an
infected patient(61, 62), although Lister did not document this himself. Later observations
made by William Roberts, led him to postulate on the possibility of antibiosis — either of one
bacterial species against another, or between a fungus and bacteria — this is probably the
first published statement on the subject(63). Similar work was published by John Tyndall
and Thomas Henry Huxley(64), with Tyndall making the additional observation that the
antibiotic effect of Penicillium was not apparent against a certain bacterial strain (likely
Pseudomonas sp.). In France, Louis Pasteur and Jules Francois Joubert published
observations of fungi inhibiting the growth of Bacillus anthracis in 1877(65), while in 1897
Ernest Duchesne successfully treated guinea pigs infected with typhoid using a culture of
Penicillium glaucum(66).

Standing on the shoulders of these scientists, amongst others, Fleming made his
observation of the bactericidal effect of Penicillium notatum (now Penicillium
chrysogenum)(13). Arguably he was among the first to observe this phenomenon and
attribute the correct cause to the effect, i.e. the release of some sort of toxic metabolite from
the fungus, nominally penicillin, which was able to induce bacterial lysis.

Despite Fleming’s report, the success of penicillin only became apparent once
Howard Florey, professor of pathology in Oxford, took up the project. He, together with
Ernst B. Chain and Norman Heatley successfully purified penicillin and demonstrated its
antibacterial activity in mice infected with Streptomonas pyrogenes, Staphylococcus aureus,
or Clostridium septique(67). An initial attempt at using partially purified penicillin to cure a
patient with septicaemia resulted in marked improvement before subsequent deterioration
due to a lack of enough of the drug(68, 69). However, the Oxford scientists failed to produce
large quantities of highly purified penicillin. Efficient wartime collaboration with US
industry lead to the use of a more productive Penicillium chrysogenum strain (isolated from
a mouldy cantaloupe), the move to deep fermentation methods for growth of Penicillium
fungus, and, crucially, more developed methods for the fermentation, recovery, and
purification of penicillins with hydrophobic C-6 side chains, with the now high-yield drug
being responsible for saving countless lives in World War II and even more with its
subsequent introduction among civilian populations(70, 71). Continued work on penicillin
revealed its B-lactam structure (Figure 1.4) in 1949 thanks to the work of Dorothy
Hodgkin(72) and the subsequent total synthesis(73, 74) and isolation of 6-aminopenicillanic
acid (6-APA, Figure 1.4) from fermentation liquor(7s, 76) lead to the development of the

semi-synthetic penicillins through the introduction of unnatural acetamido chains at the C-6
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position (Figure 1.4), which collectively exhibited a broader spectrum of activity and

increased bioavailability(77-79).

‘Natural’ Penicillin

[ ;T OY:H\X HZNJ;I\T\SX

/—~OH
o
Penicillin G 6-APA

‘Semi-Synthetic’ Penicillins

/
H H
N N
0 S m S
o < o <
(0] B (0] B
/" —0OH 4/ ~OH
O/\ O/\
Methicillin Ampicillin

Figure 1.4: The structure of the ‘natural’ fermented penicillin, penicillin G, and its hydrolysed product 6-APA.

Two examples of semi-synthetic penicillins, derived, by acylation of 6-APA are shown.

Alongside the success of the growing penicillin antibiotic family, there remained a keen
interest in the discovery of novel antibiotics. Isolation of Cephalosporium acremonium from
a sea water sample by Giuseppi Brotzu(80, 81) lead to the identification and purification of
cephalosporin C by Guy Newton and Sir Edward Abraham in 1956(82). Cephalosporin C was
observed to have generally lower, but broader, antibacterial activity (against both Gram-
positive and Gram-negative bacteria) and was found to be more stable to acid and enzyme-
mediated hydrolysis than the penicillins(82). Solution of the cephalosporin C structure
revealed it to also be a B-lactam antibiotic, like the penicillins, but with an expanded
dihydrothiazine ring (Figure 1.5)(83, 84). Similarly to the penicillins, isolation of the core 7-
aminocephalosporanic acid (7-ACA) molecule enabled the synthesis of new generations of
cephalosporin antibiotics through modification of the C-7 amino acyl side chain as well as
alteration at the C-3 position, leading to multiple generations of cephalosporins with varied
spectra of activity(85, 86).

Monocyclic B-lactams, produced by bacteria, were identified in the 1970s with the
first, nocardicin A, being produced by Nocardia uniformis(Figure 1.5)(87). Similarly the
monocyclic B-lactams, sulfazicin and formadicin, were isolated from Pseudomonas

acidophila and Flexibacter alginoliquefaciens, respectively (88, 89). However, these
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molecules only showed moderate antibacterial activity and it was not until the synthesis of
aztreonam, with a 2-oxo-azetidine-1-sulfonic acid core, that a commercial monobactam
became available(90). Aztreonam was followed by tigemonam(91) and carumonam(92, 93),

although these latter monobactams are no longer marketed.

0
HO

H
H,N N S
o
N____0O
0 fVm/
0
07 “OH

Cephalosporin C

Nocardicin A Thienamycin

Figure 1.5: Chemical structures of the first isolated cephalosporin, cephalosporin C, monobactam, nocardicin

A, and carbapenem, thienamycin.

In the 1980s, the carbapenem antibiotics were also isolated from B-lactam producing
bacteria, with the first, thienamycin, being extracted from a fermentation broth of
Steptomyces cattleya (Figure 1.5)(94, 95). This was followed up by a more chemically stable
derivative, imipenem(96). Due to its rapid metabolism by the human dehydropeptidase
enzyme, imipenem must be co-administered with the dehydropeptidase inhibitor
cilastatin(97). Addition of a methyl substituent at the C-1 position of the carbapenem(98), as
exemplified by meropenem(99), doripenem(100), and ertapenem(101), resulted in increased
stability of these carbapenems to dehydropeptidase activity and removed the need for co-
administration of cilastatin. Due to their high potency and broad spectrum of activity against
both Gram-positive and Gram-negative bacteria, the carbapenems are often used as last

resort antibiotics in resistant infections(102).

1.4. Mechanism of -Lactam Antibacterials
The B-Lactam antibiotics exert their antibacterial effect through inhibiting bacterial cell wall
synthesis(103). The B-lactam ring acts as an acylating agent to covalently modify the active

site serine residues of the peptidoglycan transpeptidase penicillin-binding proteins
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(PBPs)(104), which are responsible for cross-linking the peptide termini of peptidoglycan
strands(105). This acylation is effectively irreversible (at least over the lifetime of a bacterial
cell) and prevents the true peptidoglycan substrate from accessing the active site of the
PBP(106). It is proposed that the B-lactam structure acts to mimic the D-Ala-D-Ala terminus
of the incoming peptidoglycan strand(107), or, alternatively, the transition state for the
initial acylation step of a PBP reacting with an incoming peptidoglycan strand (Figure
1.6)(108). Indeed, B-lactams that have been synthetically altered to mimic peptidoglycan to a
greater extent can demonstrate enhanced activity against their targets(109, 110). The
elucidation of further details on the mechanism of inhibition of PBPs by pB-lactams
represents ongoing work; however it is known that the inhibition of the PBPs results in
interrupted cell wall synthesis, interrupted cell growth due to the cell wall becoming
compromised, and, ultimately, lysis of the bacterium due to osmotic pressure(111-113). The
lack of a direct homologue of the PBPs in humans is likely an important reason for the lack of
toxicity in the treatment of bacterial infections with B-lactam antibiotics; the specificity of

the B-lactam for its PBP targets prevents unwanted side reactions with human enzymes.

R H R H
»/N s TN _H
o \)( o ™| H
5 N / 5 N\<

O//“OH O//‘*OH

Penicillin N-acyl-p-Ala-p-Ala

R H
R

N S YN s o JNH s

© (N H 0 2 © :\)_< ., _OH
y : — 0 N R SO HOT
HO: o7 ~OH o " c’)]/ on M 0
<Ser HCA}E‘ <Ser <Ser

Acyl-enzyme complex Hydrolysis of the acyl-enzyme
is slow relative to the lifetime
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Figure 1.6: A. Comparison of the structures of penicillin and the p-Ala-D-Ala terminus of peptidoglycan
strands reveals the possibility of B-lactams acting as mimics of the penicillin-binding proteins’ native
substrate. B. The mechanism of PBP inhibition by B-lactam antibiotics. Generation of a stable acyl-enzyme
complex prevents binding of peptidoglycan strands and hence disrupts generation of peptidoglycan during

bacterial growth.
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1.5. Antibiotic Resistance and B-Lactamases
With B-lactams being produced by fungi and soil bacteria(2, 21), it is perhaps unsurprising
that bacterial antibiotic resistance exists in environments free from clinical use of §-lactams,
since bacteria would require mechanisms to counteract fungal-bacterial and bacterial-
bacterial antibiosis, and indeed measures to stop any auto-inhibitory effect of their own
produced antibiotics, in order to survive(4, 114); in fact, genetic studies suggest that some
mechanisms of resistance have been present in bacteria for millions of years(115-117).
Indeed, metagenomic analysis of bacterial samples from isolated microbiomes has revealed
the prevalence of B-lactamase resistance mechanisms(118, 119). The dissemination of these
resistance mechanisms via mobile gene elements, particularly amongst human pathogenic
bacterial species, is a particularly worrisome aspect of antibiotic resistance(45, 120, 121).

Perhaps the best way to counteract bacterial resistance to one class of antibiotics is to
treat with another distinct class with a different mode of action. However, as has already
been stated, the loss of interest in antibiotic development from the 1970s onwards, even with
a resurgence in academic interest more recently, has led to a depletion in the available
arsenal of antibiotics that have not already been clinically employed in one way or
another(122). With this being the case, the countering of emergent resistance mechanisms in
a clinical setting can in some way be achieved by chemical modification of the antibiotics
employed, thus creating generations of antibiotics based on the same core scaffold, as was
successfully demonstrated by introduction of successive generations of penicillins and
cephalosporins(123). This method does, however, pit the chemist in an arms race against the
evolution of bacterial resistance mechanisms, a battle that, in all likelihood, is impossible to
win(124). Where resistance takes the form of enzymatic modification of the incoming
antibiotic, success has been had with co-administration of inhibitors(125-128), which has
potentiated the use of previous generations of antibiotic against resistant bacteria, as
described below.

Bacteria have evolved multiple mechanisms of antibiotic resistance, which may, or
may not, be expressed simultaneously (Figure 1.7)(129-133). The mechanisms by which

bacteria exhibit resistance to antibiotics include:

Modification of the antibiotic target. Acquired mutations to the active site of the
target enzyme reduce the affinity for the antibiotic without compromising the catalytic
efficiency of the enzyme with the result that the target is no longer inhibited in the presence
of the drug. In the case of B-lactams, this is exemplified by the acquisition of MecA, which
codes for a variant of PBP2 with a significantly lower affinity for penicillins(134). This is an

important resistance mechanism in multi-drug resistant Staphylococcus aureus (MRSA).
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Figure 1.7: Cartoon illustration of the general mechanisms of resistance to antibacterials, including target

Efflux Pump

modification, regulation of outer membrane permeability and modification of the incoming antibiotic. Note
that the presence of two membranes, inner and outer, is only found in Gram-negative bacteria, but the

same mechanisms of resistance apply in Gram-positive species.

Alteration of membrane permeability. Downregulation or alteration of porin channel
proteins, as well as over expression of efflux pumps, helps to reduce the permeability of the
bacterial cell membrane to antibiotics thus reducing their concentration in their site of
action. Downregulated CarO or OprD porins are associated with carbapenem resistance in
Acinetobacter baumanii and Pseudomonas aeruginosa, respectively(135-137). While efflux
systems such as MexAB-OprM accept a broad range of B-lactam substrates for extrusion

from P. aeruginosa(138, 139).

Enzymatic modification of the antibiotic. Chemical modification of the antibiotic
produces a molecule that is no longer a successful inhibitor of its target. In the case of p-
lactam antibiotics, this takes the form of hydrolysis by B-lactamases and is the most common

and, arguably, the most important form of resistance to p-lactams(140).

The first identification of an enzyme able to hydrolyse penicillins, a serine B-lactamase
(SBL), was made in 1940(141) by Abraham and Chain. Abraham and Sabbath identified both
penicillinase and cephalosporinase activity in Bacillus cereus(142), with the latter activity
being inhibited by treatment with ethylenediaminetetraacetic acid (EDTA)(143). This is
likely the first reported identification of a metallo-pB-lactamase (MBL). At the time of their
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discovery, these p-lactamases were considered no more than a curiosity. However, despite
the proximal introduction of penicillin into clinical use, the first penicillin-resistant
Staphylococcus aureus infections began to plague hospitals in the mid-1940s(144). These
first resistant S. aureus infections were expressing a p-lactamase to counteract treatment
with penicillin(145). Since these first cases of resistance, the number of reported B-
lactamases, including families, sub-families and sub-classes, now exceeds 1300(146, 147),

with these enzymes cumulatively being able to hydrolyse all classes of B-lactam(140).

1.6. Serine-B-Lactamases

The serine-B-lactamases (SBLs) are so called since, much like the penicillin-binding proteins,
they share a nucleophilic serine residue in their active site. In fact the SBLs are thought to be
evolutionarily derived from the PBPs(148-150). Based on their sequence identity and
substrate profiles, the SBLs are divided into three classes, Ambler classes A, C and D,

corresponding to penicillinases, cephalosporinases and oxacillinases, respectively.

1.6.1. Class A Serine-f-Lactamases

Class A SBLs are the most widely studied SBLs. Class A enzymes include the Temoneira -
lactamase (TEM) and sulfhydryl reagent variable pB-lactamase (SHV) enzymes, extended-
spectrum SBLs (ESBLs) such as cefotaxime hydrolase from Munich (CTX-M) enzymes,
which are able to hydrolyse later generation penicillins and cephalosporins, and
carbapenemases including Imipenamase (IMI) and Klebsiella pneumoniae carbapenemase
(KPC) enzymes. The class A SBLs exhibit a shared amino acid sequence identity of 40-60%
between class members, and a much lower identity with members of other SBL classes
(Figure 1.9). The class A SBLs are typically inhibited by p-lactam-based SBL inhibitors such
as clavulanic acid(151), although KPC enzymes are an exception and some resistant TEM
variants do exist(152, 153), as well as avibactam(154). There is some evidence to suggest that
KPC-2 may hydrolyse avibactam via an initial desulfonation reaction(154, 155).

The first class A SBL to be structurally characterised was from Bacillus
licheniformis(156). The structure of class A SBLs is characterised by two domains, one af
domain characterised by a buried 5-stranded antiparallel B-sheet bound by three solvent-
exposed a-helices, and one all a domain comprised of 8 a-helices (Figure 1.8). The active site

cavity is located at the interface of these two domains(149).
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Figure 1.8: The structures of Ambler class A, C, and D serine-B-lactamases as exemplified by CTX-M-15(157),
AmpC from P. aeruginosa(157), and OXA-10, respectively. Despite differences in sequence, the a/p and all

two-domain fold is largely conserved between classes. (PDB accession codes: 4HBT — CTX-M-15, 4GZB —

AmpC, 2X02 — OXA-10).
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A c D
% Identity
SHV-1 TEM-1  CTX-M-15 Pa_AmpC  CMY-2 FOX-1 OXA-10 OXA-23 OXA-48

SHV-1 20 15 17 14 15 15
A TEM-1 18 13 15 12 13 13
CTX-M-15 22 16 21 15 14 17
Pa_AmpC 20 18 22 14 12 13
C CMY-2 15 13 16 12 18 12
FOX-1 17 15 21 13 18 14

OXA-10 14 12 15 14 12 13

D OXA-23 15 13 14 12 18 18

OXA-48 15 13 17 13 12 14

Figure 1.9: Shared amino acid sequence identities of selected serine-B-lactamases. Grey boxes highlight the
three Ambler classes, A, C, and D. Pa_AmpC indicates the AmpC enzyme from P. aeruginosa. Sequence

alignments and identity calculations were performed using the Clustal Omega web service(158).

1.6.2. Class C Serine-B-Lactamases

Class C SBLs (AmpCs) are generally chromosomally mediated, although plasmid mediated
class C enzymes do exist, and are found predominantly among the Enterobacteriaciae(159).
These enzymes are able to hydrolyse penicillins, but are most active against cephalosporins
and cephamycins, with some AmpC enzymes acting at the diffusion limit during
cephalosporin hydrolysis(160). Class C enzymes are typically not inhibited by SBL inhibitors
such as clavulanic acid (see below), although some are inhibited by sulbactam or
tazobactam(161-163). They are, however, inhibited by aztreonam since they have a high
affinity for this substrate but a poor rate of turnover(164). Extended spectrum AmpC (ESAC)
enzymes, with a broader range of cephalosporin substrates, have also been
characterised(165, 166). Production of ESACs in combination with porin loss has been

associated with increased resistance to carbapenems in E. coli(167).
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1.6.3. Class D Serine-p-Lactamases

Class D SBLs are comprised of the oxacillinase (OXA) enzymes which are able to confer
resistance to penicillins, cephalosporins and, in some cases, carbapenems(168, 169). The
OXA enzymes may be chromosomally or plasmid mediated and so some OXA variants are
able to be transferred between pathogenic species(170). OXA enzymes are generally resistant
to inhibition by SBL inhibitors but their activity is reduced in the presence of halide
ions(171). The OXA enzymes undergo a non-enzymatic post-translation modification by
reaction of an active site lysine (Lys70) with CO, to produce a lysine carbamylate residue that
acts as a general acid/base in the catalytic mechanism of the enzyme(172). This modification
is promoted by a nearby tryptophan residue (Trpi54), which hydrogen bonds to and

stabilises the carbamylated lysine residue(173).

1.7. Mechanism of Serine-f-Lactamases

The catalytic mechanism of SBLs is very similar to that of the PBPs from which they are
derived(174). That is hydrolysis occurs via attack of the B-lactam carbonyl by a nucleophilic
serine residue to form an acyl-enzyme intermediate, which is then subsequently hydrolysed
by the addition of water (Figure 1.10). The ability of these enzymes to efficiently hydrolyse
the acyl-enzyme intermediate produced by reaction with the p-lactam is what distinguishes
them from the PBPs; no, or slow, hydrolysis of the acyl-enzyme intermediate in PBPs allows
B-lactams to exert their antibiotic activity, while hydrolysis of this intermediate in the case of

SBLs allows for efficient enzymatic degradation of the B-lactam before it can perform its

function(175, 176).

:I\Jél_<5f OH B'O)_j{_(sf OH

Né’f —.‘H{.OHO OHH gr
<Ser “: i))’“ <Ser H "A/\\‘

HO'

Figure 1.10: General mechanism for the hydrolysis of B-lactams by serine-B-lactamases. While the first
reaction step is shared by the interaction of -lactams with penicillin binding proteins, the second is

exclusive to the serine-B-lactamases.

The identities of the general acid/base catalytic residues employed by SBLs are dependent on
the class of enzyme being considered(175). In the class A SBLs, Glu166 acts as the general
base to aid deprotonation of the serine nucleophile as well as the hydrolytic water in the
turnover of the acyl-enzyme intermediate(177), although Lys73 and Seri130 are also

implicated in proton shuttling during the reaction (Figure 1.11)(178, 179). In class C B-
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lactamases, an extended active site hydrogen bonding network two has been implicated in
fulfilling the role of the general base during catalysis(180). Among these residues both Lys67
(which is homologous to Lys73 in class A SBLs)(181, 182) and Tyr150(183) have both been
put forward as critical in deprotonation events(184), although modelling suggests that
Tyr150 may be the most important (Figure 1.11)(185, 186). As previously stated, the class D
OXA B-lactamases undergo an interesting non-enzymatic post-translational modification by
the reaction of an active site lysine residue (Lys70) with carbon dioxide (Figure 1.11)(187).
The resulting lysine carbamylate takes the role of the general base to abstract a proton from
the nucleophilic serine in the initial attack and in deprotonation of water during the

hydrolysis of the acyl-enzyme intermediate(172).

Class A Class C

Asni183 Tyrd51
Glui66
Lys73
Seri30
:si; ié;; Lys67
' o2

: Gln120 ©
(4] ) ° & Y

°S@|ﬁ©
Ser64 °
o Lys3i6 ® ©
Class D
Lys70
°
[ +)
©
Trp154 (;
w» Sere7
[N+

Figure 1.11: Active site views of Ambler class A, C, and D serine-B-lactamases as exemplified by CTX-M-
15(157), AmpC from P. aeruginosa(157), and OXA-10, respectively. Amino acid residues implicated in the
hydrolysis mechanism are rendered as balls and sticks. Red spheres represent water molecules within
appropriate hydrogen bonding distances. (PDB accession codes: 4HBT — CTX-M-15, 4GZB — AmpC, 2X02 -
OXA-10).

Page | 15



Chapter 1 General Introduction

1.8. Serine-f-Lactamase Inhibitors

Historically, resistance from pB-lactamases was combatted by the development of successive
generations of penicillins and cephalosporins(123). Where this was not possible, the use of
SBL inhibitors in combination therapy with B-lactams has been successful, particularly
against class A SBL mediated infections(140, 188).

The first clinically used SBL inhibitor was clavulanic acid, which was isolated from
Streptomyces clavuligerus in the late 1970s(189). Clavulanic acid is not dissimilar to
penicillin, in possessing a bicyclic system with a p-lactam fused to a 5-membered
heterocycle, however it differs in that the sulfur atom found in the penicillin is substituted by
an oxygen, there is no aminoacyl side chain and the dimethyl substitution seen in penicillins
is replaced by a B-hydroxyethylidine addition to the oxazolidine ring (Figure 1.12). Co-
administered alongside amoxicillin, as Augmentin(190), or ticarcillin, as Timentin(191),
clavulanic acid was shown to potentiate the use of penicillins against SBL-producing S.
aureus, K. pneumoniae, and E. coli strains(192). Clavulanic acid was followed by the
synthetic compounds sulbactam and later tazobactam(193), which are both penicillanic acid
sulfones (Figure 1.12). Sulbactam is typically used in combination with ampicillin(194), while
tazobactam is used in conjunction with piperacillin(195). These combinations are effective in
the treatment of resistant E. coli, S. aureus, and Klebsiella sp. infections(196, 197). Although
they themselves are not effective PBP inhibitors, the mechanism of SBL inhibition by
clavulanic acid, sulbactam, and tazobactam is not dissimilar to the inhibition of PBPs by -
lactams. Structural, kinetic, and mass spectrometric studies indicate that inhibition starts by
formation of an acyl-enzyme species, by reaction with the active site serine nucleophile,
before complex on-enzyme fragmentation pathways involving cross-linking of active site

residues to prevent further substrate turnover (Figure 1.13)(198-201).
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Figure 1.12: Clinically relevant serine-B-lactamase inhibitors. These compounds are either already in use, or
are currently in clinical trials. Avibactam, relebactam and vaborbactam are examples of non-B-lactam (-

lactamase inhibitors.

Although typically effective against class A enzymes, the B-lactam based SBL inhibitors are
generally poor inhibitors of class C and D enzymes(202). The more recent inhibitor,
avibactam(203), which is not a B-lactam, instead exhibiting a diazabicyclooctane scaffold
(Figure 1.12), is able to inhibit class A, C and some class D SBLs(154). The inhibitor:B-lactam
combination of avibactam and ceftazidime, Avycaz, has been approved for the treatment of
complicated urinary tract and intra-abdominal infections(204). Although an important
advance in the treatment of bacterial infections exhibiting resistance mediated by SBLs,
avibactam in not an effective inhibitor of the class A KPC carbapenemases enzymes(152,
205), which are an important source of resistance particularly in the USA(206). In addition
some MBLs have been shown to bind avibactam and catalyse slow hydrolysis of the
inhibitor(207); although currently inefficient, the evolution of MBLs with an improved
ability to turn over avibactam is a likely event in future and may prove important in cases

where both SBLs and MBLs are produced in a single resistant infection.
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Figure 1.13: Covalent inhibition of serine-B-lactamases as illustrated by A. the ‘suicide’ inhibition of a class A
enzyme by clavulanic acid and B. the reversible inhibition by avibactam. Note that avibactam can undergo

slow hydrolysis in some cases(152, 205).

The avibactam derivative relebactam(208), which varies through the addition of a 4-
aminopiperidine sidechain (Figure 1.12), is currently in clinical trials for treatment of KPC-
mediated resistance by co-administration with imipenem/cilastatin(209-211), which is not
treatable with Avycaz. Similarly, the boronic acid, vaborbactam (Figure 1.12)(212), in
combination with meropenem (to be marketed as Carbavance)(213) has just passed phase I1I
clinical trials as an effective treatment for SBL carbapenemase-mediated resistant infections.
Unlike clavulanic acid, sulbactam and tazobactam, inhibition by avibactam derivatives or
boronic acids is reversible via on-enzyme recyclisation of the inhibitor (Figure 1.13) or

reversible formation of oxygen-boron covalent bonds, respectively(155, 214).

1.9. Metallo-B-Lactamases

The metallo-B-lactamase (MBL) fold superfamily constitutes a class (with >35000 members)
of, predominantly, metallohydrolases that share a common pseudosymmetric afpa fold
(Figure 1.15)(215-217). The various functions of the MBL fold enzymes include, but are not

limited to, oxidoreductase enzymes, such as ethylmalonic encephalopathy 1 (ETHE1) and
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cytidine-5’-monophospho-N-acetyl-neuraminic acid hydroxylase (CMAH)(218-220), small
molecule hydrolases, including glyoxalase II(221, 222) and a bacterial phosphorylcholine
esterase (Pce)(223, 224), and DNA/RNA modification or repair enzymes such as DNA cross-
link repair enzyme 1 (DCLRE1) and cleavage and polyadenylation specificity factor 73
(CPSF73) (Figure 1.14)(225-227). The subgroup of the MBL fold enzymes that exhibit -
lactamase activity are often referred to as true B-lactamases and will be referred to as MBLs

from hereon.
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Figure 1.14: Example reactions catalysed by enzymes exhibiting a metallo-f-lactamase fold. These include

both hydrolysis and oxidoreductase reactions.

The first evidence for an MBL came from Sabbath and Abraham who identified an enzyme,

which co-purified with a known serine-B-lactamase, from Bacillus cereus that exhibited
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cephalosporinase activity that could be inhibited by treatment with EDTA and restored by
subsequent supplementation with zinc(II) ions(142, 143). With this enzyme, now known as
Bacillus cereus B-lactamase II, Bcll, being chromosomally mediated and present in a species
of bacteria only implemented in rare opportunistic infections, the first MBL was only
regarded as a biological curiosity(228). The same applied for other MBLs that were identified
earlier in the study of these enzymes(229-231).

The clinical threat of MBLs became much more apparent with the identification of
plasmid-mediated enzymes in the 1990s that were present in nosocomial species such as P.
aeruginosa, and Chryseobacterium meningosepticum(232-234). Plasmid-mediated MBL
genes have the capacity for efficient horizontal transfer amongst different bacterial species
and this is most likely the dominant mechanism behind the ever-increasing reports of MBL-
mediated resistance in pathogenic Pseudomonas, Acinetobacter and Enterobacteriaciae
species(120, 146, 235-239). Non-infectious environmental bacterial species have also been
implemented in horizontal transfer of MBL-encoding genes by acting as plasmid reservoirs
and third parties for gene transfer between infectious species(240-242).

The increasing public health risk associated with the spread of MBLs is attributed to
these enzymes’ ability to hydrolyse all classes of B-lactam(243), with the exception of the
monobactam aztreonam(244), including the carbapenems, which are often regarded as the
antibiotics of ‘last resort’ in resistant bacterial infections(102). In addition the ability of
MBLs to hydrolyse the B-lactam-based SBL inhibitors such as clavulanic acid, and bind and
catalyse the slow turnover of the more recent non-p-lactam SBL inhibitor avibactam(207),
has implications for the treatment of infections in which resistance mediated by both SBLs
and MBLs is manifested — these types of infection are rare at present, but only likely to
increase with time(245-247). In addition, mobile genetic elements encoding MBL genes may
also contain genes that confer resistance to multiple other classes of antibiotic such as
aminoglycosides and quinolones(248-250). This gives rise to multi-drug resistant bacterial

strains that have very few therapeutic options for treatment.

1.10. Classification of Metallo-p-Lactamases
MBLs constitute Ambler class B of the B-lactamases(251) and are further divided into three
subgroups, B1, B2, and B3, based on their sequences, structures as substrate profiles (Figure

1.15)(215, 216).

1.10.1 Subclass B1 Metallo-p-Lactamases
The B1 subclass constitutes the largest group of MBLs and includes Bcll as well as Verona

integron-encoded metallo-f-lactamase (VIM), New Delhi metallo-p-lactamase (NDM), and
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MBL imipenemase (IMP) variants(252). In total the B1 subclass is comprised of greater than
14 enzyme families with a shared amino acid sequence identity of around 30% (Figure
1.16)(215). The majority of the B1 enzymes are encoded on mobile genetic elements and so
are able to be rapidly transferred between pathogenic bacterial species(253). The B1 MBLs
are able to hydrolyse penicillins, cephalosporins, and carbapenems, and thus are of high

clinical relevance.

Class B1 (di-Zinc) Class B2 (mono-Zinc)
C —C 7

L10 Loop

Figure 1.15: The structures of Ambler subclass B1, B2, and B3 metallo-B-lactamases as exemplified by
Bcll(254), CphA(255), and L1(256), respectively. Despite differences in sequence, the affa is largely
conserved between classes, however diversity is seen in the lengths of helices and loops. (PDB accession

codes: 4C09 — Bcll, 1X8G — CphA, 2FM6 — L1).
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The first subclass B1 MBL, and indeed general MBL, structure to be elucidated was
that of Bcll, which was obtained initially in a mono-zinc(II), and later in a di-zinc(II) form.
(It is now accepted that B1 MBLs require two metal ions for maximal activity)(257, 258).
This revealed for the first time the pseudosymmetric oo MBL fold, comprised of a dual p-
sheet core surrounded by o-helices, with the metal-binding active site located in a solvent-
exposed groove situated centrally on the pseudorotation axis (Figure 1.15).

The active site of the B1 MBLs is characterised by two metal binding centres, where
one ion (Zn1) is coordinated by three histidine residues (the so called 3His site), His116,
His118, and His196, while the second ion (Zn2) is coordinated by an aspartate, Asp120, a
cysteine, Cys221, and a histidine, His263, residue (the DCH site, Figure 1.17). The
coordination spheres of the two zinc ions are completed by two water molecules. Wat1
coordinates both zinc ions in a p2 bridging mode, while Wat2 coordinates Zn only as an
apical ligand making Zn1 tetrahedrally coordinated and giving Zn2 a trigonal pyramidal
coordination sphere(259).

The B1 active site is flanked by two flexible loops the L3 loop between B-sheets 3 and
4, and the Lio loop between B-sheet 11 and a-helix 4 (Figure 1.15). These loops are
implicated in substrate recognition and it is suggested that they contribute to the substrate
selectivity of the enzymes(260-262). In B1 MBL structures the L3 loop is often poorly
defined by the electron density map, suggesting a high flexibility for this loop even in a
crystalline state. Comparison of apo and product-bound crystal structures show a tendency
for the L3 loop to adopt a ‘closed’ conformation to increase interactions when a ligand is
present in the active site(262, 263). Similarly the L10o loop contains residues that form key
interactions with the substrate, such as Lys224/Arg228, which interact with the C3/C4
carboxylate of B-lactam substrates(215, 254).

1.10.2. Subclass B2 Metallo-f-Lactamases

The B2 subclass of MBL is a much smaller group and includes carbapenem hydrolysing
enzyme from Aeromonas hydrophila (CphA), imipenemase from Aeromonas veronii bv.
Sobria (ImiS), and Serratia fonticola carbapenem hydrolase (Sth-I)(264, 265). The B2 MBLs
have a smaller substrate range, with a much greater selectivity for carbapenems(266). The
active site of B2 MBLs is structurally distinct from that of the B1 enzymes due to the
mutation of His116 in B1 MBLs to Asni116 in B2 MBLs (Figure 1.17)(267). This has
significantly reduced the affinity of the first metal binding site for zinc(II) so that the B2
enzymes only bind one metal ion in the second binding site in their most active form. In
some cases excess zinc(II) in solution can encourage a second binding event, but this is
inhibitory to B2 enzymes(268). The active site is characterised by one metal bound water

molecule and a second positioned, by hydrogen bonding, between His118 and Asp120. An
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extension in o-helix 3 in the B2 enzymes results in a narrower active site groove that likely

gives rise to their selectivity for carbapenems(269).

Bl B2 B3
% ldentity
Bcll VIM-2 NDM-1 IMP-1 CphA  Sfh-1 L1 GOB-1 FEZ-1
Bcll 29 25 17 16 13
VIM-2 25 24 16 11 14
B1
NDM-1 23 19 17 14 16
IMP-1 22 23 15 15 17
CphA 29 25 23 22 18 16 17
B2
Sfh-1 25 24 19 23 16 20 13
L1 17 16 17 15 18 16
B3 GOB-1 16 11 14 15 16 20
FEZ-1 13 14 16 17 17 13

Figure 1.16: Shared amino acid sequence identities of selected metallo-B-lactamases. Grey boxes highlight
the three subclasses, B1, B2, and B3. The B3 subclass is the most distinct, exhibiting the lowest shared
sequence identity with both B1 and B2 enzymes. Sequence alighments and identity calculations were

performed using the Clustal Omega web service(158).

1.10.3. Subclass B3 Metallo-B-Lactamases
The B3 subclass of MBLs is more significantly diverged from the B1 and B2 subclasses, with
only 13% shared sequence identity in some cases, and the B3 enzymes are thought to have
evolved independently of the other two classes (Figure 1.16)(270, 271). The B3 MBLs include
the labile enzyme from Stenotrophomonas maltophilia (L1)(272), Fluoribacter (Legionella)
gormanii endogenous zinc B-lactamase (FEZ-1)(273), and Chryseobacterium
meningosepticum B-lactamase (GOB-1)(274). With the exception of GOB-1, which has now
been shown to be active with one or two zinc(II) ions bound, the B3 enzymes are classified as
di-zinc(II) enzymes(275, 276).

The active site of B3 MBLs is also different to B1 and B2 enzymes. Mutation of

Cys221, present as a metal ligand in both B1 and B2 enzymes, to Ser221 in B3 enzymes has
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negated the use of this amino acid as a metal ligand. However a new ligand His121 completes
the coordination sphere of the second metal binding site(277). In the active site of GOB
enzymes, there is a further mutation of His116 to a glutamine so that both metal binding
sites are altered in GOB enzymes relative to B1 MBLs(275). The B3 enzymes exhibit the
conserved offfa fold but with an additional B-strand in the first f-sheet as well as significant
extension of loops flanking the active site(215). L1 is a further oddity among MBLs since it is

tetrameric in solution unlike other MBLs, which are monomeric(278).

Class B1 Class B2
His118 Aspi20 His118 Asp120
His{16 @ % Q °ﬁ%
Asn{116

WKQJCQ

His263 || His196 Cys221
e His263

Class B3
His118 Mﬁgﬂp@@

His116 4
-©-
O:{r@ 6'
L His263

Figure 1.17: Active site views of subclass B1, B2, and B3 metallo-B-lactamases as exemplified by Bcll(254),
CphA(255), and L1(256), respectively. Amino acid residues ligating the metal ions are rendered as ball and
stick. Red spheres represent water molecules, either coordinated to metal centres or within appropriate

hydrogen bonding distances. (PDB accession codes: 4C09 — Bcll, 1X8G — CphA, 2FM6 - L1).

1.11. Mechanisms of Metallo-B-Lactamases
The presence of zinc ions is critical for the activity of MBLs. Once bound in the active site,
these zinc ions may have a number of beneficial effects for facilitating substrate

hydrolysis(279), which include:
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e Coordination and polarisation of the B-lactam carbonyl to facilitate attack of a
nucleophile.

e Stabilisation of the oxyanion that would arise as a result of nucleophilic attack.

e Stabilisation of an amine anion that may result from expulsion of the leaving group in
hydrolysis of the B-lactam ring.

¢ Coordination of a water ligand which can act as a nucleophile; the polarisation of
water molecules by coordination to a transition metal can also encourage proton
dissociation to produce a bound hydroxide ion that may be more nucleophilic than

the parent water molecule.

Although the exact mechanism of MBLs is still a matter of debate, there is an agreed
consensus that hydrolysis proceeds via attack of a metal-bound water/hydroxide onto the -
lactam carbonyl, followed by cleavage of the lactam carbon-nitrogen bond and subsequent
protonation of the amine leaving group before release of the hydrolysed product.

The initial crystal structure solved for Bcll revealed a mono-metallated enzyme, with
one zinc ion in the 3His site(257). This lead to the proposal that hydrolysis proceeds by
attack of a metal-bound water onto the B-lactam carbonyl and subsequent formation of a
tetrahedral intermediate, which could be stabilised via coordination to the zinc ion. Asp120,
free in the mono-metallated enzyme, was proposed to act as a general base/acid by
abstracting from the proton from the tetrahedral anion to produce a dianionic species,
stabilised by coordination to the zinc ion, and shuttling it to the amide nitrogen to give a
protonated leaving group after collapse of the tetrahedral intermediate and cleavage of the
carbon-nitrogen bond (Figure 1.18). Various aspects of this initial mechanistic proposal have
been called into question, particularly since it is now agreed that Bcll binds two zinc ions in
its active site(258), resulting in a much reduced availability of Asp120 as a general acid/base,
given its role as a metal ligand. Extensive characterisation of the MBLs via mutagenesis,
crystallography, stopped-flow kinetics and EPR studies have increased our understanding of

the mechanism of these enzymes.
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Figure 1.18: Initially proposed mechanism for the hydrolysis of B-lactams by metallo-f-lactamases. This
mechanism was based on the observation of a monometallated enzyme in the first solved crystal structure

of Bcll.

1.11.1. The Catalytic Mechanism of B1 and B3 Metallo--Lactamases

The mechanisms of both B1 MBLs and the B3 enzyme, L1, have been studied in some detail.
Steady-state and stopped-flow kinetics employing the reporter substrates CENTA, nitrocefin,
and chromacef (Figure 1.19) as well as substitution of the spectroscopically inactive zinc(II)
ions for cobalt(II), which also helps to reduce the rate of B-lactamase catalysis, have helped
to identify various catalytic states of the enzyme as well as characterise transient small
molecule species along the reaction pathway(280-284).

Stopped-flow analysis of Co(II)-BcIl catalysed carbapenemase activity with
imipenem conclude that both mono- and dimetallated BclII are catalytically active, however
the greatest activity stems from the dimetallated enzyme(285). For dizinc MBLs, the
substrate is proposed to bind initially via coordination to both zinc ions, with the B-lactam
carbonyl coordinating Zn1 and the free carboxylate binding Zn2. This process will polarise
the B-lactam carbonyl, thus facilitating attack of a nucleophile. The p2 bridging water
molecule likely has a lower pK, due to coordination to two metal centres and consequently is
proposed to exist as a hydroxide ion at relevant pH values(286). This hydroxide ion attacks
the polarised B-lactam carbonyl to produce a transient tetrahedral anionic species(Figure

1.20)(287).
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Figure 1.19: Reporter substrates routinely used to identify B-lactamase activity and to characterise the

mechanisms of metallo-B-lactamases.

The exact nature of the collapse of this tetrahedral intermediate and subsequent
protonation of the anion produced are contentious issues. If carbon-nitrogen bond cleavage
were rate limiting, subsequent protonation of the amine leaving group would essentially be
concomitant, whereas if the protonation itself were rate limiting, an anionic intermediate
species resulting from the carbon-nitrogen bond cleavage should be detectable. Pre-steady
state kinetic studies of the B1 cefoxitin and carbapenem resistant MBL (CcrA) revealed an
intermediate species in nitrocefin hydrolysis, with a corresponding absorbance feature at
665 nm(288). This absorbance feature was shown to correspond to a deprotonated amine
intermediate. Similar stopped-flow analyses with NDM-1 and the B3 enzyme, Li, have
revealed this same species in nitrocefin hydrolysis, providing evidence for protonation of an
anionic intermediate being rate determining(289, 290). However this feature is absent in
nitrocefin hydrolysis catalysed by Bcll and Bla2(281, 291). It has been argued that the
extended conjugated system of nitrocefin, on account of its 2,4-dinitrostyryl substituent
(Figure 1.19), is atypical compared to clinically employed cephalosporins(292), and that a
greater potential for stabilisation of an anionic intermediate in this system leads to
protonation being rate determining. This is supported by later work with L1, in which no
detectable intermediate was present in the hydrolysis of cefaclor or meropenem and the
carbon-nitrogen bond cleavage was determined to be rate determining(282). But
intermediate species have been detected in the hydrolysis of imipenem by di-Co(II) Bell and
meropenem by IMP-25 and both di-Zn(II) and di-Co(II) Sao Paulo MBL (SPM-1)(261, 285,
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293). Thus the rate-determining step in the B-lactamase reaction is either carbon-nitrogen
bond cleavage or protonation of the subsequent anionic species, and appears to be
dependent on the enzyme and substrate combination employed in the study.

Following on from the mechanistic proposal developed based on the mono-
metallated Bcll structure, the results of mutational analysis suggest that Asp120 was not
essential for protonation of an intermediate or activation of a nucleophile, ruling out its
potential role as an acid/base catalyst(294, 295). Based on a co-crystal structure of NDM-1 in
complex with hydrolysed ampicillin, it has also been proposed that the carboxylic acid
formed on B-lactam hydrolysis is the proton source for protonation of the outgoing amine
anion(296). The general consensus, however, is that the apical water coordinating Zn2 is the
likely source of the proton during the p-lactamase reaction (Figure 1.20). Movement of this
water molecule from an apical to a p2 bridging position may help reduce its pK, and thus

making it more ready to act as a proton source(287).

1.11.2. The Catalytic Mechanism of B2 Metallo-f-Lactamases

Crystal structures of CphA and Sth-I have revealed a monometallated enzyme with the sole
zinc ion being present in the DCH site(255, 297). This ion has one water ligand at a
coordination distance of 2.2 A, consistent with a bound water rather than a hydroxide, while
another water is held in the active site via interactions with His118 and Asp120. A co-crystal
structure of CphA in complex with biapenem has led to the proposal that His196 may have a
role in polarising the B-lactam carbonyl on substrate binding, while the carboxylate moiety of
the molecule is coordinated to the zinc centre(255). It has also been suggested that, at least
in the case of imipenem hydrolysis by Sth-I, hydrolysis may proceed through an anionic
intermediate, rendering protonation of this species the rate determining step in the reaction
pathway(298).

Thus in the B2 MBLs, substrate binds by coordination to the zinc ion and via
interaction with His196, His118 acts as a general base to deprotonate the adjacent water
molecule which acts as the nucleophile to attack the B-lactam carbonyl (Figure 1.20).
Collapse of the tetrahedral anionic intermediate produced gives rise to an anionic nitrogen
species, which is stabilised via coordination to the zinc ion, and this is subsequently
protonated by the metal bound water (Figure 1.20)(287). The observed inhibition of B2
MBLs by the binding of a second zinc ion supports this proposed mechanism(269), since
binding of the metal in the second site would sequester both His196 and His118 as metal
ligands and not leave them free to polarise the B-lactam carbonyl or deprotonate the

hydrolytic water, respectively.
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Chapter 1 General Introduction

1.12. Inhibition of Metallo-f-Lactamases

Unlike the SBLs, the MBLs, to date, have no clinically available inhibitors(140). This may be
in part due to the sequence and structural diversity exhibited by the different subclasses of
MBL, as well as the differences in substrate selectivity and mechanism of individual
enzymes(216). Despite this, a number of distinct classes of MBL inhibitor have been
reported. These tend to be developed by initially focussing on chelation of the active site zinc
ions. Many human proteins, potentially up to one third of the human proteome, are also
metalloenzymes(299), thus metal chelation alone is not necessarily the best starting point for
MBL inhibitors, since off-target human enzymes are also potential targets. As a result,
increased selectivity through expansion of inhibitor chemistry to target conserved residues
such as Arg228/Lys224, Asn233 and hydrophobic contacts with residues in the L3 loop is
also critical in MBL inhibitor development(300, 301). Exploitation of mechanistic features
conserved through all three subclasses of MBL is also a viable method of obtaining
selectivity(302). A balance of breadth versus selectivity is, however, required to hit as many
of the diverse clinically relevant enzymes (for example VIM, NDM and IMP types) as
possible with a single compound. The breadth of MBL inhibitor chemotypes has been
extensively reviewed(140, 280, 303, 304), and information on select examples of inhibitor

subclasses is discussed below.

1.12.1 Metallo-f-Lactamase Inhibitors: Zinc Chelators

The initial identification of Bcll as an MBL arose from the loss of activity that it exhibited
when treated with EDTA(143). Hence, since their initial discovery, chelation of the active site
metal ions has been a known method of inhibition. Typically MBLs inhibitors that act by zinc
chelation exhibit one or more carboxylic acid or tetrazole rings.

The zinc chelators include biphenyl tetrazoles (Figure 1.21), which, when optimised,
show mid-to-low micromolar ICs;s against IMP-1 and the CcrA from Bacteroides
fragilis(305). Substituted succinic acid derivatives (Figure 1.21) show IC5, values as low as
2.7 nM against IMP-1 and have shown some success at potentiating meropenem against
IMP-1 producing E. coli using in vitro growth assays(306, 307). Crystal structures with
IMP-1 show that the molecules bind via the carboxylates chelating the active site zinc ions,
one ion per carboxylate, and displace the bridging water in a binding mode that mimics the
binding of hydrolysed B-lactam products(259). Linear and cyclised succinic acids have also
been shown to inhibit L1 and exhibit a similar mode of binding in this B3 enzyme(256).
Pyridine dicarboxylates and the corresponding thioacid natural products, which both
arguably mimic the structure of hydrolysed cephalosporins, exhibit low micromolar ICs.s
against CcrA, CphA and L1(308, 309). Other zinc-chelating chemotypes include

trifluoromethyl ketones/alcohols, phthalic acid derivatives, and hydroxamic acids(310-312).
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Figure 1.21: Representative structures for different classes of metallo-f-lactamase inhibitor. Reported IC5,/K;

values are also provided.

1.12.2. Metallo-B-Lactamase Inhibitors: Thiols

While thiol inhibitors also largely exhibit a mode of binding involving zinc chelation, a
distinction is made for these inhibitors since the free sulfide group typically adopts a
bridging position between the two zinc ions and hence mimics the binding of the hydrolytic
water in the uninhibited enzyme (Figure 1.20)(313). Inhibitors in this class include simple
thiols such as N-benzoyl-D-cysteine and 1,2-benzenedimethanethiol (Figure 1.21)(300, 314),
which have been shown to inhibit L1 and IMP-1, respectively, or may include another acid
group such as a carboxylic acid or phosphate group as in 3,5-bis(sulfanylmethyl)benzoic
acid, and thiomandelic acid(300, 315, 316).

The angiotensin-converting enzyme (ACE) inhibitor L-captopril is able to inhibit
enzymes from all three subclasses of MBL. The D-captopril isomer has been shown to be
more potent against some B1 enzymes as well as CphA(300). Structural characterisation of
B1 enzymes in complex with captopril stereoisomers suggests that the increased potency of
D-captopril stems from the positioning of the carboxylate moiety, which is able to form a salt
bridge with the conserved Lys224/Arg228 active site residue(254, 317). The thioenolate
compound ML302F is a highly potent inhibitor of B1 MBLs(318). The altered relative
positions of the thiol and carboxylate on account of the adjacent carbon-carbon double bond

allows for an interesting binding mode whereby the thiol bridges the two zinc ions while the
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carboxylate simultaneously binds to the second zinc ion. This mode of binding is likely what
gives rise to the potent inhibition by this molecule.

Mercaptoacetic acid thiol esters have been shown to behave as ‘mechanism-based’
inhibitors(319). These molecules provide a source of mercaptoacetic acid, likely generated by
hydrolysis in the active site, which is able to react with Cys221, one of the metal ligands in
the second metal (DCH) binding site, to form a stable disulfide that obstructs binding of the

second metal ion.

1.12.3. Metallo-B-Lactamase Inhibitors: Substrate Analogues
Since both SBLs and MBLs accept the same general substrate, it stands to reason that
substrate mimics might act as a source of dual action inhibitors, with inhibitory activity
against both classes of enzyme. This form of inhibitor may be useful in future, should
coproduction of by SBLs and MBLs by resistant bacterial pathogens become prevalent.
6-(mercaptomethyl)-penicillanic acids (Figure 1.22) have been shown to inhibit both
SBLs and MBLs, including TEM-1, Bcll, and L1, and to increase the potency of piperacillin
against P. aeruginosa strains producing MBLs(320). 8-thioxocephalosporins (Figure 1.22)
have been shown to be weak inhibitors of Bell, while their hydrolysis products, as well as the
hydrolysis products of normal cephalosporins are more potent, with IC;, values in the mid-
to-low micromolar range(321, 322). 6-alkylidene-2-substituted penam sulfones (Figure 1.22)

have also been identified as inhibitors of B-lactamase 2 (Bla2) with IC, values as low as 1

uM(323). Reverse hydroxamate variants of cephalosporins (Figure 1.22) have also been
shown to exhibit sub-micromolar ICs;, values against the German imipenemase (GIM-1)
MBL(324). B-methylcarbapenems, particularly those with dithiocarbamate, benzothienythio,
or pyrrolidinylthio substituents at the C-2 position (Figure 1.22) have been shown to inhibit
MBLs, with low to sub-micromolar ICs, values, as well as inhibiting class A and C SBLs.

Cyclobutanones represent a class of non-hydrolysable substrate mimics, since they
lack a nitrogen atom in their four-membered ring (Figure 1.22). These molecules have been
shown to inhibit both SBLs and MBLs, although potency against MBLs is modest, at
best(302, 325).

Page | 32



Chapter 1

General Introduction

Y.
o7 OH

6-(Mercaptomethyl)-Penicillanic
Acids
ICsq vs Bell: 1.7 uM

1 N
=N
0
S
0 ; OH
OH

/~OH
O/"

6-Alkylidene-2-Substituted
Penam Sulfones
ICs0 vs Bla2: 1 uM

OH OH

Hydrolysed 8-(Thioxo)-
Cephalosporin
K; vs Bcll: 96 uM

i
Sro U

(0]
6] OH
Cephalosporin Reverse
Hydroxamate
IC50 vs GIM-1: 0.3 uM

a s,y
..|O

H =
Vi
O/“OH

Cyclobutanone
IC50 vs IMP-1: 122 UM

1p-methylcarbapenem
ICs vs IMP-1: 3.7 nM

Figure 1.22: Representative structures for different substrate analogue based inhibitors of metallo-§-

lactamases. Reported ICso/K; values are also provided.

1.13. Summary
Combined, the serine and metallo-B-lactamases constitute a diverse array of enzymes with
the ability to hydrolyse -lactam antibiotics. Although divided into two families that exhibit
conserved folds, the SBLs and MBLs show large variation in the length of loops surrounding
their active sites, substrate preferences, metal requirements and mechanisms (in the case of
MBLs), and, importantly, in their response to inhibitors. Despite their age, f-lactams still
constitute the largest portion of antibiotics used to treat bacterial infections worldwide.
Thus, while their effectiveness may ultimately be outlasted by resistant bacteria, the
continued study of B-lactamase enzymes and the development of f-lactamase inhibitors can
continue to potentiate the use of B-lactams as effective drugs in the years to come.

Resistant bacterial infections mediated by the production of SBLs have multiple
treatment possibilities, including the co-administration of clavulanic acid, sulbactam and
tazobactam, as well as the non-B-lactam SBL inhibitors, avibactam, perhaps soon

relebactam, and vaborbactam, alongside a B-lactam antibiotic. However to date there are no
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clinically available MBL inhibitors. The treatment methods for SBL-mediated resistant
infections do however provide precedence for the possibility of combination therapy
involving a MBL inhibitor and a p-lactam, and thus the continued study of MBLs and their
mechanisms, and the development of potential MBL inhibitors, are not unimportant areas of
research. Perhaps of an even greater clinical interest would be ‘dual-action’ inhibitors with
potency against both SBLs and MBLs. Molecules such as these may prove necessary as
reports of resistant bacteria co-producing both SBLs and MBLs continue to rise, and with the
possibility that the usefulness of avibactam be challenged by the evolution of MBLs with the
capability of hydrolysing this molecule.

1.14. Research Objectives

The research detailed in this thesis followed three main objectives. Firstly, to elucidate more
mechanistic detail about the true MBLs, particularly with reference to their metal
requirements. Secondly, to achieve new chemotypes of MBL inhibitors, in particular to
investigate the possibility of achieving dual inhibitors of both MBLs and SBLs, and to
characterise their potency and mechanisms of binding and inhibition. And thirdly, to
develop new assays, with moderate to high throughput, for human MBL fold enzymes with
the view to developing counter screens of true MBL inhibitors in order to expedite future

clinical inhibitor development.
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The work in this chapter was carried out in conjunction with Drs Jiirgen Brem, who
obtained MBL-encoding plasmids and advised on protein purification, Hanna
Tarhonskaya, who advised on stopped-flow enzyme kinetics, and Michael McDonough,
who advised on crystallography. The inhibitors, thiomandelic acid and ML302F, used in
inhibition studies were synthesised by Dr Anna Rydzik. The majority of the work described
herein has been reported in academic literature(326). The structure of Bcll in complex with

ferrous ions is deposited in the Protein Data Bank with accession code 5FQA.

2.1. Introduction

As discussed in the General Introduction, the true metallo-p-lactamases (MBLs) bind one or
two zinc(II) ions in their active site to aid in their catalysis of p-lactam hydrolysis. The ability
of the MBLs to utilise a number of transition metal ions in place of their native zinc(II) ions
is well documented(327), with the metallo-B-lactamase from Bacillus cereus (Bcll)
exhibiting activity when substituted with cadmium(II), cobalt(II) or manganese(II) ions.
Similarly the class B1 Verona integron-encoded MBL (VIM-2) and the B3 labile enzyme from
Stenotrophomonas maltophilia (L1) have been shown to be active with similar transition
metal substitutions(328). Indeed, cobalt-substituted BcIl and VIM-2 have been used
routinely in pre-equilibrium kinetic studies of MBL-catalysed reactions due to the
spectroscopic visibility of cobalt(II) ions in electron paramagnetic resonance (EPR)
studies(283, 285), where zinc(II) ions are not visible. Similarly, analysis of the cobalt(II)-
bound B2 imipenemase from Aeromonas veronii bv. sobria (ImiS) has been used to inform
about the metal binding sites of the enzyme(329). The ability to use multiple transition
metals is highly beneficial for a bacterium producing MBLs since, even in situations of low
zinc(II) ion availability, the use of other available transition metal ions can facilitate f-lactam
hydrolysis.

A notable exception is iron ions. Although the activity of an assigned FeZn L1 enzyme
has been demonstrated(330), and there are multiple documented instances of MBLs co-
purifying with iron(221, 331, 332), no or negligible levels of activity have been reported with
enzymes binding solely iron as a cofactor(275, 328, 333, 334). This is, perhaps, unusual
considering that neighbouring transition metals in the same period are able to reconstitute
B-lactamase activity and the role of iron availability in host-pathogen interactions(335, 336).
Thus, these reported results may reflect a lack of control over the oxidation state of the iron
employed, since solutions of ferrous iron salts have a tendency to rapidly oxidise in solutions

with sufficient dissolved oxygen or exposed to air.

Page | 36



Chapter 2

Use of Ferrous Iron by Metallo-B-Lactamases

A

His118

His946 @ Y}Qmm’m
HIs196 ©y82211 t

His263
@ﬂu@ﬂ [pgg
Hﬂsi’@;i.
.Z‘%
His148  Asp165  is226
Clud3 sps

His81
% /¥

His143 Aspi67

His192 Aspidd

wmwN{@
Y

His254

wng@«u
Asp83

mﬁr’*

HIs135  pgpisq ~ MIs198

Figure 2.1: Crystal structures of selected metallo-B-lactamase fold proteins that are reported to use iron ions
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active site residues. The structure of the true metallo-f-lactamase, NDM-1 (A.) is provided for comparison.
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The MBL fold is, nevertheless, able to at least accommodate both mono- and di-
ferrous iron binding, exemplified not only by co-purification with true MBLs(221, 331, 332),
but also by members of the MBL fold superfamily(220, 223, 224, 337-339). MBL fold
proteins that bind iron are known to exhibit either oxidoreductase or hydrolase activities.
Oxidoreductase MBL fold enzymes include the di-iron rubredoxin:oxygen reductase (ROO)
from Desulfovibrio gigas and A-type flavoprotein (FprA) from Moorella thermoacetica(337,
338) the mono-iron dioxygenase ethylmalonic encephalopathy 1, ETHE1(220, 340), and the
di-iron oxygenase chloramphenicol biosynthesis enzyme, (Cm1A)(341). Studies have also
revealed that the phosphorylcholine esterase (Pce) from Streptococcus pneumoniae is an
MBL-fold hydrolase employing a di-Fe(II)-bound active site(223, 224). The latter enzyme is
of particular note since it has a requirement for ferrous and not ferric iron, yet is located on
the outer surface of the bacterial membrane(224), in what is considered to be an oxidising
environment(342, 343), much like the B-lactamases(344). Structural and activity summaries

of MBLs interacting with iron are presented in Figure 2.1 and Table 2.1.

Enzyme Metall Content Function Reported as...(Ref)
L1 Zn(l1)-Fe(l1) B-Lactamase Active(330)
NDM-1 Zn(l)-Fe(l1) B-Lactamase Inactive(334)
Fe(ll)-Fe(IN) B-Lactamase Inactive(334)
GOB-18 Fe(l1)-Fe(l1) B-Lactamase Inactive(276)
Fe(ll1)-Fe(lll) B-Lactamase Inactive(276)
Glyoxalase Il (H. sapiens) Zn(l1)-Fe(l1) Hydrolase Inactive(331)
Glyoxalase Il (A. thaliana ) Zn(l)-Fe(11) Hydrolase Inactive(339)
ElaC Fe(ll)-Fe(l1) Phosphodiesterase Inactive(332)
ROO Fe(Ill)-Fe(ln) Oxygen Reductase Inactive(337)
Fe(ll)-Fe(ll) Oxygen Reductase Active(337)
FprA Fe(ll)-Fe(ll) Nitric Oxide Reductase Active(338)
ETHE1 Fe(ll) Persulfide Dioxygenase Active(220)
CmilA Fe(ll)-Fe(ll1) Hydroxylase Active(341)
Pce Fe(ll)-Fe(ll) Hydrolase Active(223)

Table 2.1: Summary of reported interactions of metallo-B-lactamase fold proteins with iron ions.

2.2, Chapter Objectives

With limited knowledge on iron-substituted MBL activity, the goal of this chapter’s work was
to investigate whether iron ions are able to reconstitute the activity of MBL apo-enzymes.
Further to this we aimed to characterise any effects of metal substitution on the mechanism
of B-lactam hydrolysis, to examine any structural differences between metal-substituted
MBLs, and to assess how the effects of known MBL inhibitors might be altered. A particular

characteristic of MBLs is their ability to hydrolyse carbapenem antibiotics. Thus, in these
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studies two substrates were employed to test for B-lactamase activity, the chromogenic
reporter substrate, nitrocefin, and the clinically used ‘last-resort’ carbapenem, meropenem

(Figure 2.2).

0O
N

R H
Tyt s
S NO,
g

0

0 OH NO,
Nitrocefin Meropenem
Figure 2.2: Chemical structure of the chromogenic reporter substrate, nitrocefin (a cephalosporin), and the

clinically employed carbapenem, meropenem.

2.3. Production and Purification of Enzymes

Recombinant Bcll was produced using the previously reported S31>K257 pET-9a encoded
construct(345) in E. coli BL21(DE3) pLysS cells and purified by ion exchange using an SP
Sepharose column, as described in the general methods. Recombinant VIM-2, with an N-
terminal hexahistidine tag, was produced using the previously reported V27->E266 pOPINF
encoded construct(346) in E. coli BL21(DE3) pLysS cells and purified by immobilised metal
ion affinity chromatography followed by size exclusion chromatography before removal of
the N-terminal tag by 3C protease digestion, as described in the general methods. At each
stage in the purification of these enzymes, their purity was determined by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2.3), and once purification
was complete, their molecular weights were confirmed by electrospray ionisation mass
spectrometry (ESI-MS), and their extent of folding by circular dichroism spectroscopy
(Figure 2.4 & Table 2.2). The apo-forms of these two enzymes were generated by dialysis
treatment with ethylenediaminetetraacetic acid (EDTA) as described in the General
Methods.
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Figure 2.3: SDS-PAGE Gels of A & B. Bcll after one or two rounds, respectively, of ion exchange purification
by elution from an SP-sepharose column with a gradient of 0-1 M NaCl at pH 6.5. C, D & E. VIM-2 after
successive rounds of metal ion affinity purification by elution from an immobilised nickel column with a
gradient of 0-0.5 M imidazole, size exclusion chromatography using a Superdex 200 column, and 3C protease
incubation followed by nickel ion affinity rebinding, respectively. All enzyme purification steps were carried

out at 4 °C.
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Figure 2.4: Circular dichroism and mass spectra for purified Bcll (blue) and VIM-2 (green). Solid lines in
circular dichroism spectra represent measurements at 10 °C, while dashed lines represent those at 85 °C.

Enzymes were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5.

Enzyme Predicted Mass (Da) Measured Mass (Da)
Bcell 24952 24958
Vim-2 25670 25668
Table 2.2: Masses of Bcll and VIM-2 as determined by denaturing mass spectrometry. The predicted masses,

based on amino acid sequence, are also provided.

2.4. Determining the Feasibility of Metal Substitution

To verify that there was no significant loss in activity of the purified MBLs after metal
removal and reconstitution, the ability of the purified enzymes and reconstituted di-Zn(II)
apo-enzymes to hydrolyse nitrocefin was determined (Figure 2.5 & Table 2.3). Despite some
variation in k. and K, values when compared to literature reports with freshly prepared
enzymes, both Bcll and VIM-2 showed little loss in their ability to hydrolyse nitrocefin, as
demonstrated by little (less than two-fold) variation in determined affinity constants
(kcat/Km). This verified that the procedure for generating and reconstituting apo-enzymes

was not detrimental to the enzymes’ catalytic activities.
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Figure 2.5: Kinetics of A. purified and zinc(ll)-reconstituted apo- Bcll and B. purified and zinc(ll)-reconstituted
apo- VIM-2 with nitrocefin. The initial rate of hydrolysis is plotted against substrate concentration. Solid

lines indicate the Michaelis-Menten curves fitted in GraphPad Prism(347).

Enzyme Form [E]1(nM)  Kew (s K, (0M) k. /K, (uM*sT)
Ball Purified Di-Zn(ll) 1 19.3+0.5 14+2 1.37
Bcll Reconstituted Di-Zn(ll) 2 11.2+0.4 11+2 1.02

VIM-2 Purified Di-Zn(ll) 0.1 257 +3 14+1 18.4

VIM-2  Reconstituted Di-Zn(ll) 0.1 16213 101 16.2

Table 2.3: Fitted Michaelis-Menten kinetic constants for the hydrolysis of nitrocefin by purified and zinc(ll)-
reconstituted apo- Bcll and VIM-2.

2.4.1. Assessing Activity with Iron

Having established this, it was ascertained as to whether B-lactamase activity could be
restored to apo-Bcll and apo-VIM-2 by the provision of iron ions. This restoration was
provisionally verified by a visual test of nitrocefin hydrolysis (Figure 2.6). Addition of 10
equivalents of Fe(II), in the form of ammonium iron(II) sulfate, under low oxygen conditions
restored efficient B-lactamase activity to apo-BclIl, while no nitrocefin hydrolysis by either

the apo-enzyme or the salt alone was observed.

Page | 42



Chapter 2 Use of Ferrous Iron by Metallo-B-Lactamases

Fe(ll) - + - +

Apo-Bcll = = + +

Figure 2.6: Activity of Fe(ll)-substituted Bcll as exemplified by nitrocefin hydrolysis. Left to right: 100 uM
nitrocefin in buffer, 100 pM nitrocefin with 10 puM Fe(ll) salt, 100 pM nitrocefin with 10 pM apo-Bcll, and
100 uM nitrocefin with 10 uM Fe(ll)-substituted Bcll. These tests were performed at 25 °C and pH 7.5.

2.4.2. Determining Minimal Metal Requirements

Since the B1 MBLs have two metal binding sites and mono-metallation is a possibility, non-
denaturing mass spectrometry (MS) was used to investigate the concentration of metal salts
required to produce a di-metallated enzyme as the dominant species (Figure 2.7). This would
allow for the activity of the metal-substituted enzymes to be assessed with a minimal excess
of metal salt in solution, which might have the potential to interfere with the enzymatic -
lactamase activity. MS analysis confirmed that apo-BcIl (measured as 24952 Da) could be
reconstituted to its di-Zn(II) form with two equivalents of metal salt or higher (measured as
25082 Da, +130 Da mass shift). A similar result was obtained using Fe(II) salt, with the
dominant form of the enzyme being di-Fe(II) after addition of two equivalents of metal
(measured as 25064 Da, +112 Da mass shift). Interestingly, different behaviour was seen
upon addition of either Zn(II) or Fe(II) salts; with Zn(II), the enzyme transitioned directly
from apo-BcllI to di-Zn(II) Bcll with no detectable mono-metallated enzyme, in contrast a
mono-Fe(II) enzyme (measured as 25008 Da, +56 Da mass shift) was seen as the dominant
species upon addition of a half or one equivalent of Fe(II) salt. This suggested the possibility
of differently metallated -lactamases demonstrating differing catalytic behaviour, since the

enzyme showed variability in its interaction with different metals.
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Figure 2.7: Mass spectra of A. 100 uM apo-Bcll titrated with increasing equivalents of Zn(ll) salt and B. 100
UM apo-Bcll titrated with increasing equivalents of Fe(ll) salt. All samples were buffer exchanged into, or
dissolved in 15 mM ammonium acetate, pH 7.5. A mono-metallated species is visible in the Fe(ll) titration
that is not seen with the addition of zinc. In both cases the di-metallated enzyme is the dominant species

after the addition of two equivalents of metal or higher.

In order to ensure that di-metallated enzymes were the major component in solution, it was
decided that 3.5 equivalents of metal salt would be used to reconstitute the apo-MBLs. In
addition, since oxidation of the active site Cys221 ligand is precedented both in apo-MBLs as
well as in metallated forms of these enzymes(348), it was decided to supplement the enzyme
with two equivalents of tris(2-carboxyethyl)phosphine (TCEP) prior to addition of metal

salts.

2.5. Steady-State Kinetics with Iron-Substituted MBLs
Iron typically exhibits two oxidation states (+2 and +3) with a tendency for iron(II) salt
solutions to oxidise in air, forming less soluble iron(III) salts. In previous reports concerning
the use of iron by MBLs no attempt to control for the oxidation of the metal ions was
reported(328, 333). This may, indeed, be the reason that no B-lactamase activity is seen,
since Fe(II) solutions will rapidly oxidise to Fe(III), which may not facilitate catalysis. Thus,
in assessing whether iron salts could reconstitute de-metallated MBLs, it was required to
determine the effects of both Fe(II) and Fe(III) salts independently. This was achieved by
carrying out kinetic assays in a glove-box (Belle Technology) at oxygen concentrations of <
10 ppm, using deoxygenated solutions, in order to significantly reduce the likelihood of iron
oxidation.

Using a minimum amount of metal salt to restore di-metallated enzymes, as
discussed above, the ability of di-Zn(II)-Bcll, di-Fe(II)-Bcll, di-Fe(III)-Bell, di-Zn(1I)-VIM-
2, di-Fe(I)-VIM-2, and di-Fe(III)-VIM-2 to hydrolyse both the reporter substrate,
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nitrocefin, and the clinically used carbapenem, meropenem was investigated by measuring
changes in absorbance at 485 nm or 295 nm (corresponding to hydrolysed nitrocefin or
intact meropenem, respectively, Figure 2.8 & Tables 2.4 & 2.5). Substitution with Fe(III)
salts under the same conditions did not produce any measurable B-lactamase activity. In the
case of Bcll, both di-Zn(II)- and di-Fe(II)-BcII were able to hydrolyse nitrocefin and
meropenem with highly comparable specificity constants 0.82 and 1.2 puM- s, respectively,
for nitrocefin hydrolysis and 0.4 and 0.17 uM™ s, respectively, for meropenem hydrolysis.
With VIM-2, hydrolysis of both nitrocefin and meropenem was seen with Fe(II) substitution,
however this was less efficient in both cases, with an 11-fold drop in kcat/Km (from 16 to 1.4
uM- s1) with nitrocefin, and a comparable 8-fold drop (from 0.24 to 0.03 uM™ s*) with

meropenemn.
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Figure 2.8: Kinetics of di-Zn(ll)- and di-Fe(ll)- Bcll and VIM-2 with A. nitrocefin and B. meropenem. The initial
rate of hydrolysis is plotted against substrate concentration. Hydrolysis data were collected at 25 °C and pH
7.5. Solid lines indicate the Michaelis-Menten curves fitted for Bcll and dashed lines indicate curves fitted

for VIM-2. Curves were fitted using GraphPad Prism(347).

Enzyme Metal [E](nM) k cu (S‘l) K, (pMm) kool Ky, U'I'M'l S-l)

Bcll  Zn(ll) 2 10.1+0.4 122 0.82

Bcll  Fe(ll) 2 12504 1112 1.2
VIM-2  Zn(ll) 0.1 143 +3 9+1 16
VIM-2  Fe(ll) 1 a4 +2 32+5 1.4

Table 2.4: Fitted Michaelis-Menten kinetic constants for the hydrolysis of nitrocefin by di-Zn(ll)-and di-Fe(ll)-

Bcll and VIM-2. Hydrolysis data were collected at 25 °C and pH 7.5.
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Enzyme Metal [E] (nM) Kk (5'1) Km (BM)  Keoe/Kp {].tM'l s'l)

Bcll  Zn(ll) 2 89+3  220+20 0.4
Bcll  Fe(ll) 2 38+2 23030 0.17
VIM-2  Zn(ll) 5 24101 10%2 0.24
VIM-2 Fe(ll 30 05%0.0 1612 0.03

Table 2.5: Fitted Michaelis-Menten kinetic constants for the hydrolysis of meropenem by di-Zn(ll)-and di-
Fe(ll)- Bcll and VIM-2. Hydrolysis data were collected at 25 °C and pH 7.5.

2.6. Other Metal Substitutions

As mentioned previously, the activity of the MBLs with a number of metal substitutions has
been reported(327). Alongside work with iron, the ability of BeIl and VIM-2 to hydrolyse
nitrocefin and meropenem, when substituted with limiting quantities of different transition
metal ions was investigated (Table 2.6). To gain information about each metal’s ability to
stabilise the MBL fold, melting temperatures for each metal substituted variant were also

obtained (Figure 2.9 & Table 2.7).

Subtrate Enzyme Metal [E] (nw1) K car (s7) K, (uM) kea K, (pM7 )
Nitrocefin Bcll Zn(lN) 2 10.1+04 12+2 0.82
Fe(ll) 2 12.5+0.4 11+2 1.2
Co(ll) 2 6.810.2 78+6 0.087
Mn(ll) 4 1.47 £0.05 41+5 0.035
ViM-2 Zn(n) 0.1 143+3 9+1 16
Fe(ll) 1 a4+2 32+5 1.4
co(ll) 4 11.8+0.6 26+5 0.45
Mn(ll) 8 601 172+ 8 0.35
Meropenem Bcll Zn(ll) 2 89+3 220+ 20 0.40
Fe(ll) 2 38+2 23030 0.17
Co(ll) 4 51+9 400 + 100 0.13
Mn(l1) 4 32+5 160 + 50 0.20
VIM-2 Zn(l) 5 24+0.1 10+2 0.24
Fe(ll) 30 0.5+0.0 16+2 0.03
Co(ll) 250 0.38+0.4 3010 0.013
Mn(ll) 250 1.27 £ 0.05 250+ 20 0.0051

Table 2.6: Fitted Michaelis-Menten kinetic constants for the hydrolysis of nitrocefin and meropenem by
transition metal substituted Bcll and VIM-2. Hydrolysis data were collected at 25 °C and pH 7.5. The values

from tables 2.4 and 2.5 are included for comparison.
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Figure 2.9: Melting curves for transition metal substituted the metallo-B-lactamases, A. Bcll and B. VIM-2, as
determined by circular dichroism spectroscopy. Enzymes were assayed at 0.2 mg mL™ in 10 mM sodium

phosphate buffer, pH 7.5. Curve fitting was performed using OriginPro(349).

Enzyme Metal Tm (°C)
Bcll Apo 61.6+0.1
Zn(l) ~85
Fe(ll) 79+1
Co(N) 73.4+0.3
Mn(l) 63.7+0.3
VIM-2 Apo- 49.510.3
Zn(N) 75.2+0.5
Fe(ll) 70.7 £+ 0.4
Co(ll) 62.2+0.2
Mn(i) 483+0.3

Table 2.7: Melting temperatures for transition metal substituted metallo-f-lactamases, as determined by
circular dichroism spectroscopy. Enzymes were assayed at 0.2 mg mL™” in 10 mM sodium phosphate buffer,

pH 7.5.

Substitution of Bell with cobalt(IT) or manganese(II) resulted in a 10 to 20-fold lower
catalytic efficiency for the hydrolysis of nitrocefin, when compared to zinc(II) or iron(II)
substitution, but only a four-fold reduction for meropenem hydrolysis (0.4 uM™ s versus 1.3
uM- s for Zn(II) and Co(II), respectively). In both cases Mn(II) ions gave a lower value,
and this may be a result of poor binding of the metal ions at this pH and concentration, as
reflected by the low stabilisation of the metal-substituted enzyme relative to the apo form
(T values of 63.7 + 0.3 and 61.6 + 0.1 °C for Mn(II)-substituted and apo Bcll, respectively,
Table 2.7). A similar pattern is seen with VIM-2, where Mn(II) and Co(II) substitution gave
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poorer efficiencies for the hydrolysis of both nitrocefin and meropenem, relative to zinc(II)
and iron(II). Once again, the calculated melting temperature suggests that Mn(II) is poorly
bound by VIM-2 under these conditions, with no stabilisation of the protein relative to the
apo-enzyme (T, values of 48.3 + 0.3 and 49.5 + 0.3 °C for Mn(II) substitution and apo-VIM-
2, respectively).

Interestingly, substitution of both enzymes with Fe(II) stabilises the enzymes most
comparably to the Zn(II)-substituted counterparts. Thus, it seems likely that the affinity of
the MBL active site for ferrous ions is closer to the affinity for zinc(IT) when compared to
Mn(II) or Co(II). This result may be the reason for the comparable activities of Zn(II) and

Fe(II)-substituted enzymes under the assay conditions employed.

2.7. Stopped-Flow Kinetics with Iron-Substituted MBLs

Having established that MBLs were active when substituted with Fe(II), and given that they
potentially respond differently to Zn(II) and Fe(II), at least in the case of binding (Figure
2.7), it was investigated whether the mechanism of nitrocefin hydrolysis by MBLs was
altered upon substitution of Zn(II) for Fe(II). To investigate this, stopped-flow absorption
spectroscopy kinetics were employed to monitor the reaction of di-Zn(II) and di-Fe(II) Bell
and VIM-2 in a 1:1 ratio with nitrocefin. Nitrocefin absorbs at 390 nm, and the hydrolysed
nitrocefin product absorbs at 485 nm. In some experiments an additional feature at 665 nm
has been characterised, which is attributed the formation of an anionic intermediate in the
hydrolysis reaction(282, 289, 290, 292). This intermediate has been characterised in the
VIM-2 catalysed reaction with a similar substrate, chromacef(283), but is reportedly absent
in the Bcell-catalysed hydrolysis of nitrocefin(281). Variation in Bell activity as a function of
pH has previously been observed(327). Therefore, Bell- and VIM-2-catalysed hydrolysis of

nitrocefin was investigated at pH values of 5.5, 6.5 and 7.5.
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Figure 2.10: Spectral changes seen at 390 nm when 100 uM nitrocefin is mixed with buffer at pH 5.5, 6.5, or
7.5, supplemented with A. 100 uM metal salt or B. 100 uM apo-, or Fe(lll)-substituted, Bcll. Stopped-flow
experiments were carried out at 5 °C. In this control experiment, no substrate hydrolysis is seen over the

typical time course of an enzyme catalysed reaction.

2.7.1. Spectral Data Analysis

No hydrolysis of the substrate was observed in metal salt supplemented buffers over the
course of the enzyme-catalysed reaction (Figure 2.10). The time taken for complete reaction
of the nitrocefin substrate was similar for both di-Zn(II) and di-Fe(II) BeII, but substantially
longer for di-Fe(II) VIM-2 when compared to di-Zn(II) VIM-2, which likely reflects the
differences in the second order Michaelis-Menten rate constants (kca:/Kn) seen in the steady-
state kinetics.

As precedented by previous reports(281, 283), spectral changes corresponding to
substrate depletion (390 nm) and product accumulation (485 nm) were observed with both
di-Zn(IT) and di-Fe(II) BeIl and VIM-2 enzymes (Figures 2.11 — 2.13). Di-Zn(II) BeIl showed
no detectable intermediate while a clear feature with a maximum absorbance wavelength
(Amax) at 665 nm was observed with di-Zn(II) VIM-2. Both of these observations are in

agreement with the literature(281, 283).
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Figure 2.11: pH-Dependent spectral changes seen during the reaction of the specified enzyme at 50 uM with
50 uM nitrocefin in a 1:1 ratio at 5°C. A. Di-Zn(ll) Bcll, pH 5.5. B. Di-Fe(ll) Bcll, pH 5.5. C. Di-Zn(Il) Bcll, pH 6.5.
D. Di-Fe(ll) Bcll, pH 6.5. E. Di-Zn(ll) Bcll, pH 7.5. F. Di-Fe(ll) Bcll, pH 7.5. G. Di-Zn(ll) VIM-2, pH 5.5. H. Di-Fe(ll)
VIM-2, pH 5.5. I. Di-Zn(ll) VIM-2, pH 6.5. J. Di-Fe(ll) VIM-2, pH 6.5. K. Di-Zn(ll) VIM-2, pH 7.5. L. Di-Fe(ll) VIM-
2,pH7.5.

With di-Fe(IT) Bell, no clear feature (as compared to the spectra obtained with di-Zn(II)
VIM-2 (Figure 2.11)) was observed around 665 nm in the normal absorbance spectra.
However difference spectra, which employed the absorbance spectrum at an intermediate
time point in the reaction as a baseline, revealed a decaying feature with a Amax of 665 nm
(Figure 2.12). Although it is possible this feature might have been the result of an extended
shoulder to the absorbance feature at 485 nm, the demonstration that the 665 nm decays
while the 485 nm simultaneously grows confirms that the 665 nm feature corresponds to an
independent species. A similar difference spectrum obtained from the di-Zn(II) Bcll
catalysed reaction showed no feature like this, as expected. This feature at 665 nm also
appeared to be pH dependent, with a more substantial absorbance seen at pH 7.5, a reduced
absorbance at pH 6.5, and again at pH 5.5.

On substitution of VIM-2 with iron, the apparent intermediate previously seen at 665
nm was no longer present, with negligible changes at 665 nm, even in difference spectra
(Figure 2.13). Thus the observation of a reaction intermediate in nitrocefin hydrolysis at 665
nm appears to be dependent, not just on the enzyme catalyzing the reaction, but on the

particular metal-enzyme combination employed.
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Figure 2.12: Stopped-flow kinetics of Bcll catalysed nitrocefin hydrolysis at A. pH 5.5, B. pH 6.5 and C. pH 7.5.

Spectral changes during the reaction of 50 uM di-Zn(ll) Bcll, or di-Fe(ll) Bcll, respectively, with 50 pM

nitrocefin in a 1:1 ratio at pH 7.5 and 5°C. Difference spectra of absorbance wavelengths 300-750 nm from

0.3-1.2 s using absorbance at 0.3 s as a baseline. Arrows indicate growth or decay of peaks and A ., values.

Absorbance traces at 390, 485 and 665 nm over the reaction time course are also shown with dashed lines

indicate fitting curve traces.
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Figure 2.13: Stopped-flow kinetics of VIM-2 catalysed nitrocefin hydrolysis at A. pH 5.5, B. pH 6.5 and C. pH
7.5. Spectral changes during the reaction of 50 uM di-Zn(ll) VIM-2, or di-Fe(ll) VIM-2, respectively, with 50
UM nitrocefin in a 1:1 ratio at pH 7.5 and 5°C. Difference spectra of absorbance wavelengths 300-750 nm
from 0.3-1.2 s using absorbance at 0.3 s as a baseline. Arrows indicate growth or decay of peaks and A,
values. Absorbance traces at 390, 485 and 665 nm over the reaction time course are also shown with dashed

lines indicate fitting curve traces.

2.7.2. Fitting of Kinetic Traces

Fitting of stopped-flow kinetic traces was carried out using OriginPro software(349). Kinetic
traces for the di-Zn(II) Bell and di-Zn(II) VIM-2 reaction time courses, corresponding to
substrate depletion (Amax of 390 nm) and product accumulation (Amax of 485 nm) were
successfully fitted by a single exponential function at all pH values (Figure 2.12). The
changes in absorbance at 665 nm, corresponding to production and depletion of an
intermediate species, were fitted by a double exponential function for di-Zn(IT) VIM-2 at all
pH values and di-Fe(II) BcIl at pH 7.5 and 6.5. It was not possible to fit the 665 nm
absorbance trace for di-Fe(II) BelI at pH 5.5 (Figure 2.13) in the same manner. This is likely

due to the shallow gradient of this trace on account of low changes in the absorbance at 665
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nm. The fitting constants obtained for the BclIl and VIM-2 catalysed reactions are shown in

Tables 2.8 & 2.9, respectively.

Substrate Intermediate Intermediate Product
Metal pH Decay (s™) Growth (s) Decay (s™) Growth (s™)
Zn(N) 5.5 4,16 +0.01 - - 4.1340.01
Zn(l1) 6.5 3.24 £ 0.01 - - 3.29 +0.01
Zn(ll) 7.5 2.55+0.01 - - 2.75 +0.01
Fe(ll) 5.5 3.88+0.01 Not Fitted Not Fitted 5.7810.01
Fe(ll) 6.5 5.25 #0.01 18.31+0.01 1.240.1 4.27 +0.01
Fe(ll) 7.5 7.25+0.01 20.32+0.01 1.4+0.1 7.20+0.01

Table 2.8: Analysis of the reaction of Zn(ll)- and Fe(ll)-substituted Bcll, 50 uM, with 50 pM nitrocefin in a 1:1
ratio. Fitting constants are obtained from analysis of reaction time courses seen in Figures 2.12. Substrate
Decay, Product Accumulation and Intermediate Accumulation and Decay correspond to absorbance features

at 390, 485 and 665 nm, respectively.

Substrate Intermediate Intermediate Product

Metal pH Decay (s7) Growth (s7) Decay (s7) Growth (s7)

Zn 5.5 189.75 +3.55 220.75 £ 19.65 123.76 £ 9.64 92.94 +2.28

Zn 6.5 292.40+£11.76 315.46 + 80.09 168.07 £ 34.36 128.70+3.84

Zn 7.5 322.58 £ 25.14 359.71+125.16 182.48+46.88 140.06 + 5.38
Fe(ll) 5.5 35.05+0.73 - - 23.43 £ 0.50
Fe(ll) 6.5 0.24 £0.01 - - 0.44+£0.01
Fe(ll) 7.5 0.15 £ 0.01 - - 0.35+0.01

Table 2.9: Analysis of the reaction of Zn- and Fe(ll)-substituted VIM-2, 50 pM, with 50 uM nitrocefin in a 1:1
ratio. Fitting constants are obtained from analysis of reaction time courses seen in Figures 2.13. Substrate
Decay, Product Growth and Intermediate Growth and Decay correspond to absorbance features at 390, 485

and 665 nm, respectively.

2.7.3. Mechanism of the Di-Fe(II)-MBL Reaction

In the case of di-Zn(II) BclI catalysed nitrocefin hydrolysis, the fitting constants for substrate
decay and product accumulation match well and are consistent with a mechanism in which
there is no reaction intermediate.

In contrast, a spectral feature at 665 nm is seen in the di-Fe(II) Bcll catalysed
reaction, which, given the wavelength of the absorbance, likely corresponds to an anionic
intermediate (Figure 2.15)(350). This observation of an intermediate at 665 nm is correlated
with pH, with a larger change in absorbance amplitude at pH 7.5 compared to that seen at
pH 6.5 and 5.5 of (0.25, 0.15 and 0.05 absorbance units, respectively). The decay of this

feature is slower than product accumulation, suggesting that di-Fe(II) BcII might employ a
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branched reaction pathway as an alternative to the typically proposed linear pathway
proceeding through an anionic intermediate (Figure 2.15).

Data fitting using the KinTek Explorer package(351) was unable to distinguish
between linear and branched pathways (Figure 2.14), but in both fittings the decay of the
intermediate species was identified as the rate-limiting step (k; and k, in Tables 2.10 & 2.11,
respectively). Intermediate decay is rate limiting, yet a negligible amount of intermediate is
seen at pH 5.5. This may be explained either by a branched pathway, in which the branch
with no intermediate is favoured by lower pH, or by a linear pathway in which the rate of
decay of the intermediate rises with a decrease in pH thus preventing an observable

accumulation of intermediate.

A B
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Figure 2.14: Spectral changes during the reaction of 50 pM di-Fe(Il) Bcll with 50 pM nitrocefin in a 1:1 ratio
at pH 7.5 and 5°C. Dotted lines show the results of data fitting using KinTek Explorer(352). A. Fitting of data
using a linear mechanism. Fitting constants can be found in Table 2.10. B. Fitting of data using a proposed
branched mechanism. Fitting constants can be found in Table 2.11 C. Outline of the two mechanisms used to

fit the data as well as associated kinetic constants.
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Variable Fitted Value % Error
Ky 225000 M s 0.73
k, 0.000000403 5™ ND
k, 82.7s! 3.62
ks 7.25" 0.98
K 100000000 5™ fixed
£ 6319 M7 cm™ fixed
€ 12600 M* cm™ fixed

€1 13820 M™ cm™ fixed
Eup 4999 M em™ fixed
Offset, 0.2851 fixed
Offset, 0.116 fixed
Offset, 0.01078 fixed

Table 2.10: Kinetic constants obtained from fitting the reaction of 50 pM di-Fe(ll) Bcll with 50 pM nitrocefin
in a 1:1 ratio at pH 7.5 and 5°C using a linear mechanism. Data fitting was carried out using KinTek
Explorer(352). Fixed values were first allowed to float from initial variables before fixing. ND — Not

determined.

Variable Fitted Value % Error
k, 239000 M s 0.84
ka 0.0000001 5™ ND
k, 465" 6.59
ks 73.45" 5.79
k, 4.18s™ 1.9
ks 100000000 s™ fixed
£ 6700 M cm™ fixed

Es.p 13200M™  cm™  fixed
£ 10600 M ecm™  fixed
E1s 13500 M™ em™  fixed
Ep 4180 M™ cm™ fixed
Offsetg 0.289 fixed
Offset, 0.0966 fixed
Offset, 0.0377 fixed

Table 2.11: Kinetic constants obtained from fitting the reaction of 50 uM di-Fe(ll) Bcll with 50 pM nitrocefin
in a 1:1 ratio at pH 7.5 and 5°C using a branched mechanism. Data fitting was carried out using KinTek
Explorer(352). Fixed values were first allowed to float from initial variables before fixing. ND — Not

determined.
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Figure 2.15: Proposed possible reaction schemes for differently metal-substituted Bcll and VIM-2. Di-Zn(ll)
Bcll exhibits no observable intermediate, while the hydrolysis of nitrocefin by di-Fe(ll) Bcll is best described
by a branched mechanism. Di-Zn(ll) VIM-2 exhibits an on pathway intermediate that is not observed with di-

Fe(ll) VIM-2. The corresponding species, S, | and P, and their absorbance wavelengths, are also shown.

It should be noted that two different trends in pH dependency are seen with di-Zn(II) and di-
Fe(II) BelIl. With di-Zn(II) Bcll, the rate of substrate decay is highest at pH 5.5 and lowest at
pH 7.5 (2.55 s* and 4.16 s, respectively). In contrast, the opposite trend is seen with di-
Fe(II) Bcll, which exhibits the highest rate of substrate decay at pH 7.5 (7.25 s at pH 7.5 vs
3.88 st at pH 5.5). The reverse of these two trends is seen with VIM-2. Di-Zn(II) VIM-2 is
more active at higher pH (substrate decay of 320 s at pH 7.5 vs 190 s* at pH 5.5) while di-
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Fe(IT) VIM-2 shows the opposite effect, with a very low rate of substrate depletion at both pH
7.5 and 6.5 (0.15 and 0.24 s, respectively) compared to that at pH 5.5 (35 s).

In general for VIM-2, fitting values for the di-Zn(II) enzyme, in whose reaction an
intermediate at 665 nm was seen, give good support to an on pathway intermediate as
observed in studies with a similar substrate, chromacef, which is similar to nitrocefin(283),
whereas there is no appreciable change in absorbance at 665 nm with di-Fe(II) enzyme at all
pH values. Thus, nitrocefin hydrolysis by di-Zn(II) VIM-2 proceeds through an anionic
intermediate which is no longer apparent upon substitution with Fe(II) (Figure 2.15).

Collectively, these results reveal that the mechanism of nitrocefin hydrolysis by an
MBL may be changed upon substitution of the native zinc for iron(II), as demonstrated by
the observable presence or absence of an intermediate species and by the potential
introduction of a branched reaction pathway (Figure 2.15). Differing rates of reaction with
different enzyme, metal, and pH combinations indicate that the optimum pH conditions for
B-lactam hydrolysis are both metal- and enzyme-dependent, which is a result consistent with

literature reports on MBLs(327, 353, 354).

2.8. Inhibition of Iron-Substituted MBLs

Since MBL inhibition is a current target for medicinal chemistry(140, 280), and given the
differences observed in the metal-binding and kinetic properties of di-Fe(II) BcIl and VIM-2
compared to their di-Zn(II) enzymes, it was investigated as to whether the two metal-
substituted Bcll enzymes might respond differently to known MBL inhibitors (Tables 2.12 &
Figure 2.16). Of particular interest was the response of these two enzyme forms to thiol-
based MBL inhibitors, since these compounds exert their inhibitory effect via their thiol
sulfur bridging between the two metal centres as an analogue of the bridging water during
inhibition(254, 355). Residual B-lactamase activity, through the hydrolysis of nitrocefin, was
measured via absorbance of the hydrolysed product (Amax = 485 nm) for a range of inhibitor
concentrations. All measurements were performed at 25 °C and pH 7.5. The di-Zn(II) and di-
Fe(II) enzymes were pre-incubated for 10 minutes with inhibitors before the addition of the
substrate. EDTA was used to investigate the ability of BclI to bind the two transition metals,
and two thiol inhibitors — thiomandelic acid (TMA)(316), which is a broad spectrum
inhibitor of MBLs, and the thioenolate ML302F, which has been shown to be a potent
inhibitor of B1 MBLs(318), were tested.
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Figure 2.16: IC;, traces for metal-substituted Bcll with TMA (diamonds), EDTA (squares) and ML302F
(circles). Residual hydrolysis of nitrocefin was followed at 485 nm. Inhibition assays were carried out at 25 °C
and pH 7.5. Blue lines indicate di-Zn(ll) Bcll and green lines di-Fe(ll) Bcll. The chemical structures of the

inhibitors employed are provided.

Inhibitor Metal 1C5q (1M)
EDTA zn() 7500 + 300
Fe(ll) 4700 + 100
Thiomandelic Acid Zn(l) 1.3+03
Fe(ll) 2.8+0.8
ML302F zn(ll)  0.046 £ 0.001
Fe(ll) 0.38 £ 0.08

Table 2.12: ICs, values for inhibitors of metal-substituted Bcll, obtained from fitting of residual activity plots

using GraphPad Prism(347). Inhibition assays were carried out at 25 °C and pH 7.5.

The measured IC;, value for inhibition by EDTA for was similar for the two differently
metallated enzymes (i.e. 7.5 and 4.7 mM for di-Zn(II) Bell and di-Fe(II) Bcll, respectively).
Since the affinity of EDTA for Zn(II) is higher than that for Fe(II)(356), these data
demonstrate that the MBL active site has a greater affinity for Zn(II) ions than for Fe(II)
ions, a result which is consistent with work characterising Zn(II) ions as, the preferred MBL
metal in an endogenous setting(357). Similarly, the IC;, values for inhibition by
thiomandelic acid were very close for the different metal-substituted forms of Bcll. This
result may be in contrast to that which is expected given the high affinity of Zn(II) for sulfur
ligands(357). However, around a 10-fold difference in IC5, was obtained for inhibition by
ML302F, an inhibitor which employs a bidentate binding mode in which a sulfur atom
bridges the two metal centres, substituting for the bridging water ligand, while the adjacent
carboxylate binds to the metal in site 2 (Figure 2.17)(318). This difference may arise as a
consequence of the observed structural differences between the di-Zn(II) and di-Fe(II)

bound BclIl enzymes. (Note that, although attempts to obtain crystal structures of
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thiomandelic acid and ML302F with di-Fe(II) BcIl were made, via both co-crystallisation

and soaking, these were unsuccessful).

A

Figure 2.17: Comparison of structures of Bcll complexed with A. rR-Thiomandelic acid and B. ML302F. Metal-
inhibitor coordination distances are shown in A. The intermetallic distance is also shown. Note that the
coordination distance of the carboxylate is much reduced in the ML302F co-crystal when compared to the
thiomandelic acid co-crystal, which may account for the greater potency of ML302F against subclass B1

metallo-f-lactamases. The chemical structures of the inhibitors are inset.

These inhibition studies reveal that, in some instances, it is possible for the same inhibitor to
exhibit a differing potency against Zn(II)- and Fe(II)-substituted BclI (Table 2.12), with the
potent inhibitor ML302F exhibiting a higher IC;, against di-Fe(II) Bcll than against di-
Zn(II) Bell. With this in mind, if there is any possibility that ferrous iron substituted MBLs
constitute a minor population of the enzymes produced in a resistant infection, it may be
prudent to test MBL inhibitors in clinical development against both Zn(II)- and Fe(II)-

bound MBLs, in order to ascertain if they are potent against both metallated forms.

2.9. Structural Characterisation of Iron-Bound Bcll
Having established the activity of di-Fe(II) BcIl and VIM-2, the alterations to the catalytic
mechanism that metal substitution may induce, and the possibility for differences in the
inhibition of Zn(II)- and Fe(II)-bound Bcll, it was investigated as to whether these
differences could be explained structurally.

Using glovebox based crystallographic techniques previously employed in the group
to study iron(II)-dependent oxygenases(358), Fe(II)-substituted BecIl was successfully

crystallised under low oxygen conditions. In addition an apo-preparation of Bcll also was
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crystallised, whose resolved structure revealed a lack of metal, in line with a previously
reported apo-enzyme structure (PDB accession code: 310V)(359) and validating the metal-
free MBL preparations. Diffraction data were integrated and scaled using iMosflm and
AIMLESS(360, 361), and initial phases were obtained by molecular replacement using a
reported structure for Bell in complex with two zinc ions (PDB accession code: 4C09)(254)
as a search model. This was followed by iterative rounds of refinement and model fitting
using PHENIX and Coot(362, 363). Statistical information on data collection and refinement
can be found in Table 2.13. (The di-Zn(II) Becll structure (4Co9) was used in structural
comparisons, since the data are of a comparable quality and resolution to the di-Fe(II) data

and were obtained under similar crystallisation conditions.)

Data Set Diferrous-Bcll

Data Collection

Source Diamond Light Source 102 Beamline
Wavelength (A) 0.9795
Resolution Range () 14.18 -1.1(1.139 - 1.1)°
Space Group C2
Unit Cell Parameters
a, b, c (A) 53.1, 61.1, 69.4
o, B,y (®) 90.0, 93.1, 90.0
Unique Reflections 87857 (4468)"
Completeness (%) 97.48 (92.67)"
Redundancy 6.1
Rmerge 0.065 (0.10)°
<1fs(1)> 16.9 (4.9)°
Refinement
Ruori/Riree 0.1173/0.1395
RMSD
Bonds (A) 0.012
Angles (°) 1.568
Average B-factor for protein atoms (Az) 16.6
Ramachandran Plot
Most Favoured Geometry (%) 926
Additionally Allowed (%) 4
Outliers (%) 0

Table 2.13: Crystallographic data and refinement statistics for di-Fe(ll) Bcll. *Values for the highest resolution

shell.
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Figure 2.18: Comparison of the active site geometries of di-Fe(ll) Bcll (1.1 A resolution) and di-Zn(l1) Bell (1.2
A resolution). A. Active site of di-Fe(ll) Bcll structure is shown with representative electron density (3.0
o mF,-DF, OMIT, blue mesh). The position of the modelled hydrogen atom associated with the bridging
hydroxide ion and its representative electron density are shown (3.0 o mF,-DF. OMIT, green mesh). B.
Comparison of di-Fe(ll) (green) and di-Zn(ll) Bcll (cyan, PDB Code: 4C09). The amino acid residues occupy
very similar positions in both structures but there are clear shifts in the positions of the metal ions. In
addition each of the two ferrous ions binds a further water molecule (labelled in green). BBL numbering is
used throughout. C. Stereoviews of the active sites of A. Di-Fe(ll) Bcll complex (1.1 A resolution) and B. di-

Zn(I) Bcll (PDB code: 4C09, 1.2 A resolution). Numbers shown represent distances in A.

The overall structure of di-Fe(II) Bcll is near identical to that of the di-Zn(II) enzyme with
an RMSD of 0.084 A over backbone carbon atoms (227 residues). Analysis of the active site
of the di-Fe(II) structure clearly reveals the binding of two metal centres and that the overall
active site structure is retained (Figure 2.18). Of note, the bridging water molecule between
the two metal centres, as described in almost all reported di-Zn(II) MBL structures, is also
retained. The refined metal occupancies were 1.00 for Fe1 and 0.60 for Fe2. Additional
density in the mF,-DF. map of the di-Fe(II) structure, seen during refinement around the
cysteine metal ligand, led us to model a small population of Cys221 as a doubly-oxidised
sulfur (sulfinic acid) residue (20% population), a chemical modification precedented by
previous work with BcII(359), alongside the cysteine residue which formed the major
population (80 %) (Figure 2.19). Further, additional mF,-DF. density seen between the
typical site of the bridging water molecule and Asp120 led to modelling the bridging water
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ligand, Wat1, as a hydroxide ion with the hydrogen positioned between its oxygen and the

side chain oxygen of Asp120, as shown in Figure 2.18.

Figure 2.19: View of active site residue Cys221 of di-Fe(ll)-Bcll structure with representative electron density
(3.0 0 mFo-DFc OMIT, blue mesh). During refinement additional density seen in the mF,-DF. map (green
mesh) was apparent. This was modelled as a doubly oxidised sulfur (sulfinic acid). Similarly oxidised cysteine
residues have been reported with MBLs, e.g. PDB Accession Codes 310V and 3114 (359). Inset the chemical

structure of cysteine sulfinic acid as found in the polypeptide chain.

In the active site, the positions of the metal ligands in di-Fe(II) Bcll are near identical to
those of the di-Zn(II) enzyme (PDB accession code: 4C09) with a model RMSD of 0.068 A
over the active site side chain atoms. However, there are significant changes in the relative
positions of the metal centres when compared to the di-Zn(II) structure. The iron ions are
shifted by 0.2 A in site 1 and by 0.4 A in site 2, relative to the Zn positions in the 4C0o9 model.
Additionally, both of the ferrous ions have an additional water ligand when compared to the
di-Zn(II) structure making site 1 pentacoordinate with a distorted trigonal bipyramidal
geometry and site 2 hexacoordinate with a near perfect octahedral coordination sphere. The
intermetallic distance in the di-Fe(II) Bcll structure is 3.3 A compared to the 3.5 A distance
observed for the di-Zn(II) structure 4Co9. Further, the distance between the first metal
centre and the bridging water molecule is shortened from 1.95 A in di-Zn(II) Bell to 1.69 A in
di-Fe(II) BelI (Figure 2.18).

The strong similarity between the structures of di-Zn(II) BcIl and di-Fe(II) Bell
supports the similar steady-state kinetic data obtained with the two differently metallated
enzymes, although it makes explanation of the observation, or lack, of an intermediate more
difficult. This mechanistic feature might therefore be derived from the differing charge
densities of Fe(II) and Zn(II), although one would expect Zn(II) to better stabilize an anionic
intermediate given its higher charge density, or different geometric constraints the two
metals put on their surrounding ligands. The differences seen in the inhibition of di-Zn(II)

and di-Fe(II) Bell by ML320F may arise, at least in part, as a consequence of the shortened
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intermetallic distance and more tightly bound water in the di-Fe(II) Bcll structure (Figure
2.18 C); indeed the alternate position and geometry of the bridging water, Wat1, may make it

more difficult for some sulfur ligands to bind in an analogous manner, for steric reasons.

2.10. Discussion

The results in this chapter reveal that the class B1 metallo-B-lactamases are able to bind
Fe(II) and, in contrast to previous reports(275, 328, 330, 333), are active when their Zn(II)
ions are replaced by Fe(II) ions, under conditions of low oxygen. Fe(II)-bound BeIl and VIM-
2 are able to hydrolyse both the chromogenic substrate, nitrocefin, and the clinically
employed carbapenem antibiotic, meropenem. Despite differences in the metallochemistry
of Zn(IT) and Fe(II), differences in the overall catalytic efficiencies of di-Zn(II) and di-Fe(II)
enzymes are small for Bcell, while di-Fe(II) VIM-2 exhibits around a 10-fold drop in catalytic
efficiency, when compared to the di-Zn(II) enzyme, with both of the tested substrates.
Differences between the results presented here and previous reports observing a lack of
activity for MBLs with bound iron likely result from oxidation of the ferrous iron in the
reported experiments.

Reported stopped-flow kinetics employing nitrocefin, and the related substrate
chromacef, as a substrate has identified an intermediate, absorbing at 665 nm,
corresponding to the deprotonated delocalised anion. Such an intermediate has been
observed in reactions catalysed by MBLs including VIM-2, IMP-1, New Delhi metallo-3-
lactamase 1 (NDM-1) and L1(262, 282, 283, 289, 290, 293, 350). Stopped-flow studies of
reconstituted di-Fe(II) Bell with nitrocefin revealed an additional absorbance feature with a
Amax of 665 nm, likely corresponding to this same anionic intermediate. Such a feature was
not visible in the di-Zn(II) Bcll reaction spectrum, as has been previously reported(281),
suggesting that di-Fe(II) BcIl may employ a different mechanism for B-lactam hydrolysis
(Figure 2.15). In contrast, the on-pathway intermediate seen in nitrocefin hydrolysis by di-
Zn(II) VIM-2, which has been previously reported(283), is no longer apparent on
substitution with Fe(II).

The crystallographic results reveal that the overall geometry of the Bcll active site is
retained on metal substitution with Fe(II), including the presence of a bridging water
molecule (Figure 2.18). However, there are changes in the positions of the metal centres
resulting in different coordination distances and angles between both the metal ligands and
the bridging water. Although it would be premature to propose any mechanistic
consequences of the shifted metal binding sites, the results at least raise the possibility that
changes in metal position may occur in catalysis and indeed inhibition; emerging evidence
with non-haem Fe(II)-dependent oxygenases suggest that changes in metal position in some

enzymes may have been underestimated to date(364-367). In the di-Fe(II) Bell structure,
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the presence of extra mF,-DF. density beside the bridging oxygen lead us to model the
bridging species as a hydroxide ion with its hydrogen projecting towards Asp120. In addition
to the essential metal ligation, Asp120 has been proposed to play additional roles in MBL
catalysis including orientating a zinc-bound bridging water to protonate the anionic
intermediate(287). These results suggest that Asp120 may also play a role in positioning the
bridging hydroxide to attack the B-lactam carbonyl in the enzyme-substrate complex.

It has previously been reported that a number of MBL enzymes can co-purify with
iron ions in the active site(221, 223, 331, 334). This is unsurprising given the promiscuous
ability of these enzymes to bind and exhibit catalysis with a number of transition metal ions.
Indeed there are members of the MBL superfamily that bind Fe(II) in their native forms to
carry out their catalytic functions(220, 223, 337, 338). Iron is a relatively bioavailable metal,
although not necessarily in its reduced ferrous form, giving rise to the possibility that Fe(II)-
substituted MBLs may constitute a proportion of the active enzyme population, especially
under conditions of relatively low Zn(II) or high Fe(II) availability(368, 369). This possibility
is supported by the finding that Pce, an Fe(II)-dependent MBL-fold hydrolase is an
extracellularly located protein(223, 224). That there already exists a bacterial di-Fe(II)-
binding MBL fold enzyme that exhibits extracellular activity lends credence to the proposal
that di-Fe(II)-bound true MBLs might constitute a biologically relevant population.

Stopped-flow and crystallographic work using Fe(III) salts produced no positive data,
in that apo-enzymes supplemented with Fe(III) were inactive or crystallised in an apo form
despite the presence of the metal ions. This may be explained by a greater affinity of the MBL
active site for ions in the +2 oxidation state versus the +3 state, but makes it harder to
explain the purification of iron-containing, but inactive MBLs. One possibility is that these
MBLs have initially bound ferrous ions that have subsequently oxidized in the active site, yet
do not dissociate due to a kinetic barrier. Alternatively, the enzymes may contain Fe(II), but
this might constitute too small of a population for observable activity, di-Fe(II) VIM-2 is,
after all, 10 times less active than its di-Zn(II) counterpart. What few reports there are give
varying results on the activity of Zn(II)-Fe(I) MBLs, with L1 characterised as active and
NDM-1 as inactive(330, 334). This may again reflect the variability in the activity of iron
bound MBLs observed in this study, with the general heterogeneity of the MBLs giving rise
to some metal-enzyme combinations that are better than others on a case by case basis.

The inhibitor studies reveal that in some, but not all cases, it is possible for the same
inhibitor to behave differently with Zn(II)- and Fe(II)-substituted BclI (Table 2.12), a result
consistent with the altered active site metallo-chemistry between the di-Zn(II) di-Fe(II)
forms. The potent inhibitor ML302F exhibited a higher IC;, with di-Fe(II) Bell than di-
Zn(II) BclI(318). Thus, it may be prudent to test MBL inhibitors that are in clinical
development against both Zn(II)- and Fe(II)-bound MBLs, in order to identify inhibitors
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potent against both metallated forms. Further, given the known promiscuity of the MBL fold,
it is possible that substitution of Zn(II) for other metals may alter catalytic properties in a
manner relevant to the development of resistance. In this regard it is of interest that a recent
report has highlighted the effects of different active site metals on native compared to

promiscuous reactions as catalysed by MBL fold proteins(328).
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The work in this chapter was carried out in conjunction with Drs Jiirgen Brem, who
obtained MBL-encoding plasmids and advised on protein purification, Michael
McDonough, who advised on crystallography, and Christopher Lohans, who assisted with
NMR data collection. The cyclic boronates were synthesised by Dr Ricky Cain, under the
supervision of Professor Colin Fishwick, University of Leeds. Studies employing clinical
isolates were performed in conjunction with Dr David Wareham, Queen Mary University
of London. The majority of the work described herein has been reported in the academic

literature(370, 371).

3.1. Introduction

As discussed in the General Introduction, while there are multiple inhibitors of the serine-f-
lactamases (SBLs), in the form of clavulanic acid, sulbactam, tazobactam, and, more
recently, avibactam and vaborbactam (Figure 3.1)(140, 203, 212), there are no clinically
available inhibitors of the metallo-B-lactamases (MBLs)(304). On account of this, the
development of MBL inhibitors is of increasing clinical relevance, particularly with increased
dissemination of the plasmid-borne MBLs amongst pathogenic bacteria, and is the subject of

continuing research.

OH C\)\//O (?\//O
N N N/ “ N
o! P o! 2 ) 3 </

4/ —0H 4/ —0H 4/ —0H
Oﬁ 0/__ O/_-
Clavulanic acid Sulbactam Tazobactam
Sz
0 0

H,N JQ HN
N 0 _B.

J—N. 20 HO™ "0
(0] (O RN

OH 0% “OH
Avibactam Vaborbactam

Figure 3.1: Clinically relevant serine-B-lactamase inhibitors. Clavulanic acid, sulbactam, and tazobactam are
inhibitors based around the B-lactam scaffold, while avibactam, and vaborbactam are examples of non-§-

lactam B-lactamase inhibitors.

The emergence of pathogenic bacteria exhibiting resistance mediated by both SBLs and
MBLs, simultaneously, poses a significant threat to the use of f-lactams in treating resistant

infections. While clavulanic acid, and the mechanistically related inhibitors sulbactam and

Page | 67



Chapter 3 Cyclic Boronates Inhibit All Classes of B-Lactamase

tazobactam, are successful against many Ambler class A SBLs, they are generally poorer
inhibitors of class C and D enzymes and, in addition, are readily hydrolysed by metallo-p-
lactamases(140). The non-B-lactam SBL inhibitor, avibactam, has a broader range of
inhibitory activity, being able to inhibit class A, C, and some class D enzymes(154). While
avibactam has been approved for use in combination with the cephalosporin, ceftazidime,
and has been effective in treating resistant infections mediated by SBLs(204), there are
already reports of resistance to this drug combination. In addition, since avibactam is not an
inhibitor of MBLs, this combination is ineffective against MBL-mediated resistant infections,
as the ceftazidime counterpart is still readily hydrolysed. Similarly, the combination of
vaborbactam (Figure 3.1) and meropenem, which has just successfully passed through phase
III clinical trials, will likely encounter comparable problems, since vaborbactam is only an
inhibitor of class A and C SBLs and not of MBLs(212, 213). Aztreonam is exceptional among
the B-lactams, on account of it not being hydrolysed by MBLs, the combination of avibactam
and aztreonam has been shown to be effective against Enterobacteriaciae producing MBLs
alone or in combination with various classes of SBL(372-375), and is currently in phase III
clinical trials. This combination is effective since it inhibits SBLs, while bypassing MBLs, but
it is not successful against all bacterial species, for example against Acinetobacter
baumannii(373). In addition, a report demonstrating that MBLs are able to bind and
turnover avibactam, albeit slowly(207), is worrying for the future use of this drug
combination; the SBL, KPC-2, and its variants, are able to slowly inactivate avibactam via a
desulfonation mechanism(205, 376), thus it is not unreasonable to suggest that continued
use of avibactam/aztreonam, once approved, would provide enough of a selection pressure

to encourage evolution of efficient avibactam-hydrolysing MBL variants.

B )
HN HN
OH OH H
S _< S
H | o H | e
0 H 6] o) :( N O
0 0 <O 0
Ser70 Ser?[)
A2-Pyrroline Tautomer Al-Pyrroline Tautomer

Figure 3.2: Possible tautomers of the imipenem-serine-B-lactamase acyl-enzyme intermediate. The
deacylation rate of the A' tautomer is significantly lower than that of the A’ tautomer, giving rise to the
inhibitory effect of carbapenems against class C serine-B-lactamases. Note the stereochemistry of the Al

tautomer is not defined.
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With this in mind, the development, not only of MBL inhibitors, but of dual action inhibitors

with the ability to act against both SBLs and MBLs could have an enormous clinical impact.
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Figure 3.3: Example non-clinically used mechanism-based inhibitors of the serine- and metallo-B-lactamases.

These molecules all share a core [-lactam-based scaffold, or a close analogue.

3.1.1. Mechanism-Based Inhibitors of the Serine-B-Lactamases

As discussed in the General Introduction, the p-lactam-based SBL inhibitors, clavulanic acid,
sulbactam, and tazobactam, are mechanism-based inhibitors of the SBLs; initially these
molecules react to form an acyl-enzyme intermediate by nucleophilic attack of the active site

serine, before undergoing a fragmentation process that results in an inactivated enzyme with
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a cross-linked active site(198-200). These molecules are, however, not the only p-lactam
derivatives with the ability to inhibit the SBLs.

Although serine carbapenemases, such as the Ambler class A Klebsiella pneumoniae
carbapenemase (KPC) and imipenemase (IMI) enzymes(377), and the class D oxacillinases
(OXAs) OXA-23 and OXA-48 type enzymes(378), are known, many of the SBLs are inhibited
by carbapenems. The inhibitory activity of the carbapenems is attributed to a number of
mechanisms. The ability of the carbapenem acyl-enzyme to exist in two different pyrroline
tautomers (Figure 3.2) is one possibility for the observed inhibitory effect, since it has been
established that the A! tautomer hydrolyses at around a 10-fold slower rate than the A2
tautomer(379). Co-crystal structures of Temoneira pB-lactamase 1 (TEM-1) and a class C
serine-B-lactamase (AmpC) with imipenem, as well as the sulthydryl reagent variable -
lactamase 1 (SHV-1) with meropenem, show that a portion, or the entire population of the
complexed B-lactam is positioned such that the ester carbonyl oxygen is not placed in the
oxyanion hole(380-382), this may result in slow hydrolysis due to a lesser stabilisation of the
transient tetrahedral anionic intermediate produced in the hydrolysis of the acyl-
enzyme(383, 384). Hydrogen bonding of the hydrolytic water with the C-6 a-hydroxyethyl
substituent, as seen in co-crystal structures of SHV-1 and OXA with meropenem, may reduce
its nucleophilicity or hold it in an incorrect position for optimal attack on the acyl-enzyme
ester carbonyl(382, 385). Alternatively, reaction with a B-lactam may exclude water
molecules from the active site entirely, thus preventing acyl-enzyme hydrolysis(386).

The monobactam, aztreonam, has some inhibitory activity against the class C SBLs
(e.g. the K; for the B-lactamase from E. cloacae strain P99 (P99) is 1.9 nM) due to a very slow
rate of deacylation after its initial reaction with the enzyme(164, 387, 388). Structural studies
suggested that rotation around the C3-C4 bond was required to render the acyl-enzyme
intermediate susceptible to hydrolysis, and that this resulted in the slow deacylation
observed(389, 390). Synthesis of monobactams, with a bridge between C3 and C4 to limit
rotation (Figure 3.3), produced potent inhibitors of AmpC enzymes from C. freundii and P.
aeruginosa, but these showed little inhibition of class A enzymes where this rotation of the
acyl-enzyme intermediate is not thought to be required for hydrolysis(391, 392).
Modification of the monobactams at the p-lactam nitrogen, such as in the production of N-
sulfonyloxy-B-lactam derivatives (Figure 3.3) has also produced inhibitors of class A SBLs

with acyl-enzyme intermediates that are resistant to hydrolysis(393).
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Figure 3.4: Mechanism for the inhibition of serine-B-lactamases by A. 6-methylidene substituted penems
and B. 6-methylidene substituted penam sulfones as exemplified by BRL 42715(394) and LN-1-255(395),
respectively. Inhibition proceeds by acylation, subsequent ring opening, and further on-enzyme

rearrangements.
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6-methylidine penems and penam sulfones are potent inhibitors of many members of the
three classes of SBL(394, 396). Much like clavulanic acid derivatives, these compounds exert
their inhibitory activity by undergoing an on-enzyme ring opening with further
intramolecular reactions (Figure 3.4)(394-399). The resultant acyl-enzyme species is
thought to be stable to hydrolysis due the steric exclusion of the hydrolytic water from, or
displacement of the hydrolytic water within, the active site(395, 400). These molecules are,

however, potential substrates of the MBLs(396).

3.1.2. Dual Action Inhibitors of the Serine- and Metallo-B-Lactamases

1-B-Methylcarbapenems (Figure 3.3) have been shown to inhibit both MBLs, with sub-
micromolar K; vales for MBL imipenemase 1 (IMP-1), cefoxitin and carbapenem resistant
metallo-p-lactamase (CcrA), and labile enzyme from Stenotrophomonas maltophilia (L1),
and class A and C SBLs, with Kj values of 2.5 uM and 37 nM for TEM-1 and AmpC from E.
cloacae, respectively. These molecules behave as very slow substrates for the B-lactamases
with between 1-8% of the hydrolysis rate of imipenem for the MBLs and <1% of the
hydrolysis rate of cephaloridine for the SBLs(401). Similarly penicillin derivatives
functionalised with a C-6-mercaptomethyl substituent (Figure 3.3) have been shown to
inhibit both class A and C SBLs and the MBLs, Bcll and L1 (ICs, values of 6.8 and 10.5 uM
for TEM-1 and p99, respectively, and 1.4 and 0.1 uM for Bell and L1, respectively). These
compounds have also been shown to increase the susceptibility of MBL-producing E.coli and
P. aeruginosa strains to piperacillin(320). Finally, cyclobutanones (Figure 3.3) have been
shown to inhibit all four classes of B-lactamase, although potency against class A and C

enzymes is much greater than that seen against the MBLs and OXA enzymes(325).

3.1.3. Boronic Acids as Serine--Lactamase Inhibitors
In all of the above cases it is argued that the use of the B-lactam scaffold, which should be
recognized and bound by both SBLs and MBLs, is the key factor that allows for the targetting
of two functionally different classes of enzyme. However work in the early 1970s showed that
the SBL from Bacillus cereus was inhibited by borate ions in a reversible manner(402).
Along with a confirmation of this result, it was subsequently demonstrated that the same
enzyme was inhibited by phenylboronic acid and 3-aminophenylboronic acid, although with
a slightly lower potency(403). Boronic acids are known inhibitors of the serine proteases
with a tetrahedrally coordinated boron mimicking a tetrahedral intermediate in the enzyme-
catalysed reaction(404-406).

Boronic acids behave as good tetrahedral intermediate mimics or transition-state

analogues of hydrolytic reactions since they adopt the same coordination geometry as seen in
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the enzyme-catalysed reaction, the lengths of boron-carbon and boron-oxygen bonds, 1.57
and 1.48 A, respectively, are highly comparable to carbon-carbon and carbon-oxygen bonds,
1.54 and 1.43 A, respectively(407), and, unlike in, for example, sulfonamides, which are also
successful transition-state analogues(408), the net charge of the intermediate is also
maintained, although centered on boron rather than oxygen (Figure 3.5)(409).

Since the initial observation, boronic acids have been shown to inhibit all three
classes of SBL to varying degrees(410-416), and exhibit a similar mode of inhibition to that
seen with the serine proteases, i.e. formation of a tetrahedrally coordinated boron centre by
reaction with the active site serine residue(413, 414, 416, 417). Of particular note, and as
mentioned previously, the boronic acid compound, vaborbactam (Figure 3.1), has recently
passed phase III clinical trials and is successful in combatting infections with resistance
mediated by class A SBLs(213).

It should also be noted that the dipeptide boronic acid, Bortezomib (Figure 3.6), is a
known and clinically employed proteasome inhibitor(418). This molecule is approved for the
treatment of multiple myeloma and mantle cell lymphoma(419, 420). Bortezomib exerts its
effect by reaction of the boron centre with the active site threonine residue of the 26s

proteasome, thus preventing proteolytic activity(421).
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Figure 3.5: Comparison of A. the tetrahedral anionic intermediate in the hydrolysis of an SBL-penicillin acyl-
enzyme complex and B. a boronic acid, as exemplified by 3-aminophenylboronic acid, coordinated by an
active site serine. Bond lengths, angles and the net charge are all similar between these two systems.

However the localisation of charge on oxygen in structure A and boron in structure B sets the two apart to
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Figure 3.6: Chemical structure of the 26S proteasome inhibitor, Bortezomib.

some extent.
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3.1.4. Boronic Acids as Serine- and Metallo-B-Lactamase Inhibitors

Boronic acids are not only inhibitors of enzymes that utilise a serine nucleophile to catalyse
hydrolysis. The boronic acid chemotype has also been successfully employed in the
inhibition of metalloenzymes such as arginases and carbonic anhydrases(422-426).

A structural comparison of the binding modes of boronic acids to an SBL, an
arginase, and a carbonic anhydrase is shown in Figure 3.7. In each of these three enzyme-
inhibitor structures, the boron centre is tetrahedrally coordinated through a carbon-boron,
and three oxygen-boron, bonds. In the SBL (Figure 3.7 A), the boron centre is coordinated by
two hydroxide moieties and the third oxygen is provided by covalent bonding with the active
site serine residue (Ser70). It is this covalent bond that gives rise to the strong potency of
boronic acids against SBLs and other serine proteases(427). In the case of the arginase
complex (Figure 3.7 B), the boron is coordinated by three hydroxide groups. Arginases bind
two manganese(II) ions in their active site that are responsible for coordinating the substrate
and a hydrolytic water molecule, which bridges the two metal centres in a manner
reminiscent of the MBLs(428). When coordinated to a boronic acid inhibitor, one of the
boronate oxygens replaces the bridging water molecule to adopt a p2 bridging position
between the two centres, while the other two oxygens each coordinate one of the Mn(II) ions.
Finally, the co-crystal structure of a carbonic anhydrase II in complex with a boroxazole
inhibitor (Figure 3.7 C) reveals that the endocyclic boronate binds to the zinc centre via two
coordination interactions, one from a terminal hydroxide moiety and the other from the
endocyclic oxygen. Notably, even though there is a possibility for ring opening of the
boroxazole in an aqueous environment, via exchange with water, the complexed molecule
shows a closed ring. It should also be pointed out that promiscuous binding of the
boroxazole chemotype was observed in the carbonic anhydrase II study, where surface
binding of the molecules was also seen via coordination to free histidine residues (Figure 3.7
D). This result may raise questions regarding the selectivity of these types of boron-based

inhibitors.
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Figure 3.7: Structural comparison of the binding modes of boronic acid inhibitors to A. a serine-f-lactamase
(PDB accession code: 5EEC)(429), B. an arginase (PDB accession code: 1D3V)(422), and C. a carbonic
anhydrase Il (PDB accession code: 5LMD)(426). D. Surface binding of a boroxazole to carbonic anhydrase Il

via a histidine residue is also shown. Chemical structures of the inhibitors are inset.

Since boronic acids have had success in inhibiting both serine and metalloenzymes, it is not
unreasonable to posit that they might be employed in the inhibition of both serine and
metallo-B-lactamases — particularly given that there is evidence for boronic acids inhibiting
both mono and dimetallated enzymes similar to those seen in the Bi1+B3 and B2 MBL
subfamilies. A side by side comparison of the mechanisms of the SBLs and B1+B3 MBLs
(Figure 3.8) shows that the proposed tetrahedral intermediate EI' is conserved between both
hydrolysis reactions. Thus it is likely that boronic acids mimicking this intermediate species
will have the greatest chance of success in inhibiting both types of B-lactamase. A similar
result has already been suggested in patent literature, indicating that boronic acids in which
the boron is held in a six-membered ring can manifest inhibitory activity against

metalloenzymes(202).
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3.2. Chapter Objectives

Boronic acids are known inhibitors of the serine-B-lactamases. Given that some success has
been had in inhibiting metalloenzymes with this chemotype(422-426), and that there is
some evidence for inhibition of the metallo-B-lactamases in patent literature(202), the
objective of this work was to investigate as to whether boronic acids, particularly the cyclic
boronic acids, have the capacity to inhibit both SBLs and MBLs and to assess their impact on
the growth of bacteria exhibiting resistance to pB-lactams through the production of these
enzymes. Further objectives included assessment of any selectivity that these compounds
might have for the different classes of SBL or subclasses of MBL, their binding modes to the
B-lactamases, and kinetics of binding and inhibition. Note, with the presence of the
VenatoRx compound, VNRX-5113 (structure not yet released), reported to be an inhibitor of
all p-lactamase classes, in phase I clinical trials, the medicinal potential of an all class f-

lactamase inhibitor cannot be understated.
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3.3. Synthesis of Cyclic Boronic Acids
The cyclic boronic acids used in this study (Figure 3.9) were synthesised by Dr Ricky Cain

under the supervision of Prof. Colin Fishwick, University of Leeds. A synthetic outline is

provided in Figure 3.9.
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scheme for the production of the cyclic boronates employed in this
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3.4. Production and Purification of Enzymes

Recombinant Bacillus cereus B-lactamase II (BclI)(345) and Verona integron-encoded
metallo-pB-lactamase 2 (VIM-2)(346) were produced as described in Chapter 2 and the
General Methods. Recombinant carbapenem hydrolysing enzyme from Aeromonas
hydrophila (CphA) as a pETo9a construct(430), a gift from Dr Moreno Galleni, University of
Liege, and IMP-1 as the previously reported pET-26b construct(431), a gift from Dr James
Spencer, University of Bristol, were produced in E. coli BL21(DE3) pLysS cells and purified
by ion exchange using an SP Sepharose column (followed by size exclusion chromatography
for IMP-1), as described in the General Methods. Recombinant New Delhi metallo-B-
lactamase 1 (NDM-1)(432), Sao Paulo metallo-B-lactamase 1 (SPM-1)(433), cefotaxime
hydrolase from Munich 15 (CTX-M-15), B-lactamase from Muycobacterium tuberculosis
(BlaC), AmpC from Pseudomonas aeruginosa, OXA-23, and OXA-48, each with an N-
terminal hexahistidine tag, and VIM-1 with a C-terminal hexahistidine tag(346), were
produced, using pOPINF constructs lacking the N-terminal signal peptides, in E. coli
BL21(DE3) cells, and purified by immobilised metal ion affinity chromatography followed by
size exclusion chromatography before removal of the N-terminal tag by 3C protease
digestion, as described in the General Methods. (Constructs for CTX-M-15, BlaC, AmpC,
OXA-23, and OXA-48 were kindly supplied by Dr James Spencer, University of Bristol.)
Recombinant TEM-1, with an N-terminal His-tag(434), was produced from a pQE30
construct in E. coli BL21(DE3) cells and purified by immobilised metal ion affinity
chromatography as described in the general methods. Recombinant OXA-10 as a pET22b
construct(173) was produced in E. coli BL21(DE3) cells and purified by ion exchange
chromatography using a Q Sepharose column as described in the General Methods.
Penicillin binding protein 3 (PBP3) as a pOPINF construct(435) was produced in E. coli
Rosetta pLysS (DE3) and purified by immobilised metal ion affinity chromatography
followed by size exclusion chromatography as described in the General Methods.
Recombinant penicillin binding protein 5 (PBP5) as a pET28b construct(434) was produced
in E. coli BL21(DE3) and purified by immobilised metal ion affinity chromatography as
described in the General Methods.

At each stage in the purification of these enzymes, their purity was determined by
SDS-PAGE (Figure 3.10), and once purification was complete, their molecular weights were
confirmed by ESI-MS, and their extent of folding by circular dichroism spectroscopy
(Figures 3.11-3.12 & Tables 3.1-3.2). Note that CphA, NDM-1, IMP-1, SPM-1, VIM-1, TEM-1,

PBP3, and PBP5 were produced in conjunction with Dr Jiirgen Brem.
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Figure 3.10: SDS-PAGE of purified enzymes newly produced during this study. 1 & 2. CTX-M-15. 3. BlaC. 4.

AmpC from Pseudomonas aeruginosa. 5. OXA-23. 6. OXA-48

Enzyme  Predicted Mass (Da) Measured Mass (Da)

CTX-M-15 28262 28260
BlaC 28526 28524
AmpC 40834 40827
OXA-23 28299 28301
OXA-48 28301 28300

Table 3.1: Masses of enzymes newly purified in this study as determined by denaturing mass spectrometry.
Enzymes were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5. The predicted masses,

based on amino acid sequence, are also provided.
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Figure 3.11: Circular dichroism and mass spectra for enzymes newly produced during this study. Solid lines in

circular dichroism spectra represent measurements at 10 °C, while dashed lines represent those at 85 °C.

Enzymes were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5. Red: CTX-M-15. Blue:

BlaC. Yellow: AmpC. Green: OXA-23. Brown: OXA-48.
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Figure 3.12: Melting curves for enzymes newly purified in this study as determined by circular dichroism

spectroscopy. Enzymes were assayed at 0.2 mg mL” in 10 mM sodium phosphate buffer, pH 7.5. Curve

fitting was performed using OriginPro(349).

Enzyme T (°C)
CTX-M-15 54.3 +0.1
BlaC 54.1+0.2

AmpC 57.6 0.1

OXA-23 65.3+0.1
OXA-48 64.6 £0.2

Table 3.2: Melting temperatures of enzymes newly purified in this study as determined by circular dichroism

spectroscopy. Enzymes were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5.

3.5. Steady-State Kinetics with Newly Purified Enzymes

Since this work was the first instance of producing CTX-M-15, BlaC, AmpC from P.
aeruginosa, OXA-23 and OXA-48, in the Schofield group, steady state kinetics were first
performed with the chromogenic reporter substrate, nitrocefin(292), and the fluorescent
reporter, FC5 (Figure 3.13 & Table 3.3)(433), in order to assess activity of the purified

enzymes and the suitability of FCs for use in inhibition assays.
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Figure 3.13: A. Chemical structures of the B-lactamase reporter substrates, nitrocefin and FC5. Kinetics of B.
the hydrolysis of nitrocefin as catalysed by CTX-M-15, BlaC, and AmpC, C. the hydrolysis of nitrocefin as
catalysed by OXA-23 and OXA-48, D. the hydrolysis of FC5 as catalysed by CTX-M-15, BlaC, AmpC, OXA-23,
and OXA-48, are shown. Hydrolysis data were collected at 25 °C and pH 7.5. The initial rate of hydrolysis is
plotted against substrate concentration. The concentration of enzyme used in the assay is indicated. Solid

lines indicate the Michaelis-Menten curves fitted in GraphPad Prism(347).

In each case, the measured specificity constant for nitrocefin is greater than for FC5 by up to
three orders of magnitude (e.g. kcat/ Km values for OXA-23 with nitrocefin and FC5 are 56 and
0.076 uM s, respectively). This generally comes as a result of a reduced k..t and an increased
Kn, i.e. both a poorer affinity and a lower turnover rate. It should be noted that some degree
of substrate inhibition was observed for the OXA enzymes and nitrocefin. In addition, for
each of the enzymes tested, it was not possible to reach the limiting initial rate of hydrolysis
with FCs. Thus fitting values for both ket and Kn from GraphPad Prism typically have a
greater degree of error with FC5 than with nitrocefin and should be taken with a little

caution.
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Enzyme Substrate  [E] (nM) Kear (57) Ko (LM) Keat/ Ko (UM 57

CTX-M-15  Nitrocefin 0.1 1000 + 120 8014 13
FC-5 0.05 1100+100 17020 6.5
BlaC Nitrocefin 4 84+1 220+ 10 0.38
FC-5 16 5.4+0.7 460+ 70 0.012
AmpC Nitrocefin 0.25 540 + 40 100 £ 20 5.4
FC-5 0.5 500+160 600+ 220 0.83
OXA-23  Nitrocefin* 2 2800 + 200 50+9 56
FC-5 1 38+7 500 + 130 0.076
OXA-48  Nitrocefin* 2 4800 % 200 62+8 77
FC-5 1 28+2 420+ 50 0.067

Table 3.3: Fitted Michaelis-Menten kinetic constants for the hydrolysis of nitrocefin or FC5 by CTX-M-15,
BlaC, AmpC from P. aeruginosa, OXA-23, and OXA-48. Hydrolysis data were collected at 25 °C and pH 7.5.

Asterisks indicate experiments in which substrate inhibition was observed.

3.6. Inhibition of B-lactamases by Cyclic Boronates
Using an FCs-based fluorogenic assay(433), the cyclic boronates were initially screened for
inhibitory activity against the SBLs TEM-1 and OXA-10, class A and D enzymes, respectively.
Residual p-lactamase activity, through the hydrolysis of FC5, was measured via fluorescence
of the hydrolysed product (Aex = 380 nm, Aem = 460 nm) for a range of inhibitor
concentrations. All measurements were performed at 25 °C and pH 7.5. Enzymes were
incubated with the inhibitor for 10 minutes before initiation of the reaction through the
addition of substrate. The compounds were also screened against the non-essential
penicillin-binding protein, PBP5 (dacA) from E. coli, and the essential penicillin-binding
protein, PBP3, from P. aeruginosa, since these are enzymes that are evolutionarily related to
the SBLs (Figure 3.14 & Table 3.4)(149, 150).

The initial results confirmed that the synthesised cyclic boronates were inhibitors of
the SBLs, as expected from the academic literature. However potency against the class A
enzyme, TEM-1, was generally much greater than against the class D enzyme, OXA-10, with
low nanomolar ICs, values against the former and low micromolar values against the latter.
Variability was also seen between the cyclic boronates tested, suggesting that a greater
potency could be achieved against OXA-10 by investigating further variations of the
sidechain. Although no inhibition was seen against the essential PBP3, inhibition of the non-
essential PBP5 was seen by all boronates, with a determined apparent ICs, of 1.99 nM for
boronate 2. This result suggests that cyclic boronates might have some utility, not only in
potentiating B-lactams against infections exhibiting resistance mediated by SBLs, but, with
further refinement, might also have the potential to act as antibiotics themselves by
inhibiting PBPs in the same manner as the p-lactams. Having established the activity of

these compounds against SBLs, it was investigated as to whether the cyclic boronates also
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inhibited MBLs. Thus, the cyclic boronates were screened for inhibitory activity against a
panel of MBLs, including the clinically relevant B1 enzymes NDM-1, IMP-1, VIM-2 and SPM-
1, the model MBL, Bcll, and the B2 subclass enzyme CphA from Aeromonas hydrophilia
(Figure 3.15 & Table 3.5).
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Figure 3.14: A. Chemical structures of the cyclic boronates 1 to 5 used in these inhibition studies. B. 1Cs,
traces for the inhibition of serine-B-lactamases and penicillin-binding proteins by cyclic boronates. Residual
hydrolysis of FC5 (TEM-1 and OXA-10) was followed by fluorescence (A, = 380 nm, A, = 460 nm), while
residual hydrolysis of nitrocefin (PBP-5) was followed by absorbance at 390 nm. Inhibition assays were

carried out at 25 °C and pH 7.5.
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Figure 3.15: IC;, traces for the inhibition of metallo-fB-lactamases by cyclic boronates. Residual hydrolysis of
FC5 was followed by fluorescence (A, = 380 nm, A, = 460 nm). Inhibition assays were carried out at 25 °C
and pH 7.5. Note that curves for 2, 4, and 5 with CphA are not shown due to minimal inhibition at the tested

inhibitor concentrations.
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IC;, for Cyclic Boronate (nM)

Enzyme 1 2 3 4 5

TEM-1 1.25+0.06 3.98+0.02 3.16+0.01 0.40+0.02 7.94+0.01

OXA-10 398+1 6310 + 20 1000 +2 2510+10 12600 * 100
PBP3 NI NI NI NI NI
PBP5 ND 1990 + 10 ND ND ND

Table 3.4: ICs, values for the inhibition of serine-B-lactamases and penicillin-binding proteins by cyclic

boronates. Inhibition assays were carried out at 25 °C and pH 7.5. NI — No inhibition seen. ND — Not

determined.
1C5, for Cyclic Boronate (puM)
Enzyme 1 2 3 4 5
NDM-1 2.04£0.01 0.029 +0.001 0.68+0.01 0.04 +£0.01 0.004 £ 0.001
IMP-1 1.44 +£0.04 1.00 + 0.02 1.50 £ 0.04 1.21+0.03 1.41+0.04
VIM-2 0.051 +0.001 0.003 + 0.001 0.011 + 0.001 0.014 £ 0.001 0.002 + 0.001
SPM-1 24.1+0.8 16.7+0.4 16.0 0.3 13.9 0.5 362
Bell 7.27 £0.07 0.30 £0.01 0.96 +0.01 0.52 +£0.02 1.14+0.01
CphA 44+0.1 >100 201 >100 >100

Table 3.5: IC5, values for the inhibition of metallo-B-lactamases by cyclic boronates. Inhibition assays were

carried out at 25 °C and pH 7.5.

These results demonstrated that the cyclic boronates were able to inhibit not only the SBLs,
but also the MBLs, as predicted based on consideration of the enzymes’ mechanisms.
Potencies of inhibition were, however, variable, with IC;, values ranging from >100 uM
against CphA to 2 nM against VIM-2 (Table 3.5). The inhibition data suggest that the
inclusion of an aromatic sidechain in the position analogous to the C6/7 aminoacyl side
chains of penicillins or cephalosporins give rise to more potent inhibition of the B1 MBLs,
while decreasing potency against the B2 enzymes (ICs, values for inhibition of CphA by
boronates 2, 4, and 5 are all greater than 100 uM). In general, the potencies against CphA
and SPM-1, a B1/B2 hybrid enzyme(261), were lower than for the other MBLs tested,
suggesting that further optimization would be required to achieve strong inhibition against
the B2 subclass MBLs.

3.6.1. Examining Time Courses of Inhibition by Cyclic Boronates

To investigate whether the cyclic boronates would inhibit a broader range of B-lactamase
targets, such as class C B-lactamases as well as important class A ESBL and class D
carbapenemase targets, the same FC5-based fluorogenic assay(433) was used to screen cyclic
boronates 1 and 2 against TEM-1, CTX-M-15 (class A), AmpC from Pseudomonas
aeruginosa (class C), OXA-23 and OXA-48 (class D), collectively representing all classes of
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B-lactamase. The time-dependency, if any, of the inhibition of these enzymes by the cyclic
boronates as well as against two B1 MBLs, Bcll and VIM-1 was also examined. As a
benchmark to the potency of the cyclic boronates, the clinically used SBL inhibitors
avibactam (MedChemexpress LLC) (154, 203), sulbactam (436, 437), and BLI-489, a potent
inhibitor of class D enzymes (140, 438, 439) were also screened. Against MBLs the broad-
spectrum thiol-based MBL inhibitors, L-captopril (254, 317) and (racemic) thiomandelic acid
(316, 355) were used for comparison. It was attempted to examine the effect of pH on the
inhibition of the MBLs, however this proved troublesome, most likely due to the known
instability of VIM-1 and the possibility of quenching of the fluorescent reporter when assays
were conducted at lower pH, thus, only data for both MBLs at pH 7.5 and BclI at pH 6.5 are
shown. The extent of inhibition was tested at five time points over a six hour period and

inhibition data are shown in Figures 3.17-3.18 & Tables 3.6-3.7.
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Figure 3.16: Chemical structures of inhibitors employed in inhibition time course studies with serine- and

metallo-f-lactamases.
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60 or 360 minutes. Inhibition assays were carried out at 25 °C and pH 7.5.
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Figure 3.18: IC5o curves the time course of inhibition of metallo-B-lactamases. Residual activities were
calculated from initial rates of FC5 hydrolysis after incubation of the enzyme with the inhibitor for 0, 10, 30,

60 or 360 minutes. Inhibition assays were carried out at 25 °C and pH 7.5.
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Pre-incubation TEM-1 CTX-M-15 AmpC 0XA-23 OXA-48
Inhibitor Time (min) IC5o (nM) 1G5y (nM) IC50 (NM) IC5o (nM) IC5o (NV1)
1 0 2.6+0.1 9216 68+3 2201 140+ 1
10 1.310.1 13+1 9.8+ 0.3 2501 160+ 1
30 1.6+0.1 3.7+0.1 45+0.1 260+1 170+ 1
60 1.540.1 1.7+0.1 2.6+0.1 270+1 170+ 1
360 1.7+0.1 4.0 £0.01 2.4+0.1 730+2 270+1
2 0 8.1+0.1 39+2 270 + 60 2000 + 10 2000 + 10
10 3.4+0.1 7.5+0.3 120 £ 10 2600 £ 10 2600 £ 20
30 2.6+0.1 2.8+0.1 150 £ 10 330020 3400 £ 10
60 2.6+0.1 1.3+0.1 100 + 10 2600 * 10 3000 + 10
360 2.1+0.1 6.4+0.1 96 +1 3300+ 20 3300 + 20
Sulbactam 0 860 + 80 44+1 >2x10° >2x10° >2x10°
10 600 + 200 291 42000 + 2000 >2x10° >2x10°
30 600 + 200 28+7 8600 * 600 >2x10° >2x10°
60 500 + 200 32.0+0.3 4400 + 500 >2x10° >2x10°
360 700 + 300 16.6 £ 0.1 1000 + 400 >2x10° >2x10°
Avibactam 0 19+1 9.9+0.2 1400 + 400 770+ 4 2500 + 30
10 3.4+0.1 1.1+01 190 + 10 390+1 810 + 50
30 2.2+0.1 0.40 £ 0.06 200+ 10 160+ 2 3002
60 2.0+0.1 0.39 + 0.01 200 + 10 71+1 150+ 1
360 43+0.1 6.4+0.1 150 + 10 13+1 20+1
BLI-489 0 4.8+0.2 32+2 210+20 5.6+0.1 14+1
10 2.0£0.1 6.9+0.2 30+1 5.60.1 151
30 1.740.2 2201 12.0£0.4 6.210.1 161
60 1.7+0.1 0.94 + 0.03 5.6+0.1 8.6+0.1 22+1
360 1.9+0.1 8.0+0.1 1.9+0.1 18+1 49+1

Table 3.6. Time course for the inhibition of serine-B-lactamases (classes A, C and D) by cyclic boronates and
selected covalent serine-B-lactamase inhibitors using FC5 as a substrate. IC5, values were taken after pre-
incubation of the enzyme with the corresponding inhibitor for 0, 10, 30, 60 or 360 minutes prior to assay.
Inhibition assays were carried out at 25 °C and pH 7.5. ICs, values were obtained from fitting of residual

activity plots using GraphPad Prism(347).
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Pre-incubation Bcll pH 7.5 Bcll pH 6.5 VIM-1pH 7.5
Inhibitor Time (min) IC5o (UM) 1Csp (uM) IC5 (UM)
1 0 28+0.2 33101 1+1
10 3.0+0.2 3.8+0.2 1+1.2
30 28%0.3 3.5%0.1 115
60 34%03 3.81+0.2 14103
360 3.1+£0.2 3.0+0.2 1.2+0.3
2 0 0.45 + 0.02 0.27 £ 0.02 0.061 + 0.001
10 0.45 £ 0.02 0.20 £ 0.01 0.085 + 0.002
30 0.36 £ 0.02 0.20 £ 0.01 0.088 + 0.001
60 0.36 £ 0.01 0.20 £ 0.01 0.083 + 0.002
360 0.36 £ 0.03 0.23 £0.01 0.061 + 0.001
L-Captopril 0 13.7+0.3 17.4+0.3 1.91 £ 0.06
10 21+1 20.4+0.6 2.310.2
30 12.5+0.5 16.8+ 0.8 24+0.2
60 146104 13.7+0.7 26%0.1
360 15+1 16.3 £ 0.5 2.8+0.2
(£)-TMA 0 0.30 £ 0.03 0.27 £ 0.06 0.38 £ 0.03
10 0.39 £ 0.05 0.9+0.1 0.45 £ 0.02
30 0.33 £0.04 0.5+0.1 0.8+0.9
60 0.5+0.2 2+1 1.4+09
360 2+1 2+1 2+1

Table 3.7. Time course for the inhibition of metallo-f-lactamases (classes A, C and D) by cyclic boronates and
selected thiol-based metallo-B-lactamase inhibitors using FC5 as a substrate. 1C5, values were taken after
pre-incubation of the enzyme with the corresponding inhibitor for 0, 10, 30, 60 or 360 minutes prior to
assay. Inhibition assays were carried out at 25 °C and pH 7.5. IC5, values were obtained from fitting of

residual activity plots using GraphPad Prism(347).

Both cyclic boronates, 1 and 2, were able to inhibit the additional SBLs tested with ICs,
values ranging from 250 to 2 nM (Table 3.6). Against TEM-1 and CTX-M-15, 1 and 2 exhibit
a similar inhibition potency (1.5 + 0.1 nM and 1.7 + 0.1 nM, respectively, after 60 minutes
pre-incubation). Against AmpC, 2 shows around 10-fold lower ICs, values than 1 (9.8 + 0.3
nM vs 120 + 10 nM, respectively, with 10 minutes pre-incubation) while, against the OXA
enzymes, 1 exhibits 10- to 15-fold lower ICsos than 2 (250 + 1 nM and 2600 + 100 nM,
respectively, after 10 minutes incubation for OXA-23, and 160 + 1 nM and 2600 + 200 nM,
respectively, after 10 minutes incubation for OXA-48). 1 and 2 show similar potency to
avibactam and BLI-489 against the class A enzymes, with low to sub-nanomolar IC;, values.
2 shows a similar potency to avibactam against AmpC, while 1 exhibits up to 60-fold lower
IC5, values than avibactam (9.8 + 0.3 nM and 190 + 10 nM at 10 minutes, respectively) and
results comparable to those seen for BLI-489 (30 + 1 nM at 10 minutes). Against the OXA
enzymes, neither 1 nor 2 were able to achieve potency comparable with BLI-489, with ICs,

values for 1 being around 10 to 20-fold higher and those for 2 being around 100 to 200-fold
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higher, but IC;, values for 1 were comparable with those seen for avibactam, at least after up
to 60 minutes of pre-incubation (270 + 1 nM and 170 + 1 nM for 1 against OXA-23 and OXA-
48, respectively, and 71 + 1 nM and 150 + 1 nM for avibactam against OXA-23 and OXA-48,
respectively, after 60 minutes incubation). In all cases the inhibition of the MBLs by 2 was
around 10 times more potent than by 1 (Table 3.7). 1 exhibited IC5, values around two- to
five-fold lower than those seen with L-captopril (2.8 + 0.3 uM and 12.5 + 0.5 uM,
respectively, after 30 minutes incubation with BclII). 2 showed very similar potency to
thiomandelic acid against Bcll but showed five to 10-fold greater potency than thiomandelic
acid against VIM-1.

The observation of time-dependency in inhibition varied depending on the particular
inhibitor-enzyme combination being considered (Table 3.6). Where significant time
dependency was observed, the largest decrease in ICs, generally occurred over the first 10
minutes of inhibition. Avibactam showed time-dependency in its inhibition of all the tested
SBLs with the lowest IC;, value typically observed after 60 or 360 minutes pre-incubation.
The IC5, values obtained with BLI-489 only showed substantial time-dependency with CTX-
M-15 and AmpC, and the lowest IC;, values were seen after longer incubation times. The
time-dependency of inhibition by the cyclic boronates, 1 and 2, was similar to that observed
for BLI-4809, in that it was seen with CTX-M-15 and AmpC but not with TEM-1 or the OXA
enzymes. Perhaps unexpectedly, a significant increase in the ICy, values for avibactam and
BLI-489 against CTX-M-15 was observed between 60 and 360 minutes of incubation. This
may be the result of slow hydrolysis of the inhibited acyl-enzyme to restore a population of
the active enzyme. No time-dependency of MBL inhibition by either the cyclic boronates or

thiol-based inhibitors was observed.

3.7. In Solution Studies of Cyclic Boronates and p-Lactamases

While crystallography is an important tool for characterizing the binding mode of inhibitors
and subsequent structure-activity relationship (SAR) studies, in solution data can also help
to produce a more dynamic picture of an interaction. Thus, the binding of cyclic boronates to
SBLs and MBLs was explored using both nuclear magnetic resonance (NMR) spectroscopy

and surface plasmon resonance (SPR).

3.7.1. NMR Studies on Binding of Cyclic Boronates to f-Lactamases

When in solution the boron centre of a boronic acid may exist as a trigonal planar neutral
species or tetrahedral anion by coordination of an additional water molecule. B NMR was
employed to investigate the ratio of boron hybridization states in solution and how this

might be affected by addition of a B-lactamase (Figure 3.19).
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Figure 3.19. Impact of pH and enzyme on the “B-NMR spectrum of 2. A. “B-NMR spectra of 2 at varying pH.
B. 'B-NMR spectra showing the interaction of TEM-1 with 2 at pH 7.5. 2 was employed at a final
concentration of 200 pM and TEM-1 was studied at 300 pM. Studies at pH 12.0 and 7.5 were carried out in
50 mM sodium phosphate supplemented with 10% D,0. Studies at pH 4.5 were carried out in 50 mm sodium

acetate supplemented with 10% D,0.

At low to neutral pH values, cyclic boronate 2 gave rise to a shift at 20 ppm, while at higher
pH (12.0) this shift was not apparent and a peak at 2 ppm was observed. The 20 ppm peak
likely corresponds to a trigonal planar, tricoordinate boron centre, while the 2 ppm one
corresponds to a tetrahedral anionic centre — the resultant negative charge on the boron
giving rise to increased shielding(440). Note that an additional broad peak a shoulder to the
2 ppm shift is seen at pH 12.0. The origin of this peak is, as yet, unidentified but may
correspond to an oligomeric state. On addition of TEM-1 to a sample of 2 at pH 7.5, the 20
ppm signal was reduced but not ablated and an additional signal was visible around 3 ppm.
This additional signal comprised two peaks, which could correspond to ring closed and
opened forms of 2. The binding of a boronic acid to TEM-1 in an open configuration is
precedented by X-ray crystallographic studies on a very similar compound to this series
(Figure 3.20)(441). The additional peak could also correspond to binding at an alternative
site, as precedented by surface binding of a benzoxaborole to histidines (Figure 3.7 D)(426),
or may once again may represent an oligomeric state of 2. Thus, addition of TEM-1 to a
solution of 2 could result in a peak corresponding to a tetrahedral boronate species in both
open and closed forms, with the additional ligand coordinating the boron likely being the
active site nucleophilic serine residue. Further work using other B-lactamases has been

proposed to confirm the identity of the species corresponding to each observed peak.
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Figure 3.20: View from a crystal structure of a cyclic boronate (white) in complex with TEM-1. Although the

ligand has the potential to cyclise in a similar manner to the compounds in this study, it has been refined in

an open conformation(441). The chemical structure of the inhibitor is inset.

In the class D OXA SBLs, the reversible reaction of Lys70 with carbon dioxide(442), a
post-translation modification critical for activity(172), can be manipulated to site specifically
label the residue with 3C(172). Thus, the binding of 1 to OXA-10 was monitored using 3C
NMR spectroscopy. Based on crystallographic studies with OXA enzymes, it has been
proposed that the SBL inhibitor, avibactam, exerts its activity, in part, by encouraging lysine
decarbamylation to activate the enzyme. Interestingly, the carbamylation of OXA-10 is
maintained upon binding of 1, however a shift of 6 ppm in the carbamylate signal is observed
(Figure 3.21). This observed shift is substantial when compared to that reported upon
binding of hydroxyisopropylpenicillanates, where only a 0 to 0.4 ppm shift is seen(172). The
greater shift of the C signal on binding of the boronate may reflect the different
environment of the lysine carbamylate and the adjacent active site serine, being bound to an
sp3 anionic boron centre when complexed to cyclic boronate 1 as opposed to an sp2 carbon

center in the hydroxyisopropylpenicillanate complex.
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Figure 3.21: BCNMR spectra for OXA 10 with a B¢ labelled Lys70 carbamylate, formed by addition of 10 mM
NaH*cO; alone and after supplementation with 5 mM boronate 1. OXA-10 was present at 560 pM. All
samples were supplemented with 10% D,0. The large peak at 160.5 ppm corresponds to ¢ labelled sodium

bicarbonate.

3.7.2. Kinetics of Cyclic Boronate Binding to B-lactamases
Surface plasmon resonance was employed to investigate the origins of the low ICs, values
seen with the cyclic boronates and MBLs, in particular with VIM-2.

A fast binding rate, kon = 1.25 x 105 M s, combined with a very slow dissociation
rate, kot = 5.74 X 1074 s, gives rise to a dissocation constant (Kq) of 4.6 nM. While this Kq
value is in close agreement with the ICs, value of 3 nM determined previously (Table 3.5), it
should be taken with caution since the low off rate of the inhibitor may limit the success of
computational fitting of the SPR response traces. The most striking observation is the very
low off rate of the inhibitor. This results in a response curve in which, after initial binding,
the enzyme is saturated by 2 over the course of the experiment. This very slow off rate may
come as a result of the non-chelating ionic interaction between a negatively charged

tetrahedral boron centre and the positive metal ions.
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Figure 3.22: Time course and fitted kinetic constants for the binding of varying concentrations of cyclic

Time (s)

boronate 2 to VIM-2 as determined by surface plasmon resonance. Biotinylated VIM-2 was captured on the
streptavidin coated chip surface by continuous flow of 100 UM enzyme until a stable response of 3000 RU
was achieved. All measurements were recorded at 4 °C. Note that upon binding, 2 exhibits a very low off
rate such that the enzyme remains saturated for the duration of the experiment. Fitting of traces was

carried out using Biacore T200 software.

3.8. Structural Characterisation of Cyclic Boronates with B-Lactamases

Given the chemical structure of the synthesised cyclic boronate compounds, there are two
obvious potential forms of the molecule, one in which the boron is part of a heterocycle
(Figure 3.23) and the other in which it has been linearised due to exchange with water. (Both
of these general forms can also adopt sp? and sp3 coordinate states at the boron centre). A
recent publication has demonstrated that a balance of two entropic effects, water release and
intrinsic chain entropy, cause cyclic boronic acids in which the boron is contained within a
five, six, or eight membered ring, to exist predominantly in a ring closed form, while seven

membered rings favor an open conformation(443).

R OH O
R
OHO -B ~0 oA
o _B.
HO OH
O~ "OH
Cyclic Boronate (Closed) Cyclic Boronate (Open)

Figure 3.23: General chemical structures of the closed and open forms of the cyclic boronates used in the

study. The latter can be obtained via exchange with water at the boron centre.

As already mentioned above, a crystal structure of a related cyclic boronate complexed with

TEM-1 shows an open conformation rather than a six membered ring(441). However, co-
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crystal structures of RPX-7009 (vaborbactam) with CTX-M-15 and AmpC reveal that the
boron-containing ring remains closed (Figure 3.24)(212).

X-ray crystallography was employed to assess the mechanism of B-lactamase
inhibition by the cyclic boronates, to investigate the preference for ring-opened/closed states
in enzyme-boronate complexes, and to characterise the structures of the enzyme inhibitor
complexes. Crystal structures were obtained for cyclic boronates in complex with CTX-M-15,
AmpC from P. aeruginosa, OXA-10, Bcll, and VIM-2, thus covering all four Ambler classes

of B-lactamase, and a structure of a cyclic boronate complexed with PBP-5 was also obtained.
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Figure 3.24: Views from co-crystal structures of vaborbactam with A. CTX-M-15 (PDB accession code: 4XUZ)
and B. AmpC (PDB accession code: 4XUX)(212). In both structures the compound adopts a closed ring
configuration. Interestingly the boron containing ring adopts a different ring flip conformation between the

two structures, with the amino acyl side chain being axial in CTX-M-15 and equatorial in AmpC.

3.8.1. Structures of Cyclic Boronates in Complex with Serine-p-Lactamases

Crystal structures of SBLs in complex with cyclic boronate 1 (Figure 3.25) were obtained via
co-crystallisation experiments. A structure of the CTX- M-15:1 complex was solved to 1.95 A
resolution by molecular replacement, using a reported structure of the apo-enzyme (PDB
accession code 4HBT )(157) as a search model. (Crystallographic data are provided in Table
3.8). Comparison of the structure of the boronate complex with that of the apo-enzyme
shows little change in the overall conformation of the enzyme upon binding the inhibitor,
with a root-mean-square deviation (RMSD) of 0.194 A over backbone carbon atoms.
Electron density in the active site clearly reveals that 1 is bound via reaction with the side
chain of the nucleophilic serine, Ser73, and provides clear evidence for a tetrahedral
coordination of the boron centre (Figure 3.26 A). The carboxylate of 1 is positioned to form a
salt bridge interaction with Lys237 as well as hydrogen bonding interactions with Thr238,
Ser240 and a water molecule, while the acetamido side chain can form hydrogen bonds with
Asn107, Asn135 and the main chain carbonyl of Ser240 (Figure 3.26 B). The aromatic ring of
the central core of 1 is positioned to make an aromatic/hydrophobic interaction with Tyr108.
Importantly, the electron density demonstrates unequivocally that the boron centre is

maintained within a closed six membered ring. (Figure 3.26 A)
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HO 0]
Figure 3.25: Chemical structures of the cyclic boronates employed in crystallographic studies with serine-

and metallo-B-lactamases and penicillin binding proteins.

A structure of AmpC in complex with 1 was solved to 2.06 A resolution by molecular
replacement using a previous apo-enzyme structure (PDB accession code: 4GZB)(157) as a
search model. In a similar manner to that described for the CTX-M-15:1 complex, the
electron density reveals the boron to be covalently linked to the active site serine, Sergo,
tetrahedrally coordinated, and housed within a closed six membered ring (Figure 3.26 C). As
above, the carboxylate moiety of 1 is positioned to form salt bridge interactions with Lys342
and Arg376 as well as potential hydrogen bonds with Thr343, Ser345, and Asn373, while the
acetamido side chain forms hydrogen bonds with Glni46, Asn179 and the main chain
carbonyl of Ser345.

A structure of OXA-10 in complex with 1 was determined to 1.5 A resolution by
molecular replacement using an apo-enzyme structure (PDB accession code: 1FOF)(444) as a
search model. Comparison of the structures of apo-OXA-10 with that of the enzyme in
complex with a cyclic boronate reveals minimal changes in the overall structure of the
enzyme, with an RMSD of 0.19 A over backbone carbon atoms. In the active site, Lys7o,
which is carbamylated in catalytically active OXA enzymes, is observed to be carbamylated in
the enzyme-inhibitor complex (Residue KCX70 in Figure 3.26 F). As for the class A and C
enzymes above, electron density around the boron centre demonstrates that the inhibitor is
bound by covalent attachment to the nucleophilic serine residue, Ser67. Further, the electron
density clearly demonstrates that the boron centre is tetrahedrally coordinated, and that the
boron is located within a closed six-membered ring (Figure 3.26 E). The carboxylate of 1 is
positioned to form a salt bridge with Arg250, while the acetamido side chain is positioned to
hydrogen bond with the main chain carbonyl of Phe208. Finally, the cyclohexyl side chain
makes hydrophobic contacts with Metgg and Trp102.

Page | 101



Chapter 3 Cyclic Boronates Inhibit All Classes of B-Lactamase

T[h][@@. Thr249

Lys76 Lys76
Lys237 Lys237
C 2 GIn146 D E GIn146
o oy °)
Val X
Ser345
Tyr249
Asn373 Asn373
Serd0
Tr'Ih] 343 Thr343
Lys342 ArgrS Lys342 Arggit

KCX70 KCX70

Figure 3.26: Co-crystal structures of cyclic boronates with serine-B-lactamases. A & B. CTX-M-15:1. C & D.
AmpC:1. E & F. OXA-10:1. Representative density for the ligands is shown (3.0 c mF,-DF. OMIT, grey mesh).

Dashed lines indicate potential hydrogen bonding interactions. Water molecules are represented by red

spheres.
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Taken together, these results show that the cyclic boronates inhibit SBLs via covalent
reaction with their active site nucleophilic serine. A closed conformation of the boron-
containing ring is seen in all three structures, which supports the conclusions drawn from
boron and carbon NMR. This suggests that these compounds mimic the first tetrahedral
anionic intermediate in B-lactam hydrolysis, EI* in Figure 3.8 A. Further evidence for the
cyclic boronates mimicking f-lactam substrates can be obtained from overlaying structures
of, for example, OXA-10:1 and a catalytically inactive OXA-10 mutant in complex with
benzylpenicillin (PDB accession code: 2WGL)(173). Comparison of these two structures
shows analogous placement of the carboxylate and acetamido side chains, while the
endocyclic oxygen of 1 is well placed to mimic the nitrogen of the penicillin thiazolidine ring

in its interaction with Ser115 (Figure 3.27).

Ser67

Figure 3.27: Structural overlay of OXA-10:1 (white) and an OXA-10 K70C benzylpenicillin complex (PDB
accession code: 2WGI, cyan)(173). Note the similar placements of the carboxylates and acetamido side

chains, and how the endocyclic oxygen of 1 may mimic the thiazolidine nitrogen in the penicillin.

3.8.2. Structure of a Cyclic Boronate in Complex with PBP5

As stated previously, the cyclic boronates have been shown to inhibit the non-essential
penicillin binding protein, PBP5, with an apparent ICs, of 1.99 nM for inhibition by 2 (Table
3.4). The SBLs are believed to be evolutionarily related to the PBPs and the two enzyme
classes demonstrate similarity in both their protein fold and the use of an active site
nucleophilic serine residue for catalysis. Thus, it would be expected that the binding mode of
the cyclic boronates to PBPs would be similar to that seen with SBLs. To investigate this,
PBP5 was co-crystallised with 2 and the structure of the complex was solved to 2.5 A

resolution.
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As with the SBLs, the electron density of the ligand revealed covalent binding 2 to the
active site serine residue, Ser44, via the boron centre, a tetrahedral coordination of the boron
atom and a closed six membered ring (Figure 3.28 A). In many structures of PBP5 in

complex with B-lactams, little to no electron density is observed for the C-6/C-7 side chains

of the ligand(445-447).

Figure 3.28: Co-crystal structure of cyclic boronate 2 with penicillin-binding protein 5. Representative
density for the ligand is shown (3.0 c mF,-DF, OMIT, grey mesh). Dashed lines indicate potential hydrogen

bonding interactions.

In the PBP5:2 structure, this is not the case, with clear electron density for the side chain
revealing hydrogen bonding interactions with Asn112, Asn218, and the main chain carbonyl
of His216, as well as a hydrophobic contact with Leu153 (Figure 3.28 B). His216 has moved
3.5 A when compared to its location in an apo-enzyme structure(448) suggesting that its
interaction with the carboxylate of 2 may mimic a crucial interaction in PBP5 substrate
recognition. In the core of 2, the endocyclic oxygen is positioned to hydrogen bond to Seri10,
while the carboxylate forms salt bridge/hydrogen bonding interactions with Arg198, Arg248,
and Thr214. With the exception of a tetrahedral boron centre versus a trigonal planar carbon
centre, many features of the binding mode of 2 are mimicked in a crystal structure of the
PBP5:cloxacillin acyl-enzyme intermediate (PDB accession code: 3MZD, Figure 3.29
B)(446).

Interestingly comparison of the PBP5:2 structure with that of the apo-enzyme or the
enzyme in complex with hydrolysed imipenem shows that the Q-like loop, which is
conserved in PBPs and class A SBLs and likely has a role in substrate recognition(449),

adopts a ‘closed’ conformation, as opposed to the ‘open’ conformation seen in the apo- and
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product-bound structures (Figure 3.29 A). As with the SBL:1 complexes, the closed six
membered ring and tetrahedral coordination of the boron centre suggest that 2 is mimicking
a tetrahedral intermediate in the reaction of B-lactams with PBP5 that precedes the

formation of an acyl-enzyme species.

A \ |
Q-Like Loop %

\7.

Figure 3.29: A. Comparison of the Q-like loop conformations in apo-PBP5 (PDB accession code: 1NZO,
cyan)(448) and the PBP5:2 complex (magenta). B. Overlay of the PBP5:2 (white) and PBP5:cloxacillin acyl-
enzyme (PDB accession code: 3MZD, cyan)(446) structures. The Conformation of 2 in complex with PBP5

appears to mimic that of complexed cloxacillin.

3.8.3. Structures of Cyclic Boronates in Complex with Metallo-B-Lactamases

High resolution crystal structures were obtained for the subclass B1 MBLs, VIM-2 and Bell,
in complex with cyclic boronate 2 to 1.5 and 1.9 A resolution, respectively. In both of these
structures electron density for the boronate reveals a tetrahedral sp3 boron centre (Figure
3.30 A & C). The boron centre of 2 is observed to bind to Zn1 in a bidentate manner via two
terminal hydroxide oxygen atoms, with one of these effectively replacing the bridging

nucleophilic water.
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Figure 3.30: Co-crystal structures of cyclic boronates with metallo-f-lactamases. A & B. Bcll:2. C & D. VIM-
2:2. Representative density for the ligands is shown (3.0 c mFo-DFc OMIT, grey mesh). Dashed lines indicate

potential hydrogen bonding interactions. Water molecules are represented by red spheres.

The binding mode of 2 mimics that of hydrolysed pB-lactams in complex with MBLs in a
number of respects(259). Firstly, the carboxylate of 2 is oriented to interact with Lys224 of
Bcll or Arg228 of VIM-2 and coordinates to Zn2 in much the same way as the C-3/C-4
carboxylate of hydrolysed penicillins/cephalosporins has been shown to. Secondly, the
aromatic ring of 2 is positioned to make hydrophobic contacts with Phe61 and Trp87, as well
as Tyr67 in VIM-2, in a similar manner to the dihydrothiazine ring of hydrolysed
cephalosporins (or analogous ring in penicillins and carbapenems). Thirdly, the side chain of
2 adopts a binding mode very similar to that of the C-7 acetamido side chain of

cephalosporins such that the amide carbonyl is positioned to hydrogen bond with the main
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chain amide nitrogen of Ala119 or Asp119 in Bcll or VIM-2, respectively. Fourthly, binding of
the two exocyclic, boron-bound oxygen atoms to Zn1 mimics the proposed binding mode of
the oxyanion intermediate(450). Hydrogen bonding of Asn233 to the pro-(S) oxygen of the
boron centre supports the proposal that this residue is involved in the stabilization of the

oxyanion intermediate in B-lactam hydrolysis.

3.9. Susceptibility of Clinical Isolates to Cyclic Boronates

In the in vitro screening of the cyclic boronates against the purified enzymes, 2 was observed
to be the more potent inhibitor of the B1 MBLs when compared to 1. Since there are multiple
clinically available inhibitors of the SBLs, potency against the MBLs, particularly against the
clinically relevant B1 MBLs, is, arguably, a more highly desirable characteristic in the design
of MBL/SBL dual inhibitors. Thus 2 (10 pg/mL), in combination with a number of -
lactams, was tested against a variety of Gram-negative clinical isolates characterized as
producing multiple B-lactamases across all four Ambler classes (Tables 3.9-3.10). Those
selected included Enterobacteriaceae (E. coli ST 131, Klebsiella pneumoniae ST 258,
Providencia stuartii) producing class A ESBLs (CTX-M-15, CTX-M-27, SHV-5, VEB-1),
serine (KPC-2) and metallo-B-lactamases (VIM-1, VIM-2), plasmid mediated AmpC (CMY-2)
and/or carbapenem-hydrolysing OXA-48-like oxacillinases (OXA-181, OXA-232) in various
combinations. The activity against carbapenemase producing strains of Pseudomonas

aeruginosa (VIM-2) and Acinetobacter baumannii (OXA-23) was also investigated.
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supplementation with 2, with the exception of CTX-M-27 producing E. col
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rendered susceptible to ampicillin, piperacillin and ampicillin/sulbactam. Susceptibility to
the monobactam aztreonam (AZT) was either increased or completely restored to strains
producing CTX-M-1-like (CTX-M-15, CTX-M-27) enzymes and K. pneumoniae producing the
MBL, VIM-4. Carbapenem usage was potentiated by 2 against P. stuartii producing VIM-1
and K. pneumoniae producing VIM-4.

Success was also had in increasing the susceptibility of E. coli producing the
carbapenemase OXA-181, but not against K. pneumoniae producing OXA-232, presumably
due to the sheer number of B-lactamases being produced by this strain (note, also, that OXA-
181 and OXA-232 are OXA-48 like enzymes and purified OXA-48 was not so potently
inhibited 2 in the in vitro studies, Table 3.6). While a K. pneumoniae strain producing three
different class A p-lactamases was rendered susceptible to all carbapenems on
supplementation with 2. 2 also potentiated the use of all four cephalosporins, most notably
ceftriaxone, ceftazidime, and cefepime, against a number of the strains examined. No effects
were seen on the carbapenem susceptibility of either VIM-2 producing P. aeruginosa or A.
baumannii with OXA-23 upon supplementation with 2. Once again, at least in the latter
case, this may come as a result of the reduced potency of the cyclic boronates against class D
enzymes.

The effects of 2 on susceptibility to 19 diverse p-lactam compounds was also assessed

in Kirby-Bauer disc diffusion tests(451). Screens in which 2 was added in a fixed ratio against

the same strains revealed synergy with a number of B-lactams, illustrating its potential as an
inhibitor (Table 3.10 and Appendix 1). The largest extent of enhancement by 2 was seen in
the activity of piperacillin, ceftolozane/tazobactam, cefotaxime, cefepime, and aztreonam.
Synergy with both ertapenem and meropenem was clearly observed for the VIM-4 producing
K. pneumoniae strain at the 2:1 ratio.

Susceptibility screening of a further 134 Enterobacteriaciae species to 2 in
combination with meropenem was investigated by Drs Ali Aboklaish and Jonathan Tyrell in
the laboratory of Prof. Timothy Walsh, Cardiff University. These included C. freundii,
Enterobacter sp., E. coli, and K. pneumoniae strains expressing both serine and metallo-f-
lactamases (Tables 3.11-3.12). Supplementation with 2 increased the susceptibility of a
substantial number of the isolates tested, with susceptibility of MBL bearing isolates
increasing from 10% to 59% upon addition of 2. Between a 4- to 8-fold increase in
susceptible MBL bearing strains was seen for each of the main species tested (Figure 3.31). 2
was also able to render strains producing both SBLs and MBLs susceptible to meropenem,

reflecting the ability of 2 to inhibit both distinct classes of enzyme (Table 3.12).
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MEM + MIC Distribution (ug mL™)
Genotype
2 <0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 >64
- - - - 1 - 5 5 13 7 12 9 14
NDM (n=66)
+ 1 4 4 4 7 17 4 9 1 2 3 10
- - - - - - - - 1 - - - -
NDM + VIM (n=1)
+ - - - 1 - - - - - - - -
- - - - - - - 2 3 7 21 2 1
NDM + OXA (n=36)
+ - - 1 2 10 13 - 2 2 4 1 1
- - - - - - - 1 - - - - -
NDM +CTX-M-15 (n=1)
+ - - - 1 - - - - - - - -
- - - - 1 - 3 3 3 3 7 4 1
VIM (n=26)
+ 2 3 2 1 2 1 2 2 2 6 2
- - - - - 1 - - - - - 1 -
VIM + OXA (n=2)
+ - - - - 1 - - - - - 1 -
- - - - - - 1 - - - - - -
IMP (n=1)
+ - - - 1 - - - - - - . -
- - - - - 1 - - - - - - -
OXA (n=1)
+ - - - - 1 - - - - - - -
Table 3.11: Minimum inhibitory concentration values of meropenem against bacterial strains with or
without cyclic boronate, 2, supplementation. Strains are distributed by species.
. MEM % MIC Distribution (ug mL™)
Species
2 <0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 >64
- - - - - - 1 - 5 1 1 - -
C. freundii (n=8)
+ - - - 1 2 2 - 1 - - - 2
. - - - 1 1 3 a 1 3 4 3 .
Enterobacter spp . (n=21)
+ - 2 2 2 4 5 2 3 1 - - -
) - - - - - - 2 4 3 6 3 5 -
E. coli {n=25)
+ - 2 3 1 5 5 2 2 1 - 3 1
. - - - - 1 2 3 2 10 7 31 8 14
K. pneumoniae (n=78)
+ 3 3 1 4 12 19 2 6 3 8 7 10
- - - - - - - - - - - 1 -
M. morganii (n=1)
+ - - - - - - - 1 - - - -
- - - - - - - - - 1 - -
S. marcescens (n=1)
+ - - - 1 - - - - - - - -
- - - - 2 3 9 11 20 17 40 16 16
Total (n=134)
+ 3 7 7 8 23 31 6 12 5 8 11 13

Table 3.12: Minimum inhibitory

concentration values of meropenem against bacterial strains with or

without cyclic boronate, 2, supplementation. Strains are distributed according to the [B-lactamases

expressed.
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Figure 3.31: Susceptibility of metallo-B-lactamase expressing clinical isolates to meropenem (MEM) with or
without cyclic boronate 2 supplementation. The susceptibilities of all screened isolates and individual

species are shown.

3.10. Discussion
Collectively, these results reveal that cyclic boronates are able to inhibit all classes of B-
lactamase, including clinically important B1 MBLs, class D OXA carbapenemases and
extended spectrum f-lactamases such as CTX-M-15 with the potential for low micromolar to
low nanomolar ICss (Tables 3.4-3.7). The inhibitors manifested nanomolar levels of
inhibition against NDM-1, VIM-2, TEM-1, CTX-M-15, and AmpC, but were less potent
against the OXA enzymes and B2 or Bi/B2 hybrid MBLs. This suggests that, while an
excellent starting point, more optimisation of the inhibitor scaffold is required to achieve
maximal potency against all variants of B-lactamase.

3C NMR studies on OXA-10 point to only a single closed species in the enzyme-
inhibitor complex (Figure 3.21), as seen in the crystallographic studies presented here.
However NMR data acquired with TEM-1 suggest that the cyclic boronates may be able to
bind to SBLs in open and closed ring forms (Figure 3.19), an observation supported by
previous literature(441). Unlike the TEM-1:boronic acid complex illustrated above (Figure
3.20)(441), the cyclic boronates in this study appear to adopt closed ring conformations
whether complexed to SBLs, MBLs, or PBPs (a result supported by NMR studies on cyclic

boronates of varying ring sizes)(443). An overlay of the cyclic boronate conformation in each
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crystal structure obtained shows that the conformation of the fused bicyclic boronate ring
system is remarkably conserved in all cases, while only minor changes are seen in the
conformation of the C-7 acetamido side chain (Figure 3.32). The fact that the boron ring
remains closed in all structures is supportive of the proposal that the molecules are
inhibiting both SBLs and MBLs by mimicking the first tetrahedral anionic intermediate in -
lactam hydrolysis, EI' in Figure 3.8 A and 3.8 B, respectively, in which the B-lactam ring has
not yet opened. Further to this, comparison of the small molecule energy minimized
structure of the tetrahedral species produced by addition of a hydroxide ion onto the B-
lactam carbonyl of cefalexin reveals a strong structural similarity between it and the enzyme-

bound cyclic boronates (Figure 3.32).

2

Cefalexin

CTX-M-15:1
AmpC:1
OXA-10:1
—— Bcll: 2
VIM-2:2
—— PBP-5:2

Figure 3.32: A. Overlay of 2 in complex with Bcll and the energy minimized small-molecule species defined
by addition of a hydroxide ion onto the B-lactam carbonyl of cephalexin. Energy minimisation was carried
out using the MM2 energy minimisation function in ChemBio3D Ultra(452). B. Overlay of cyclic boronates 1
and 2 in complex with serine-f-lactamases, metallo-B-lactamases and penicillin binding protein 5. Note that,
despite variation in the position of the aminoacyl side chains, the structure and conformation of the fused

bicyclic ring system is highly conserved.

Cyclic boronate 2 potentiated the activity of all four classes of B-lactam against Gram-
negative clinical isolates (Table 3.9). Co-administration of 2 alongside the clinically used SBL
inhibitors, clavulanic acid, sulbactam, and tazobactam, was able to further potentiate the

activity of penicillins against some E. coli strains compared to co-administration with SBL
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inhibitors alone. 2 also increased the effectiveness of both cephalosporins and carbapenems
against VIM-producing K. pneumoniae strains, although this result is not apparent with
KP41, possibly due to the sheer number of B-lactamases (six) being produced in this
organism (Table 3.9). Activity against VIM-2 producing P. aeruginosa was limited, likely on
account of production of AmpC as well as upregulated efflux. An increased susceptibility to
ceftolozane was a common finding regardless of the number or class of B-lactamases
produced, except in A. baumanii. Ceftolozane is a fifth generation cephalosporin, recently
developed for use in combination with tazobactam(453). The results presented here
suggested that ceftolozane, partnered with a cyclic boronate, could be an attractive
combination to pursue in future.

The combined results reveal that cyclic boronates can act as dual inhibitors of SBLs
and MBLs, two enzyme classes with highly distinct mechanisms, by mimicking a shared
tetrahedral intermediate. Further, the inhibition of PBP5 suggests that these molecules not
only represent a promising line of investigation in the development of B-lactam/p-lactamase
inhibitor combinations, but also in the development of new antibiotic chemotypes with
activity against the penicillin-binding proteins. Structural data obtained in this study allow
for the further optimisation of the cyclic boronate scaffold to increase potency, particularly
against OXA and B2 enzymes, but also provide important structural and mechanistic
insights into the nature of transient species in B-lactam hydrolysis that have yet to be
structurally characterised.

With the first cyclic boronate drug, tavaborole(454), approved for clinical use in the
topical treatment of fungal infections, the use of the linear boronic acid, Bortezomib, as an
anti-cancer drug(455), and further cyclic boronates in the pipeline as anti—inflammatory
and anti-bacterial treatments(456, 457), the further use of this molecular scaffold in future
drug candidates seems inevitable. The ability of these molecules to mimic tetrahedral
intermediates in enzyme-catalysed hydrolysis pathways may prove to be highly useful in the
inhibition of mechanistically diverse enzymes, particularly in cancer treatments where it may
be desirable to inhibit different classes of functionally related proteases(458). Notably, there
are no reports of acyclic boronates inhibiting MBLs, suggesting that conformationally
restrained analogues may be a promising line of enquiry. In addition to boronates, cyclic
phosphonates, sulfonates, and sulfonamides have yet to be extensively explored and may

prove to be a fruitful source of future inhibitors.
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The work in this chapter was carried out in conjunction with a number of other
researchers. The thiol carboxylate inhibitors were synthesised by Dr Ricky Cain, under the
supervision of Prof. Colin Fishwick, University of Leeds. The crystal structure of a thiol
carboxylate in complex with VIM-2 was obtained by Mr David Zollman. The inhibitory
activity of thioenolates has been reported in the academic literature(318). Crystal
structures of thioenolates were obtained in conjunction with Dr Jiirgen Brem. Further
thioenolates discussed in this study were synthesised by Dr Anna Rydzik and Mr Dong
Zhang, who also carried out some assays with some thioenolates. Squaramides and indole
carboxylates were identified in collaborative work with the European Lead Factory,

Dundee.

4.1. Introduction

In the previous chapter cyclic boronates were discussed as a chemotype that is able to inhibit
both the serine- and metallo-B-lactamases (SBLs and MBLs, respectively). Since these
compounds likely exert their inhibitory activity by mimicking a tetrahedral anionic
intermediate common to the reaction mechanism of both enzyme classes (EI* in Figure 4.1),
it stands to reason that other compounds believed to mimic a chemical species along the B-
lactam hydrolysis pathway may also be able to inhibit both SBLs and MBLs. Chemical
species sharing the highest structural similarity in the SBL. and MBL catalysed B-lactam
hydrolysis mechanisms are the first anionic intermediate, previously discussed in relation to
the cyclic boronates, as well as the substrate and product, which should be identical for both
enzymes. Thus, chemical scaffolds mimicking these species, should show the greatest
inhibitory impact against both mechanistic classes of -lactamase.

Aside from exploring enzyme inhibition as a method for verifying potential drug
molecules for combatting antibiotic resistance, if an inhibitor is classified as mimicking a
chemical species along an enzymatic pathway, structural features of its binding mode may
provide useful information about the enzyme mechanism. For example, to date there are no
available crystal structures of p-lactams in complex with MBLs (a structure of faropenem in
complex with cadmium bound New Delhi metallo-p-lactamase 1 (NDM-1), PDB accession
code: 4HKY, has been reported, but analysis of the electron density maps suggests that this
structure may not be completely reliable). Likewise, tetrahedral anionic species in both SBL
and MBL reactions (EI' and EI2 in Figure 4.1) have yet to be structurally characterised. As
discussed in the previous chapter, the cyclic boronates likely represent a mimic of EI*, but it
would be informative if inhibitors representing other species could be identified in order to

clarify mechanistic details such as the mode of B-lactam binding to MBLs.
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4.2. Chapter Objectives

The work described in this chapter explores the activity of molecules with other chemotypes
in the simultaneous inhibition of SBLs and MBLs. Structural and kinetic evaluation of these
compounds’ inhibition was investigated, and the information about p-lactamase mechanism

discussed.

4.3. Squaramides

Squaramides represent promising pharmacophores in drug design since they comprise a
planar aromatic scaffold with the ability to accept and donate multiple hydrogen bonds
through their two set of carbonyl oxygen and amide nitrogen atoms(459-461). The biological
effects of a number of molecules based on the squaramide scaffold have been reported with
functions including the mimicking of phosphate groups in oligonucleotides, and of the
arginine guanidinium ion in peptides(462-464), behaving as agonists for ATP-sensitive
potassium channels(465, 466), and antagonists of chemokine receptors(467-469), and
inhibition of cholera toxin binding to epithelial cell surface receptors(470-472). Their
potential as a cancer treatment is also being explored(473-476), while their use as
fluorescent probes for intracellular labelling in live cells has also been demonstrated(477). In

addition, the role of this chemotype as a possible antibacterial has also been explored(478-
481).

4.3.1. Inhibition of MBLs by Squaramides

The inhibition of metalloenzymes by squaric acids and squaramide derivatives is
precedented by reports on the inhibition of matrix metalloproteins by such scaffolds(482,
483). Squaramides 6 and 77 (Figure 4.2) were identified as potential MBL inhibitors during a

library screen conducted in conjunction with the European Lead Factory, Dundee(484).

(0] 0 0] 0
HN—D\ E HN—Q\ E
QN/)
6 N 7
W,

Figure 4.2: Chemical structures of the squaramides employed in this study.

The inhibitory activity of 6 and 77 was tested against three clinically important enzymes,
NDM-1, Verona integron-encoded metallo-B-lactamase 2 (VIM-2) and MBL imipenemase 1

(IMP-1) (Table 4.1). Neither compound can be considered a potent MBL inhibitor, with IC,

Page | 118



Chapter 4 Further Inhibitors Targeting Serine & Metallo-B-Lactamases

values in the moderate to high micromolar range, however 6 was general a better inhibitor
compared to 7. VIM-2 appears to be the most susceptible to inhibition by the squaramides
(ICso values of 10 + 2 and 15 + 4 uM for 6 and 7, respectively), while little to no activity was

seen against NDM-1 and IMP-1 with compound 7.

IC5o vs
Compound
NDM-1 (uM) VIM-2 (uM) IMP-1 (uM)
6 27+2 102 48 +2
>100 15+4 >100

Table 4.1: IC5, values for the inhibition of B1 metallo-f-lactamases by squaramides 6 and 7. Inhibition assays
were carried out at 25 °C and pH 7.5. Enzymes were incubated with the potential inhibitor for 10 minutes

before initiation of the B-lactamase reaction by addition of FC5.

4.3.2. Inhibition of SBLs by Squaramides

The potency of the squaramides against SBLs was also investigated (Table 4.2). The residual
activity of representative enzymes from each class of SBL, Temoneira p-lactamase 1 (TEM-1)
and cefotaxime hydrolase from Munich (CTX-M-15) (class A), class C serine-p-lactamase
(AmpC) from Pseudomonas aeruginosa (class C), and oxacillinase 10 (OXA-10) (class D)
after incubation with 6 and 7 was determined. As with the MBLs, 6 was generally the more
potent inhibitor across the SBL classes, with residual activities of 1.3 and 10% versus TEM-1
and OXA-10, respectively. 7 also showed potent activity against TEM-1, but not against the

other lactamases.

% Residual Activity at 100 pM vs

Compound
TEM-1 CTX-M-15 AmpC OXA-10
6 1.3+05 65+3 67 %5 10+4
7 3+2 94+ 10 99+8 787

Table 4.2: Residual activities for serine-B-lactamases after incubation with squaramides 6 and 7 at 100 pM.
Residual activity measurements were carried out at 25 °C and pH 7.5. Enzymes were incubated with the

potential inhibitor for 10 minutes before initiation of the [3-lactamase reaction by addition of FC5.

4.3.3. Squaramides as Dual Action Inhibitors
Although not the most potent of MBL or SBL inhibitors, the squaramides represent a novel
chemical scaffold for B-lactamase inhibitors and, importantly demonstrate the ability to find
inhibitors of both the metallo and serine enzymes.

Attempts to achieve a crystal structure of a squaramide in complex with either a MBL
or a SBL have, to date, not yielded results. However, in the case of the MBLs, inhibition likely

arises from the ability of the squaric acid to form a dioxyanion which can mimic acidic
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residues, such as those found in metal chelators. Although the possibility for bidentate
binding of the scaffold to a single metal ion is likely limited on account of the wide angle
between the two endocyclic carbonyls(485), the squaric acid dianion may be able to chelate
to a bimetallic centre in a similar manner seen with the two carboxylates of a hydrolysed p-
lactam(259). The mechanism of inhibition of SBLs is less clear, however it is likely that the
dioxyanion interacts with the positively charged residue responsible for interacting with the
C3/C4 carboxylate of a B-lactam substrate (Arg244 in TEM-1 or Arg250 in OXA-10)(444,
486).

4.4. Thiol Carboxylates

The inhibition of MBLs by thiol containing compounds is well documented(140, 280, 314),
with inhibitors ranging from simple thiols to compounds exhibiting both thiol and carboxylic
acid or phosphonate chemistries(300, 315, 317). A regular structural feature in the inhibition
of MBLs by thiols is the substitution of the nucleophilic bridging water with the thiol sulfur
in a similar p2 bridging mode(313), while a carboxylate may bind to the zinc centres or else
project towards Ly224/Arg228 to form a salt bridge interaction(254).

A series of thiol carboxylate inhibitors designed to utilise interactions with the zinc
centres, Lys224/Arg228 and further hydrophobic/n-stacking interactions with Trp87, all
believed to be crucial interactions in B-lactam binding and hydrolysis by MBLs, were
designed and synthesised by Dr Ricky Cain, under the supervision of Prof. Colin Fishwick,
University of Leeds (Compounds 8-11, Figure 4.3).

OH OH
O SH O SH
F

Figure 4.3: Chemical structures of the thiol carboxylates employed in this study. Note that further
compounds have been synthesised, but only those inhibiting both metallo and serine-B-lactamases are

shown here.

Page | 120



Chapter 4 Further Inhibitors Targeting Serine & Metallo-B-Lactamases

4.4.1. Inhibition of MBLs by Thiol Carboxylates

The unsubstituted lead compound, 8, showed low to sub micromolar potency against the B1
MBLs (ICs, values of 5.59 + 0.05, 0.23 + 0.04 and 0.23 + 0.04 uM versus NDM-1, VIM-2,
and IMP-1, respectively), while fluorine substituted derivatives 9 and 10 showed around a
10-fold increase in potency against NDM-1 and the 2,3-dichloro compound, 1, showed
enhanced activity against VIM-2 (Table 4.3). The addition of electronegative substituents to
the distal phenyl ring did not appear to make a difference to the potency of these compounds
against IMP-1. Potencies against Bacillus cereus B-lactamase II (BcII) were lesser, however,

since this enzyme does not represent a significant clinical target, this is not necessarily a

concern.
IC5, vs
Compound

NDM-1 (uM)  VIM-2 (uM)  IMP-1 (M) Bcll (uM)
5.59 +0.05 0.23 +0.04 0.23 £ 0.04
0.60 +0.03 0.21 £ 0.07 0.40 + 0.09

10 0.71 +0.02 0.23 +0.03 0.31 +£0.09 2.45 +0.08

11 1.16 £ 0.06 0.05 +0.03 0.38 £ 0.06 23+0.1

Table 4.3: IC5, values for the inhibition of B1 metallo-fB-lactamases by thiol carboxylates 8-11. Inhibition
assays were carried out at 25 °C and pH 7.5. Enzymes were incubated with the potential inhibitor for 10

minutes before initiation of the 3-lactamase reaction by addition of FC5.

A crystal structure of 8 in complex with VIM-2 was determined by Mr David Zollman (Figure
4.4). Analysis of the binding mode of 8 shows that the sulfur atom is positioned to replace
the hydrolytic water and bridge the two zinc ions, as designed and precedented by work with
other thiol inhibitors such as captopril and thiomandelic acid. Unexpectedly, the carboxylate
moiety is not projected towards Arg228, as was predicted, but instead is positioned to
interact with Asp117 via an adjacent water molecule. The distal phenyl group, positioned
where the carboxylate might have been predicted to sit, forms a = stacking interaction with
Tyr67 as well as an end on aromatic interaction with Arg228. The increased potency of the
dichloro substituted compound, 11, might be explained by the proximity of the distal ring to
Arg228, since Arg228, likely positively charged, would interact favourably with the increased

electron density supplied by the chlorine atoms.
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A B

e Arg228

His116 His196 His196

Figure 4.4: View from a crystal structure of the VIM-2:6 complex. A. Active site with representative electron
density (3.0 o mF,-DF. OMIT, blue mesh). Representative density for the ligand is also shown (3.0 o mF,-DF,
OMIT, green mesh). B. Interactions of 6 with active site residues. Dashed lines indicate metal

coordination or potential hydrogen bonding interactions. Red spheres represent water molecules.

4.4.2. Inhibition of SBLs by Thiol Carboxylates

Having established the activity against of the thiol carboxylates against MBLs, their
inhibitory activity towards SBLs was investigated (Table 4.4). Compounds 9-11 were
screened against representative enzymes from each class of SBL, TEM-1 and CTX-M-15

(class A), AmpC from Pseudomonas aeruginosa (class C), and OXA-10 (class D).

IC5q vs
Compound
TEM-1 (uM) CTX-M-15 (uM)  AmpC(uM)  OXA-10 (M)
9 >100 >100 >100 >100
10 32.8+0.3 >100 >100 >100
11 5.58 +0.04 >100 >100 37.3+0.6

Table 4.4: IC5 values for the inhibition of serine-f-lactamases by thiol carboxylates 9-11. Inhibition assays
were carried out at 25 °C and pH 7.5. Enzymes were incubated with the potential inhibitor for 10 minutes

before initiation of the B-lactamase reaction by addition of FC5.

Generally, there was little inhibitory activity observed against the SBLs, and although some
inhibition of CTX-M-15 and AmpC was seen, IC;, values against these enzymes could not be
obtained with the inhibitor concentrations employed. However, 11 showed inhibitory effects

against both TEM-1 and OXA-10, giving an IC;, value of 5.58 + 0.04 uM, against the former.
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4.4.3. Thiol Carboxylates as Dual Action Inhibitors
The thiol carboxylates represent moderately potent inhibitors of the MBLs and, to a lesser
extent the SBLs. While the binding mode of 8 to an MBL has been structurally characterised,
to date, there is no structural data for a thiol carboxylate in complex with an SBL. However,
as with the squaramides, the inhibitor could be predicted to bind to SBLs such that its
carboxylate moiety interacts with the basic residue (e.g. Arg244 in TEM-1 or Arg250 in OXA-
10) in the active site.

Given the chemistry of the thiol carboxylates, these molecules are unlikely to be
covalent inhibitors of the SBLs. Thus, an ICs, of 5.58 uM versus TEM-1 is not unremarkable
and this may prove to be an interesting route towards the development of inhibitors of both

MBLs and SBLs with a non-covalent binding mode.
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4.5. Thioenolates

Rhodanines have previously been reported as inhibitors of both class A and C SBLs (TEM-1,
from E. coli, and B-lactamase from E. cloacae strain P99 (P99) and AmpC, from
Enterobacter cloacae and Pseudomonas aeruginosa, respectively)(487, 488) as well as
against the penicillin binding proteins (PBPs) (PBP2x from Streptococcus pneumoniae, and
PBP2 from Neisseria gonnorhoea)(489, 490). The rhodanine ML302 (Figure 4.5) had also
been reported as a sub micromolar inhibitor of the class B1 MBLs, VIM-2 and IMP-1(487,
491).

/
al 0 (’N cl 0
cl NJ al

N N | ~ OH
i s\< }NH q M
s O
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Br SH SH
12 13
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Figure 4.5: Chemical structures of the thioenolates employed in this study. The structure of the parent

rhodanine, ML302, is also shown.

4.5.1. Inhibition of MBLs by Thioenolates

Crystallographic studies were undertaken to investigate the mechanism of MBL inhibition by
ML3o02. Notably, a co-crystal structure of ML3o2 with VIM-2 revealed two different
binding modes of the inhibitor. In one chain of the asymmetric unit a thioenolate hydrolysis

product of the ML302 (ML302F, Figure 4.5) can be seen bound at the active site (Figure
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4.6 B), while in the other chain an unexpected ternary complex was observed in which both
the thioenolate and the parent rhodanine are bound (Figure 4.6 A).

In the binary complex, the thiol of ML302F bridges the two zinc ions, replacing the
u2 nucleophilic water, while the carboxylate is positioned to coordinate DCH zinc ion at a
distance of 2.2 A. The carboxylate can further interact with Arg228, both directly and via an
adjacent water molecule. The aromatic ring is not situated coplanar, but rather orthogonal,
to the carboxylate such that it is not conjugated, likely a steric effect of the di-ortho-chloro
substitution. This allows the ring to form a = stacking interaction with His118 and further
hydrophobic interactions with the side chain of Trp87 and the backbone atoms of Asp119
and Asn233 (Figure 4.6 B). The conformation of the ML302F molecule is unchanged in the
observed ternary complex, while the rotation of the ML302F aromatic ring allows to engage
in 7 stacking with the ML302 molecule above it. The carbonyl oxygen of the ML302 five
membered ring is positioned to engage in a hydrogen bonding interaction with Asn233
(which is oriented differently when compared to the binary VIM-2:ML302F complex), while
the rest of the ML302 molecule is positioned to engage in further hydrophobic interactions
with Phe61, Tyr67, and Trp87 (Figure 4.6 A).

A  Phest B

]

Arg228

< Y Arg228 ~
,- N Hﬂsﬁ]ﬂl
. Cys221
His198 ©
Cys221 His196
His146
His196
[s196

Figure 4.6: A. Crystal structure of the ternary complex formed by ML302 and ML302F binding to VIM-2 B.

Crystal structure of ML302F in complex with VIM-2. Dashed lines indicate metal coordination or potential

hydrogen bonding interactions.

Comparison of the binding mode of ML302F to VIM-2 with that observed in a crystal
structure of hydrolysed benzylpenicillin bound to NDM-1 (PDB accession code: 4EYF)(259)
shows some important similarities (Figure 4.7). Firstly, the thiol of ML302F bridges the two

zinc ions, while the carboxylate coordinates the second zinc ion in the DCH site, analogously
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the B-amine formed from the hydrolysis of the B-lactam ring in benzyl penicillin sits between
the two zinc centres while the adjacent carboxylate coordinates the second zinc ion.
Secondly, the carboxylate of ML302F interacts further with Arg228, just as the
benzylpenicillin C-3 carboxylate interacts with the analogous Lys224 in NDM-1. Thirdly,
ML302F makes a further interaction with Asn233 in a not identical, but similar, manner to
the hydrogen bonding seen between Asn233 and the newly formed carboxylate of benzyl
penicillin in the NDM-1 complex. Thus, it is likely that ML.302F acts as a mimic of B-lactam
hydrolysis products to inhibit MBLs.

’ a Asn233
"{ O

Figure 4.7: Comparison of the binding modes of A. ML302F to VIM-2 and B. hydrolysed benzylpenicillin to
NDM-1. The orientation of the carboxylate to interact with a nearby basic residue, interaction with Asn233

and bridging of the two metal ions are all conserved.

Inspired by the crystallographically observed ternary complex, the inhibitory effects of
ML302, ML302F, and their 1:1 mixture (ML302M) were tested against a variety of B1
MBLs, including against example enzymes from the three most clinically relevant families,
NDM-1, VIM-2 and IMP-1 (Table 4.5). In each case the parent rhodanine, ML302, was a
poorer inhibitor of the MBLs than the hydrolysis product, ML302F. IC;, values for
ML302F were low to sub micromolar in all cases, with an especially high potency against
IMP-1 (2.9 + 5 nM). The inhibitor mixture, ML302M, was only observed to show increased
potency against VIM-2, with a notable 20 fold lower IC;, compared to ML302F alone. Thus,
the ternary complex formation observed with VIM-2 does not seem to be general for B1
MBLs.
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IC5o vs
Compound
NDM-1(uM)  VIM-2 (uM) IMP-1 (uM) Bcll (uM)
ML302 9+1 0.5+0.2 0.17 £ 0.06 0.5%+0.2
ML302F 1.1+0.3 0.30+0.09 0.0029 £ 0.0005 0.02 £0.07
ML302M 0.5+0.2 0.016 + 0.004 0.06 +0.02 0.6 +£0.2

Table 4.5: IC5, values for the inhibition of B1 metallo-f-lactamases by the rhodanine, ML302, its hydrolysis
product, ML302F, and their 1:1 mixture, ML302M. Inhibition assays were carried out at 25 °C and pH 7.5.
Enzymes were incubated with the potential inhibitor for 10 minutes before initiation of the B-lactamase

reaction by addition of FC5.

4.5.2. Inhibition of SBLs by Thioenolates
Further thioenolates have been synthesised by Dr Anna Rydzik and Mr Dong Zhang to
investigate the role of aromatic ring substitutions on inhibitory potency against the MBLs
(Figure 4.5, Compounds 12-16). Since the thioenolates likely exert their inhibitory effects by
mimicking hydrolysed B-lactam products, structures common to the mechanism of both the
MBLs and SBLs, it was investigated as to whether the thioenolates might inhibit SBLs.
Residual activities for thioenolates, and the parent rhodanine ML302, against the
two class A SBLs, TEM-1 and CTX-M-15, the class C SBL, AmpC, and the class D enzyme,
OXA-10, can be seen in Table 4.6. At 100 uM, compounds 12-16 showed some activity
against the SBLs, with 15 and 16 showing notable potency against TEM-1 and moderate
activity versus AmpC. Curiously, the lead thioenolate, ML302F, showed little to no activity
against the tested enzymes, while the 2,3-dichloro compound, 13, showed greater potency.
The poorest activity is seen against the ESBL CTX-M-15, where none of the tested inhibitors
could achieve a residual activity below 61%. This is interesting, given that it is a class A SBL.
like TEM-1, which is potently inhibited in some cases, and serves to highlight the diversity of

the SBLs, even within a single class.

% Residual Activity at 100 pM vs

Compound

TEM-1 CTX-M-15 AmpC OXA-10

ML302 635 61+4 54+2 71+2
ML302F 8416 1035 107 5 1054
12 555 92+3 804 87.0+0.2

13 52+2 86t4 55+2 603

14 40+9 95+4 59+2 92+3

15 1.1+0.7 654 41+3 474

16 8.4+0.8 83+4 35+6 43 +3

Table 4.6: Residual activities for serine-B-lactamases after incubation with thioenolates at 100 uM. Residual
activity measurements were carried out at 25 °C and pH 7.5. Enzymes were incubated with the potential
inhibitor for 10 minutes before initiation of the B-lactamase reaction by addition of FC5.
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4.5.3. Thioenolates as Dual Action Inhibitors

Thus, while more potent against the MBLs, the thioenolates demonstrate inhibitory activity
against both the MBLs and SBLs. This activity likely arises from their mimicking of a -
lactam hydrolysis product, as determined by crystallographic studies with the MBLs, which
is common to the mechanisms of both enzymes (Figure 4.1). The increased potency of the
thioenolates compared to the thiol carboxylates, presented previously, can likely be
attributed to the bidentate zinc binding of the former through both its thiol and carboxylic
acid moieties. At present, inhibitory activity against the SBLs is low. But with further
modification of the scaffold, it may be possible to achieve appreciable activity against both

mechanistic types of B-lactamase.

4.6. Indole Carboxylates

Indole carboxylates were identified as potent inhibitors after a high throughput screen
carried out in conjunction with the European Lead Factory(484). Follow up structure activity
relationship (SAR) studies were carried out by European Lead Factory, and European Gram-
Negative Antibacterial Engine (ENABLE) chemists in the Schofield group, and led to the
development of a library of compounds exhibiting this scaffold, example structures are

provided in Figure 4.8.

Figure 4.8: Chemical structures of the indole carboxylates employed in this study.

4.6.1. Inhibition of MBLs by Indole Carboxylates

The indole carboxylates have been identified as highly potent inhibitors of the B1 MBLs.
Inhibition screening against NDM-1, VIM-2, and IMP-1 gave rise to ICs, values as low as 3
nM with compound 17 (Table 4.7). The potency of the indole carboxylates against all three of
these enzyme families suggests that these compounds might have excellent utility in the

potentiation of B-lactams against infections with resistance mediated by MBLs.
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1Cs5o vs
Compound
NDM-1(nM) VIM-2(nM)  IMP-1(nM)
17 7904 3.2+0.1 10.0£ 0.5
18 290+ 30 158+8 500+ 25
19 120+ 20 7.9+05 310+ 10

Table 4.7: 1Cs, values for the inhibition of B1 metallo-B-lactamases by the indole carboxylates, 17-19.
Inhibition assays were carried out at 25 °C and pH 7.5. Enzymes were incubated with the potential inhibitor

for 10 minutes before initiation of the B-lactamase reaction by addition of FC5.

A structure of 17 in complex with VIM-2 has been solved to 1.45 A and reveals a novel
binding mode unlike any published MBL inhibitor complex structures to date (Figure 4.9).
Interestingly, binding of 17 in the VIM-2 active site results in the loss of the apical water
from the zinc ion in the DCH site, but does not cause displacement of the u2 bridging water.
Instead, the carboxylate moiety binds to the second zinc ion and interacts with Arg228, as
seen in other inhibitor complexes (e.g. with the thioenolates above), while the nitrogen of the
indole is positioned to hydrogen bond to the bridging water molecule. The dichlorophenyl
substituent forms = interactions with Arg228 and Tyr67, the latter via a T-shaped interaction
and the main core and isopropyl sidechain form additional hydrophobic interactions with
Phe61, Trp87 and the backbones of His118 and Asp12o0.

The retention of the bridging water in the inhibitor complex supports the conclusion
that the 17 is mimicking the binding of a substrate unhydrolysed B-lactam to the active site,
with the carboxylate mimicking the C-3/C-4 carboxylate of the B-lactam and the indole
nitrogen representing that of the closed lactam. Alternatively, since the indole nitrogen is
likely to be protonated, this complex may represent the protonation of the ring opened

anionic intermediate (EI in Figure 4.1).
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Figure 4.9: View from a crystal structure of the VIM-2:17 complex. A. Active site with representative electron
density (3.0 o mF,-DF. OMIT, blue mesh). Representative density for the ligand is also shown (3.0 o mF,-DF,
OMIT, green mesh). B. Interactions of 17 with active site residues. Dashed lines indicate metal

coordination or potential hydrogen bonding interactions. Red spheres represent water molecules.

4.6.2. Inhibition of SBLs by Indole Carboxylates

The indole carboxylates were subsequently screened against example enzymes from all
classes of SBL. Notably, at 200 uM compounds 17 and 18 gave residual activities of 13 +1
and 3 + 1%, respectively, versus TEM-1. 18 also showed mild inhibition of OXA-10, with a
residual activity of 45 + 5% at 200 uM. In all likelihood, the potencies of the indole
carboxylates against the SBLs are not sufficient to be able to characterise the binding mode

crystallographically, although it may be possible, in future studies, with TEM-1 and 18.

% Residual Activity at 200 pM vs

Compound
TEM-1 CTX-M-15 AmpC OXA-10
17 13+1 100 100 100
18 3+1 92+7 695 45+5
19 44 +5 83+4 92+8 69+2

Table 4.8: Residual activities for serine-B-lactamases after incubation with indole carboxylates at 200 pM.
Residual activity measurements were carried out at 25 °C and pH 7.5. Enzymes were incubated with the

potential inhibitor for 10 minutes before initiation of the [-lactamase reaction by addition of FC5.
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4.6.3. Indole Carboxylates as Dual Action Inhibitors

The indole carboxylates are another class of molecule able to inhibit both the MBLs and
SBLs, albeit weakly in the latter case. While activity against the SBLs is modest at present,
this class of inhibitors may well reflect the most potent known against the MBLs. As with
other inhibitors described above, these molecules are likely non-covalent inhibitors of the
SBLs and might be an interesting scaffold to pursue in the development of such SBL
inhibitors. The crystallographically determined binding mode to MBLs is remarkable in the
retention of the bridging water, and as discussed above, may be a mimic of B-lactam
substrate binding, or alternatively the process of protonation of the ring opened anionic
intermediate seen in MBL catalysed B-lactam hydrolysis.

Given the opening premise of this chapter, in that chemically similar species along
the B-lactam hydrolysis pathway should show inhibition of both MBLs and SBLs, the
inhibition of the SBLs would suggest that the former proposal of indole carboxylates as
substrate mimics would be correct, since no anionic intermediate species like EI in Figure 4.1
has been characterised with the SBLs. Further, the intermetallic distance of 3.5 A in the
indole carboxylate complex is identical to that seen in the VIM-2 apo enzyme(254), whereas
this distance is generally seen to increase in anion intermediate or product complexes(259,
492), again suggesting mimicking of a substrate complex. With this being the case, the
structure of 17 in complex with VIM-2 likely represents the closest thing to an MBL enzyme
substrate complex to yet be determined, and further SAR studies aimed at creating indole
carboxylates with more chemical features of B-lactams may prove highly fruitful in
determining the exact residues and interactions responsible for the binding of B-lactams to
the MBLs.

4.7. Discussion — Building a Picture of the MBL Reaction Pathway

The work in this chapter defines four chemical scaffolds, aside from the cyclic boronates
described previously, that show inhibitory activity against both the MBLs and the SBLs. With
a worldwide rise in antibiotic resistance(493) and, in particular, resistance to B-lactams
mediated by both SBLs and MBLs likely to become more common in the future the
development of dual action inhibitors is likely to be useful in the treatment of bacterial
infections.

While these scaffolds are generally better inhibitors of the MBLs than the SBLs, the
premise that one chemotype can inhibit two mechanistically distinct classes of enzyme
though mimicking shared species in catalysis stands. Thus, in these cases, and likely others
previously reported, inhibitors designed to mimic species in the mechanism of MBL
mediated B-lactam hydrolysis can likely be developed to become SBL inhibitors as well
through additional chemistry. Although knowledge of the SBL mechanism is a good starting
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point for this development, structures of inhibitors in complex with MBLs, as well as
computational docking studies with the SBLs, may prove to be useful tools in defining the
chemistry required.

As discussed above, development of B-lactamase inhibitors is not only medicinally
useful, but can find utility in the understanding of the mechanism of these enzymes. MBLs
are very efficient enzymes with optimal turnover rates of 100s of molecules per second(283,
287, 326). This makes the structural characterisation of transient intermediates a near
impossible task. Inhibitor complexes can inform about the binding modes and interactions
of these transient species and help to build up a structural picture of B-lactam hydrolysis
even in the absence of true substrate/intermediate complex structures. Figure 4.10 uses
example structures from this chapter and the previous to demonstrate this principle and
inform on the MBL mechanistic pathway. The continued development of new MBL
inhibitors with diverse chemotypes, as supported by library screens and high throughput
crystallography will only help with the fine details of B-lactamase mechanism and, thus, the

development of the most potent clinically useful inhibitors in future.
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The work in this chapter was carried out in conjunction with Drs Ilaria Pettinati, who
assisted with aspects of cloning and oxygen consumption assays, and Jiirgen Brem, who
advised on assay development. This work aims to build on the previous work of Dr

Pettinati as reported in academic literature(220).

5.1. Introduction

As discussed in the General Introduction (Chapter 1), enzymes in the metallo-p-lactamase
(MBL) superfamily, exhibiting the conserved MBL fold, are able to catalyse a number of
different reactions including small molecule and DNA/RNA hydrolyses and oxidoreductase

reactions (Figure 5.1)(216).
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XN T )<
N H,0 OIQT

(@]
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Figure 5.1: Known reactions catalysed by metallo-B-lactamase fold enzymes, with a focus on human
enzymes. The reaction of a ‘true’ metallo-B-lactamase is provided for comparison. Note that the majority of

the human enzymes are hydrolases, while ETHEL1 is a sulfur dioxygenase.

A number of MBL fold enzymes are found in humans (at least 18)(217) and include, but are
not limited to, Glyoxalase 11(222), DNA cross-link repair enzyme 1A-C (DCLRE1A-C)(226),
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N-acylphosphatidylethanolamine-hydrolysing phospholipase (NAPE-PLD)(494),
ethylmalonic encephalopathy protein 1 (ETHE1)(220), and paroxysmal nonkinesiogenic
dyskinesia protein (PNKD)(495). Those human MBL fold enzymes interacting with DNA
(DCLRE1A-C, CPSF73, etc) exhibit a B-CASP domain in addition to their catalytic MBL
domain(217, 225-227). With the human MBLs (hMBLs) being largely composed of
hydrolases, the metal requirements of the human MBL (hMBL) are as expected, i.e. one or
two Zn(II) ions are typically required as a cofactor. While distinct in the reactions that they
catalyse, the hMBLs share five active site motifs, His84, His116XHis118XAsp120His121,
His196, Asp221, and His263, using BBL numbering(496), with the first three being the most
conserved(216, 497). Note that the His84 motif is not present in the ‘true’ f-lactamases,
those hydrolysing pB-lactam antibiotics, and that Asp221 replaces the prokaryotic Cys221
motif (Figure 5.2). Overall, the three dimensional structure of the hMBLs is well conserved
across the family of enzymes, as exemplified by available crystal structures for many, but not
all, of the hMBLs (Figure 5.2).

Since the hMBLs exhibit both a conserved three dimensional structure and an active
site architecture that is comparable to the true MBLs, it is not unreasonable to suggest that
inhibitors of the bacterial MBLs might also show potential as inhibitors of the hMBLs. This
is, obviously, an undesirable characteristic, at least in the treatment of resistant bacterial
infections, since the aim of such treatments is the selective inhibition of bacterial MBLs
without disruption of the general metabolism of the human host. Thus, counter screens,
testing inhibitors of the ‘true’ MBLs against hMBLs, may well expedite the development of
inhibitors with clinical utility. With glyoxalase II perhaps being an exception(221, 222, 331),
there are few activity assays for hMBLs that can be employed in a high throughput manner.
Work in our group has resulted in the development of a high throughput assay for identifying
inhibitors of the ‘true’ MBLs(433), and, if hMBL counter screens are to have high utility, it
would be advantageous to employ hMBL screening methods with a similar rate of

throughput.

5.1.1. Hydrogen Sulfide Metabolism and ETHE1

Hydrogen sulfide (H.S) is a colourless, toxic, and flammable water analogue with the odour
of rotten eggs(498). Until recently, the presence of H.S in cells was dismissed as a metabolic
waste product or a transient intermediate in the production of the sulfur containing amino
acids, cysteine or methionine (at least in plants). The identification of H.S production by
animal tissues, as a result of cystathionine-f-synthase (CBS)(499), cystathionine-y-lyase
(CSE)(500) and 3-mercaptopyruvate sulfurtransferase (3-MST)(501) catalysis (Figure 5.3),
has stimulated interest in its potential signalling roles. Alongside nitrogen monoxide and

carbon monoxide(502, 503), H.S is now considered a small molecule ‘gasotransmitter’,
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which is implicated in multiple functions including regulation of vascular function, cellular

energetics, and apoptosis(498, 504-506). Further, the possibility for therapeutic uses of H.S
is currently being explored(507).
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0 400
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s
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Figure 5.2: Crystal structures of human metallo-f-lactamase fold enzymes as exemplified by A. ETHE1, B.
Glyoxalase Il, C. SNM1B, and D. CPSF73 (PDB accession codes 4CHL, 2P18, 5AHO, and 2I7T, respectively)(220,
225, 227, 508). Active site views of each enzyme are also provided. Note that SNM1B and CPSF73 both

exhibit a second B-CASP DNA binding domain (left side of each structure, green). BBL numbering of residues

is used throughout(496).
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Figure 5.3: Metabolic sources of hydrogen sulfide. In vivo reactions producing hydrogen sulfide as catalysed
by cystathionine-B-synthase (CBS), cystathionine-y-lyase (CSE), and 3-mecaptopyruvate sulfur transferase (3-
MST).

Much like nitric oxide and carbon monoxide, it is essential that H.S concentrations are
maintained below toxic thresholds(509). Reported measurements of in vivo H.S
concentrations range from the high micromolar in rate brain tissue to the low nanomolar in
human red blood cells(510, 511), but it is now thought that the lower end of this scale is more
representative(512). Once concentrations rise to around 10 to 30-fold higher levels, H.S
exerts a toxic effect by binding to the haem centre of cytochrome oxidase in mitochondrial
Complex IV and inhibiting electron transport(513, 514), although it may also be used as a
substrate at low concentrations, with electrons from H.S being passed to oxygen via
cyctochrome c oxidase(515-517). Despite the known inhibition of cytochrome oxidase, the
exact method of H.S cytotoxicity is still a matter of discussion, with suggestions ranging from
the aforementioned electron transport chain inhibition, to direct induction of DNA damage,

to generation of reactive oxygen species(518-520).
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Catabolism of H.S occurs via a single known oxidative pathway (Figure 5.4) involving
a sulfurtransferase (rhodanese) and a mechanistically remarkable persulfide dioxygenase
(ETHE1)(521). Multiple disease states are associated with elevated H.S levels(522). It is
proposed that H.S exerts its signalling functions via post-translational S-sulfhydration of
target proteins(523, 524). However, an understanding of how H.S functions at the molecular
level is still in its infancy and, as with many aspects of sulphur metabolism, is limited by

available methods for studying, often reversible, sulfur biochemistry in cells.

2.
GSSH o,

2- HS- GSH
0y IS $S04%

3' 8032-

e Mitochondrial Matrix

~ QRe

Figure 5.4: Pathway for hydrogen sulfide oxidation in many aerobes. 1. H,S is initially oxidised and

Intermembrane Space

transferred to an acceptor molecule such as sulfite to form thiosulfate by a sulfide:quinone reductase (SQR).
The electrons from this initial oxidation are passed on the respiratory chain via the quinone pool. 2. The
sulfide sulfur is transferred to glutathione (GSH) via a thiosulfate sulfur transferase (TST) to form a
persulfide (GSSH) before subsequent rounds of oxidation 3. by the sulfur dioxygenase (SDO) ETHE1 and 4. By
further sulfite oxidases (SUOX).

Unlike most hMBLSs which are zinc hydrolases(216), the hMBL, ETHE1, is an oxygenase that
requires iron for catalytic activity(220). Knockouts of, or mutations in, the gene coding for
ETHE1 in humans results in the distinct phenotype of ethylmalonic encephalopathy, a
disease which is characterised by progressive encephalopathy, neurological symptoms, such

as dystonia, and lesions in the brainstem grey matter leading to seizures(218, 340, 525).

5.1.2. Structure and Reaction of ETHE1
The exact reaction catalysed by ETHE1 is shown in Figure 5.5. Although the mechanism of
this reaction is currently unknown, it most likely proceeds via initial oxidation of the

terminal sulfide sulfur to a sulfinic acid before hydrolysis by water.
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Figure 5.5: The oxidation of glutathione persulfide as catalysed by ETHE1.

This reaction shares some mechanistic similarities with both the cysteine dioxygenase (CDO)
enzymes(526, 527) as well as isopenicillin N synthase (IPNS)(528), which are both examples
of non-haem iron oxygenases that accept thiol substrates and that use the substrate as the
electron source in the redox reaction. A comparison of the active sites of hETHE1, CDO, and
IPNS, and mechanistic schemes for the reactions of IPNS and CDO are shown in Figures 5.6,

and 5.7 and 5.8, respectively.
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Figure 5.6: View from a crystal structure of A. hETHE1 (PDB accession code: 4CHL)(220), B. isopenicillin N
synthase in complex with a-aminoadipoyl-cysteinyl-glycine and nitric oxide (PDB accession code:

1W04)(529), and C. cysteine dioxygenase in complex with L-cysteine (PDB accession code: 4JTO)(530).
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Figure 5.7: Mechanistic scheme for the reaction catalysed by isopenicillin N synthase. Given the active site

structure and substrate chemistry of ETHEL], it is likely that the ETHE1 catalysed reaction shares mechanistic

similarity with this enzyme. ACV - §-(L-a-aminoadipoyl)-L-cysteinyl-D-valine, AA - L-a-aminoadipic acid, IPN —

isopenicillin N.
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Figure 5.8: Mechanistic scheme for the reaction catalysed by cysteine dioxygenase. Given the active site
structure and substrate chemistry of ETHE1, it is likely that the ETHE1l catalysed reaction shares

mechanistic similarity with this enzyme. L-CSA - L-cysteine sulfenic acid.

To date, the structures of four ETHE1 homologues have been reported, those of the human
and Arabidopsis thaliana enzymes (hETHE1 and AtETHE1, respectively)(220, 339), and two
bacterial homologues, Myxococcus xanthus ETHE1 isoform 2 (Mx2ETHE1), and that from
Pseudomonas putida (PpETHE1)(531). Despite variation in sequence identities (Figure
5.10), each of the enzymes exhibits the same active site structure and MBL fold (Figure
5.9)(220, 339, 531). In addition to structural characterisation, the activity of a number of
bacterial ETHE1 homologues has been demonstrated, originating from species including
Pseudomonas aeruginosa, Burkholderia xenovorans, and Myxococcus xanthus(532).
Interestingly, the latter organism appears to produce three separate ETHE1 homologues,

although the functional reason for this is not yet understood.
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Figure 5.9: All determined crystal structures for ETHE1 homologues. Each enzyme exhibits the conserved
metallo-fB-lactamase fold, while the Pseudomonas putida homologue possesses an extended C-terminus. A.
human (hETHE1). B. Arabidopsis thaliana (AtETHE1). C. Myxococcus xanthus isoform 2 (Mx2ETHE1). D.
Pseudomonas putida (PPETHE1). PDB Accession codes: 4CHL, 2GCU, 4YSB, and 4YSL, respectively(220, 339,

531).
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% ldentity h At Mx2 Pp
h 100 60 49 28
At 60 100 48 26
Mx2 49 48 100 32
Pp 28 26 32 100

Figure 5.10: Sequence similarities of crystallised ETHE1 homologues. Sequence alignments and identity
calculations were performed using the Clustal Omega web service(158). h — human ETHE1, At — Arabidopsis

thaliana ETHE1, Mx2 — Myxococcus xanthus ETHE1 isoform 2, Pp — Pseudomonas putida ETHEL.

5.1.3. Assaying ETHE1 — Production of Glutathione Persulfide

Two methods for the production of glutathione persulfide have been reported; firstly, by
addition of an acetonic sulfur suspension to a solution of reduced glutathione(339), and,
secondly, by the 1:1 reaction of oxidised glutathione with sodium sulfide(533). It should be
noted that in both cases, the reaction mixture likely contains a number of polysulfide
compounds in addition to the persulfide, which may cause interference with an ETHE1

assay, and both reactions are employed in this study to avoid this.

5.1.4. Assaying ETHE1 — Detection of Sulfite
Based on the ETHE1 catalysed reaction, two assays for ETHE1 activity have been published.
The first, an assay based on a polarographic measurement of oxygen consumption(533), is
able to demonstrate enzymatic activity, but has limited utility in obtaining reliable and
repeatable data, particularly kinetic data. The second assay, based on high performance
liquid chromatography (HPLC), involves the use of a fluorescent electrophilic molecule,
monobromobimane, to chemically trap all nucleophiles in the enzymatic reaction mixture.
The adducts are then separated using a gradient of methanol in water and quantified via
standard samples of possible nucleophile-monobromobimane adducts of known
concentration. This method is useful and has been used in multiple publications to obtain
steady-state kinetic information on a number of ETHE1 homologues(531-533). However, as
expressed above, the need for a more high-throughput method to support already existing
assays for the ‘true’ MBLs suggests that this second assay method might not be the best for
the particular task at hand.

More useful, perhaps, would be a plate reader based method utilising
absorbance/fluorescence, either in real time or as an end-point assay, to follow multiple

reactions in a 96 or 384 well format. Analysis of the ETHE1 reaction shows three potential
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nucleophilic species that might be identifiable by fluorescence methods, glutathione
persulfide, glutathione and sulfite. Since it is likely that glutathione and the corresponding
persulfide have similar nucleophilic reactivity (although the persulfide is potentially a better
nucleophile on account of the a-effect of the adjacent sulfur atom), it may be difficult to
distinguish between these two species chemically. Thus development of a plate reader based
assay focussed on methods to detect the formation sulfite anions during the ETHE1 catalysed
reaction.

On account of its regulated use as a preservative in many wines and juices, and its
generation at potentially toxic levels in sewage, multiple methods for the detection of sulfite
anions in solutions have been reported. Examples of methods for the detection of sulfite ions
via fluorescence are explored below. The publication of switch on/off fluorescent detectors of
sulfite is of interest in the context of ETHE1, since such methods may be amenable to
adaptation into a plate reader based assay, and also since fluorescence methods in this
format typically have a greater signal-to-noise ratio than comparable absorbance assays

(compare an FC5 fluorescence based MBL assay with a nitrocefin absorbance assay(433)).

Sulfite as a Deprotectant of Fluorophores. The use of levulinate esters as protecting
groups for alcohols and their selective deprotection by sulfite anions has been reported
previously(534). This deprotection has been utilised to develop sulfite detection assays using
levulinate esters of resorufin, fluorescein, and umbelliferone, amongst others(535, 536). The
deprotection likely occurs via nucleophilic attack of the sulfite anion onto the ketone of the
levulinic acid side chain an subsequent cyclisation to cleave the ester, and this mechanism is
supported by mass spectrometric analysis demonstrating that the a cyclised sulfite adduct

can be detected (Figure 5.11 A).

Sulfite as a Chemical Switch to Induce Fluorescence. An anthracene based sulfite
reporter molecule has been reported(537). The anthracene fluorophore in this molecule is
linked to a para-formyl benzoic acid quencher, which prevents fluorescence via
photoinduced electron transfer. The presence of sulfite is reported by deactivation of the
adjacent quencher moiety, via the nucleophilic sulfite anions reacting with the aldehyde,
which gives rise to a fluorescence signal (Figure 5.11 B).

A more complex sulfite reporter that utilises induced fluorescence is illustrated in
Figure 5.11 C. This reporter comprises two molecules, a chemically modified polylysine chain
decorated with para-formyl benzamide moieties and a tetraphenylethene bearing two
quaternary amine cationic centres(538). In solution the tetraphenylethene does not give rise
to fluorescence, however addition of sulfite induces fluorescence. This arises as a result of the

reaction of the sulfite anions with the aldehyde moieties on the polylysine chain, thus
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decorating it with negative charge; association of the cationic tetraphenylethene molecules
with the negatively charged amino acid chain results in collapse of the two species together,

giving rise to aggregation induced emission and, consequently, detection of the sulfite.
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Figure 5.11: Example published methods for the chemical detection of sulfite anions.

5.2. Chapter Objectives

ETHE1 is a unique MBL fold enzyme with an unusual oxygenase mechanism(220). Further,
its activity is essential for human health as exemplified by the highly debilitating disease,
ethylmalonic encephalopathy, which arises from mutations in the ETHE1 gene(218, 340,
533). Development of inhibitors of the ‘true’ bacterial MBL is likely to be essential to the
continued use of B-lactams against antibiotic resistant bacterial infection(140), but, due to
structural similarities between the bacterial enzymes and related human enzymes, there is a
danger of off pathway targets in ‘true’ MBL inhibitor development. The goal of the work
outlined in this chapter was to produce homologues of the ETHE1 enzyme and develop a
medium to high throughput assay for ETHE1 activity. Such an assay, alongside assays for
other human MBL fold enzymes, could be used to eliminate promiscuous inhibitors of the

‘true’ MBLs and expedite the development of bacterial MBL inhibitors in the future.
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5.3. Production of ETHE1 Homologues

5.3.1. Cloning

Three ETHE1 homologues were chosen for study, the human ETHE1 (hETHE1) and two
bacterial enzymes, one, isoform 1 from Myxococcus xanthus (MxETHE1), sharing the
highest sequence identity of any single domain enzymes (an amino acid sequence similarity
of 52%) and one from Burkholderia cepacia (BcETHE1), which shows a greater sequence
similarity over the MBL domain (55% sequence similarity), but also features a second
thiosulfate sulfur transferase (rhodanese) domain (Figures 5.12 & 5.13). Codon optimised
synthetic gene constructs for these enzymes were purchased from ThermoFisher Scientific.
All three genes were initially amplified from the supplied gene and cloned into a pCold vector

(Takara). Primer sequences can be found in the General Methods.

% ldentity h Bc Mx
h 100 55 52

Bc 55 100 55

Mx 52 55 100

Figure 5.12: Sequence similarities of the ETHE1 homologues selected for this study. Sequence alignments
and identity calculations were performed using the Clustal Omega web service(158). For the two domain
Burkholderia cepacia enzyme, the identity shown accounts for the ETHE1 domain only. h — human ETHE1, Bc

— Burkholderia cepacia ETHE1, Mx — Myxococcus xanthus ETHE1 isoform 1.
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Figure 5.13: Multiple sequence alignment of ETHE1 homologues. Alignment was performed using Clustal
Omega(158). The MBL domain is highlighted in purple, while the rhodanese domain of the Burkholderia
cepacia homologue is highlighted in green. Metal binding residues in the MBL domain and the active site

cysteine of the rhodanese domain are highlighted in red.
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5.3.2. Expression Trials

Initially, expression of each pCold gene construct was investigated in E. coli BL21(DE3) cells.
Cells were grown to an ODeoo of 0.6 before cooling to 15 °C, inducing gene expression with a
range of isopropyl B-D-1-thiogalactopyranoside (IPTG) concentrations, and continuing
growth overnight. Successful production of both hETHE1 and BcETHE1 (Figure 5.14 A) was
seen, and these constructs could be taken forward for large scale protein production and
purification.

Production of MXETHE1 using the pCold vector construct was poor both in E. coli
BL21(DE3) and in E. coli Rosetta DE3 cells, so an alternative construct with a 3C cleavable
N-terminal hexahistidine tag was produced using the pET22b vector system. Production of
MxETHE1 protein using this new construct was investigated at a number of temperatures
and IPTG concentrations and the highest level of protein production was seen after an

overnight growth at 25 °C with an IPTG concentration of 0.1 mM (Figure 5.14 B).

A B
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Figure 5.14: Expression trials of A. BCETHE1 and B. MXETHE1 with an N-terminal hexahistidine tag. After
reaching an optical density of 0.6, cells were cooled to 15 (A) or 25 (B) °C and ETHE1 expression was induced
with varying isopropyl -p-1-thiogalactopyranoside. Cells were then grown overnight before lysis and

purification of any expressed enzyme.

Large scale production of the MXETHE1 enzyme from this construct demonstrated that the
N-terminal hexahistidine could not be cleaved by 3C protease, possibly due to structural
obscuring of the cleavage site. Further, this construct was not particularly stable in solution
(25 mM HEPES, pH 7.5, 100 mM NaCl), precipitating around one to two hours after a
completed purification. Thus a third construct was created featuring a 3C-cleavable C-
terminal hexahistidine tag in the pET22b vector. This construct was expressed similarly well
in the conditions described for the N-terminally hexahistidine tagged enzyme (Figure 5.15)

and was taken forward for large scale protein production and purification.
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Overnight Growth
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Figure 5.15: Expression trial of MXETHE1 with a C-terminal hexahistidine tag. After reaching an optical
density of 0.6, cells were cooled to 25 °C and ETHE1 expression was induced with varying isopropyl f3-p-1-

thiogalactopyranoside. Cells were then grown overnight before lysis and purification of any expressed

enzyme.
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5.3.3. Large Scale Production and Purification of ETHE1 Homologues

Recombinant hETHE1, BcETHE1, both with an N-terminal hexahistidine tag, and MXETHE1
with a C-terminal hexahistidine tag were produced in E. coli BL21(DE3) cells and purified by
immobilised metal ion affinity chromatography followed by size exclusion chromatography
before removal of the N-terminal tag by 3C protease digestion, as described in the general
methods. At each stage in the purification of these enzymes, their purity was determined by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figures 5.16-5.18).
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Figure 5.16: A-C. SDS-PAGE Gels of hETHE1 after successive rounds of metal ion affinity purification by
elution from an immobilised nickel column with a gradient of 0-0.5 M imidazole, size exclusion
chromatography using a Superdex 200 column, and 3C protease incubation followed by nickel ion affinity
rebinding, respectively. All enzyme purification steps were carried out at 4 °C. (C1: hETHE1 before 3C

incubation. C2: 3C protease. C3-5: Cleaved hETHE1).
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Figure 5.17: A-C. SDS-PAGE Gels of hETHE1 after successive rounds of metal ion affinity purification by
elution from an immobilised nickel column with a gradient of 0-0.5 M imidazole, size exclusion
chromatography using a Superdex 200 column, and 3C protease incubation followed by nickel ion affinity
rebinding, respectively. All enzyme purification steps were carried out at 4 °C. (C1-8: 20 mM imidazole

elutions. €9-10: 500 mM imidazole elutions).
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Figure 5.18: A-C. SDS-PAGE Gels of MXETHE1 after successive rounds of metal ion affinity purification by
elution from an immobilised nickel column with a gradient of 0-0.5 M imidazole, size exclusion
chromatography using a Superdex 200 column, and 3C protease incubation followed by nickel ion affinity
rebinding, respectively. All enzyme purification steps were carried out at 4 °C. (C1: MxXETHE1 before 3C

incubation. C2: 3C protease. C3: Cleaved hETHE1. C4-5: 500 mM imidazole elutions).
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5.4. Characterisation of ETHE1 Homologues

5.4.1. Circular Dichroism and Mass Spectrometry

Having successfully produced and purified the three ETHE1 homologues, their molecular
masses were investigated using denaturing mass spectrometry and the extent of folding was
monitored by circular dichroism (CD) spectroscopy (Figure 5.19 & Table 5.1).

CD spectroscopy demonstrated that the purified enzymes were successfully folded
and measured molecular weights were in agreement with those predicted by each amino acid
sequence. The thermal stability of each homologue was also examined (Figure 5.20 & Table
5.2). hETHE1 was found to be the most stable and MXETHE1 the least, with T, values of 64.5
+ 0.1 and 54.4 + 0.1 °C, respectively. BcETHE1 showed a biphasic melting curve. This curve
shape likely results from one of the two domains, MBL or rhodanese, preferentially
unfolding before the other. Given the melting temperatures of the two other homologues,
which each consist of only an MBL domain, it is likely that the rhodanese domain unfolds
first, since its melting temperature is lower than the range set by the other two homologues.
The comparatively low melting temperature of the Mxyococcus xanthus homologue may be
related to the reason for the precipitation of the N-terminally hexahistidine tagged construct

after purification.
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Figure 5.19: Circular dichroism and mass spectra for purified ETHE1 homologues. Solid lines in circular

dichroism spectra represent measurements at 10 °C, while dashed lines represent those at 85 °C. Enzymes

were assayed at 0.2 mg mL” in 10 mM sodium phosphate buffer, pH 7.5. Red: hETHE1. Blue: BcETHE1.

Yellow: MxETHE1.

Enzyme

Predicted Mass (Da)

Measured Mass (Da)

hETHE1
BcETHE1
MxETHE1

26145
38660
26328

26147
38650
26324

Table 5.1: Masses purified ETHE1 homologues as determined by denaturing mass spectrometry. Enzymes

were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5. The predicted masses, based on

amino acid sequence, are also provided.
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Figure 5.20: Melting curves for purified ETHE1 homologues as determined by circular dichroism. Enzymes

were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5. Curve fitting was performed using

OriginPro(349).

Enzyme T (°C)
hETHE1 64.5+0.1
50.4 £ 0.8
BcETHE1
62.7£0.2
McETHE1 54.4 +£0.1

Table 5.2: Melting temperatures of purified ETHE1 homologues as determined by circular dichroism.

Enzymes were assayed at 0.2 mg mL™ in 10 mM sodium phosphate buffer, pH 7.5.

5.4.2. Oligomerisation of ETHE1 Homologues

It is known that the human variant of ETHE1 can exist in dimeric and tetrameric forms in

solution(220). To investigate the extent of oligomerisation of the new hETHE1 construct and

other purified ETHE1 homologues, the enzymes were analysed by size exclusion
chromatography with multi-angle light scattering (SEC-MALS, Figure 5.21). Note that these

experiments were performed by Dr David Staunton of the Biophysical Service, Department

of Biochemistry, University of Oxford.
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Figure 5.21: SEC-MALS analysis of purified ETHE1 homologues. Major peaks at 52.3, 77.3, and 52.6 kDa
correspond to dimeric forms of hETHE1, BcETHE1, and MXETHEL, respectively. Smaller peaks around 28 and

30 min (indicated by arrows), reflect a small population of hETHE1 and MXETHE1 tetramer.

SEC-MALS analysis revealed that all three of the ETHE1 homologues adopt a dimeric state
as their major population, corresponding to 52.3, 77.3, and 52.6 kDa for hETHE1, BcETHE1
and MxXETHE1, respectively. A small population of tetrameric hETHE1 and MxETHE1 were
also seen, but no such peak was observed with BcETHE1. Although the tetrameric state of
hETHE1 has been reported previously(220), it constituted a minor population in that
instance as well. This suggests that the tetrameric species may not be biologically relevant

but comes as an artefact of isolation and purification of the human and M. xanthus enzymes.

5.4.3. Activity of Purified ETHE1 Homologues

Once the successful folding and correct masses of each purified homologue had been
determined, the activity of the ETHE1 homologues was assessed using an oxygen
consumption assay, as has been previously reported(533). This utilised a FOXY AL-300
probe (Ocean Optics), measuring oxygen induced changes in fluorescence after excitation at
450 nm. The glutathione persulfide substrate (GSSH) was prepared by addition of an
acetonic sulfur suspension to a solution of reduced glutathione. Addition of the substrate
alone made no difference to oxygen levels in solution, while all three homologues induced a
drop in O, saturation. Both hETHE1 and MXETHE1 consumed around 90% of the available
dissolved oxygen, while BcETHE1 did not consume as much under the same incubation
conditions. Although not a direct explanation, it should be noted that the activity of the
related ETHE1 homologue from Burkholderia xenovorans (80% sequence similarity) has
been reported a 30-fold lower activity than M. xanthus isoform 1(532), and it may be that

Burkholderia sp. ETHE1 homologues are less efficient in their sulfur dioxygenase catalysis.
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It should be noted that in the reported crystal structures of both hETHE1 and
AtETHE1 a conserved surface cysteine residue, Cys247, has been characterised a doubly
oxidised(220, 339), much like the known oxidative modification of the active site Cys221 in
the ‘true’ MBLs (see Chapter 2). The possibility of this modification occurring in solution
may have implications for the use of an oxygen consumption assay to kinetically characterise
ETHE1 enzymes. However, since this reaction is stoichiometric with the amount of enzyme
assayed, it should have little effect on the basic test for sulfur dioxygenase activity described

here.
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Figure 5.22: Oxygen consumption activity assay of purified ETHE1 homologues. Persulfide dioxygenase
activity was measured as the percentage of oxygen consumed five minutes after addition of glutathione
persulfide at 25 °C and pH 7.2. Enzymes were employed at a concentration of 0.5 pg mL™. Values are

normalised to the maximum O, saturation of buffer at this temperature.

5.4.4. ETHE1 Crystallography

As previously stated, the structures of a number of ETHE1 homologues have been elucidated,
including that of the human enzyme(220, 339, 531). It was reasoned that a good deal of
information could be learned about the ETHE1 mechanism through crystallisation of an
ETHE1 enzyme with its substrate or a substrate homologue, with or without the presence of
oxygen. Multiple attempts were made to crystallise each of the three purified ETHE1
homologues, but none of these met with success. Crystals were generated with the
Burkholderia cepacia enzyme, but X-ray analysis revealed that these diffracted poorly (to

around 20 A) and so no data were acquired.
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5.5. Towards a Fluorescence Assay for ETHE1

5.5.1. Detector Synthesis

In order to investigate the utility of reported sulfite detectors, it was initially decided to
synthesise two reported molecules relying on levulinate ester deprotection(536, 539). These
molecules were synthesised by Steglich esterification (Figure 5.23), see the General Methods
for full details.
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Figure 5.23: Structures and synthetic scheme for the production of levulinate based sulfite detector

molecules. A: Levulinic acid, N,N’-dicyclohexylcarbodiimide, catalytic 4-dimethylaminopyridine, dry

dichloromethane, 6 h, room temperature.

Fluorescence spectra of 20 and 21, before and after incubation with a ten-fold excess of

sulfite ions, confirmed that fluorescence emission is greatly enhanced by sulfite (Figure

5.24).
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Figure 5.24: Emission spectra for sulfite detectors 20 (red) and 21 (blue). Detectors were employed at a
concentration of 1 mM. Solid and dashed lines indicate the presence or absence of 10 mM sulfite ions,

respectively. Measurements were carried out at 25 °C and pH 7.5.
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5.5.2. Optimal Buffer for Sulfite Detection

Once it had been established that these compounds do, indeed, exhibit fluorescence after
exposure to sulfite, the reaction of 1 mM 20/21 with 10 mM sodium sulfite was investigated
in a number of buffers in order to establish which might give the best signal to noise ratio for

further assay development.
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Figure 5.25: Time courses for the background hydrolysis of sulfite detectors in a range of buffers. Solid and
hollow circles indicate compounds 20 and 21, respectively. Detectors were employed at a concentration of 1
mM and were activated through the addition of 100 mM sodium sulfite. All buffers were used at a

concentration of 25 mM. Measurements were carried out at 25 °C and pH 7.5.

The levulinate protected umbelliferone, 21, appears to be much more vulnerable to
hydrolysis than the fluorescein counterpart, 20. This may be as a result of the latter
requiring two rounds of hydrolysis to restore the parent fluorophore. Optimum buffers for
sulfite detection were determined based on the signal to noise ratio for the hydrolysis
reaction after complete hydrolysis in the presence of sulfite was seen (Table 5.3). Compound
20 gave the best signal to noise ratio in TRIS and HEPES at pH 7.5, the latter being the
reported condition in the original publication(536), while 21 gave the best signal to noise

ratio in MES at pH 6.5, with BIS-TRIS being a less favourable second.
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Signal to Noise Ratio

Buffer pH
20 21
MES 6.5 21.3 19.2
BIS-TRIS 6.5 18.0 8.1
PIPES 6.5 18.6 4.1
Sodium Phosphate 7.2 21.8 1.1
HEPES 7.5 30.4 1.7
TRIS 7.5 334 1.1
MOPS 7.5 24,5 1.9
Tricine 8.5 26.7 1.0

Table 5.3: Signal to noise ratios for the hydrolysis of sulfite detectors in a range of buffers. The ratio is
calculated by comparison of the fluorescence intensity after complete hydrolysis by sulfite, with that seen

over the same timescale in buffer alone.

5.5.3. Assessing Selectivity for Nucleophiles

In order to confirm the selectivity of the detectors’ reaction with sulfite ions, the fluorescence
of 20 and 21 was measured after six hours of incubation with a number of sulfur
nucleophiles, sodium salts, and typical assay reagents (Figure 5.26). The effect of the

hETHE1 enzyme on the ester hydrolysis was also examined.
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Figure 5.26: Hydrolysis of sulfite detectors 20 (white) and 21 (grey) by a range of added reagents as

measured by fluorescence after six hours of incubation. Detectors were employed at a concentration of 1

mM and potential activators at 100 mM. Measurements were carried out at 25 °C and pH 7.5.

Most nucleophiles caused minimal detector hydrolysis for both 20 and 21. A strong signal

was seen with thiosulfate ions, and this likely derives from the acid catalysed decomposition
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of the thiosulfate to sulfite in the pH 6.5 MES buffer(540). Glutathione did produce a greater
signal with both 20 and 21, when compared to the other added reagents, but the extent of
hydrolysis did not appear significant enough to jeopardise the use of these detectors in an
ETHE1 assay. The hydrolysis appears to be inhibited by the presence of acetone, which
perhaps acts as a sink for potential nucleophiles. This suggests that the production of
glutathione persulfide using an acetonic sulfur suspension may not be the best method for
use with this assay. Notably, in all cases, 20 was once again less susceptible to hydrolysis
than 21, except in the presence of sulfite ions, suggesting that it is the more specific of the

two detector molecules.

5.5.4. Reaction Time Course for Sulfite Detection

The time course for hydrolysis of 20 and 21 by sulfite was then examined (Figure 5.27).
Notably, both detectors react at a rather slow rate. The fluorescence signal with 21 reached a
plateau after about three hours of incubation, while a plateau in the signal of 20 was not
obtainable even after six hours. Although a compound similar to 21 has been published as a
real time detector of sulfite production(539), the results obtained here suggest that these

molecules are only suitable for detection of sulfite in an end point assay.

200000 -
cnnsenannzts
> 150000 - '
3 .-l ...-....._..--II=EIIIII.I---.
c . -..-ll... ..:u
o 1000004 .°
Q L] " o,
c - ee®e®
Q " e
Q " L] ...n
8 n ....'
5 50000 4*." ese®’
3 . _.::" « HEPES,pH 7.5
TR ‘=:::-' « TRIS,pH7.5
Janet?? = MES, pH 6.5
0 feeeee®t - BIS-TRIS, pH 6.5
0 60 120 180 240 300 360
Time (min)

Figure 5.27: Time course for the sulfite induced hydrolysis of detectors 20 (circles) and 21 (squares) in their
optimum buffer systems. The rate of hydrolysis of 21 is significantly faster than that of 20. Detectors were
employed at a concentration of 1 mM and were activated through the addition of 100 mM sodium sulfite.
All buffers were used at a concentration of 25 mM. Measurements were carried out at 25 °C and pH 7.5.

Buffers were used at a concentration of 25 mM.
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Despite the slow reaction of 20 and 21, both molecules were able to give a fluorescence
readout that was suitably linear with sulfite concentration, after six and three hours

incubation, respectively (Figure 5.28).
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Figure 5.28: Fluorescence intensity of sulfite detectors 20 (red) and 21 (blue) with varying concentration of
added sulfite. Detectors were employed at a concentration of 1 mM. Fluorescence measurements were
acquired after six and three hours of incubation with sulfite for detectors 20 and 21, respectively. Incubation

and measurements carried out at 25 °C and pH 7.5.
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Figure 5.29: Hydrolysis of sulfite detectors 20 (white) and 21 (grey) by components of the ETHE1 enzymatic
assay and the glutathione persulfide reaction mixture (NaHS & glutathione (Ox)). The persulfide mixture
produces a similar fluorescence intensity to that seen with sulfite ions. Detectors were employed at a
concentration of 1 mM and potential activators at 100 mM (hETHE1 was used at 100 uM). Measurements

were carried out at 25 °C and pH 7.5.
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5.5.5. Interference of Reaction Components

Despite encouraging results with the two synthesis sulfite detectors, attempts to use them to
detect sulfite in a rudimentary enzyme assay met with failure. It was identified that, where
hydrolysis was encouraged slightly by glutathione, it was much more extensive with
glutathione persulfide, perhaps on account of the greater nucleophilicity of the substrate
molecule (Figure 5.29). While individual reaction components did not induce significant
hydrolysis of 20 and 21, a strong fluorescence signal was seen with the glutathione
persulfide reaction mixture, which was comparable to the signal induced by the addition of
sulfite ions alone. Further work would need to be carried out in order to ascertain the reason

for this, and whether it might be possible to avoid it.

5.6. Discussion

In this study three active homologues of ETHE1, those from human, B. cepacia and M.
xanthus, were successfully produced and purified. Two sulfite detectors based on levulinate
ester deprotection were produced and demonstrated to be selective for the detection of
sulfite ions via fluorescence readout. Unfortunately, this selectivity did not extend to the
substrate of the ETHE1 reaction, which appears to encourage the hydrolysis of both
reporters with an efficiency comparable to sulfite ions. Thus, the attempt to develop a novel
assay for ETHE1 via sulfite detection has been unsuccessful in this case. Despite this, the
measured selectivity of 20 and 21 for sulfite over most other ions is encouraging, and more
methods of sulfite detection, such as the anthracene based molecule shown in Figure 5.10,
should be explored in case selectivity for sulfite over glutathione persulfide can be achieved.
The need for robust ETHE1 assay with a moderate level of throughput remains. But with
further exploration of sulfite detection may not be an unachievable goal. In the future,
similar attempts at assay development with other known hMBLs may help to expedite the
production of low toxicity inhibitors of the ‘true’ MBLs, a need that will only increase with
the increased spread of MBL mediated antibiotic resistance(228).

ETHEz1 itself is unique among the MBL fold enzymes on account of its mononuclear
iron centre and non-haem oxygenase activity(218, 220). The production and purification of
three homologues, as described in this chapter, should help to facilitate further studies into
the, no doubt interesting, mechanism of ETHE1 and, more generally, its role in sulfur

metabolism, a field ripe for exploration.
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Chapter 6 Summary & Discussion

The B-lactamases constitute one of the most prevalent methods of bacterial resistance to the
B-lactam antibiotics(243). These enzymes are broadly divided into two mechanistic
subclasses, the serine-p-lactamases (SBLs) and the metallo-p-lactamases (MBLs)(149, 216).
Collectively, the B-lactamases are able to hydrolyse all classes of B-lactam antibiotics and
their dissemination threatens the future clinical use of these widely utilised
antibacterials(140). The MBLs are particularly worrisome on account of their ability to
hydrolyse carbapenems(215), typically referred to as antibiotics of last resort, and the lack of
any clinically available inhibitors of these enzymes(304).

Continued structural and mechanistic study of both the SBLs and the MBLs will, no
doubt, aid in the development of inhibitors. In particular, shared mechanistic features
provide the potential for dual action SBL/MBL inhibitors, which will likely prove useful in
the future, as resistance mediated by the simultaneous production of SBLs and MBLs by a

single bacterium continues to grow.

6.1. Use of Ferrous Iron by Metallo-$-Lactamases

The promiscuous binding of transition metals by the MBLs, either during purification or
upon deliberate metal exchange is well documented(285, 327, 334). Previous work on the
characterisation of iron bound MBLs has suggested that this particular metal does not
support catalytic activityof MBLs(328). The results in Chapter 2, however, reveal that the
class B1 metallo-B-lactamases are active when their native Zn(II) ions are replaced by Fe(II)
ions, at least under low oxygen conditions(326). The differences between the results in
Chapter 2 and previous reports likely stem from oxidation to the ferric iron state in those
experiments.

Fe(IT) bound Bacillus cereus B-lactamase II (BcIl) and Verona integron-encoded
metallo-f-lactamase 2 (VIM-2) are able to hydrolyse both nitrocefin and meropenem with
similar catalytic efficiencies to the purified zinc(II) bound counterparts. The hexaaqua
complexes of both Zn(I) and Fe(II) have highly comparable pKa values, 9.46 and 9.51,
respectively(356), suggesting that their ability to provide a hydroxide nucleophile for -
lactam hydrolysis as well as a bound water as a proton source should be very similar. This
would lend credence to both zinc(II) and iron(II)-bound MBLs exhibiting B-lactamase
activity.

A crystal structure of Bell bound to ferrous ions shows only minor changes in the
active site geometry. Indeed, the lack of substantial changes in the active site upon metal
substitution may be a reason for the comparable activity of the differently metallated forms.
The distance between the metal ion in the 3H site is shorter in the case of Fe(II) when

compared to a native Zn(II)-bound structure, which suggests that the bridging water may be
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bound more tightly to the Fe(II)-complexed enzyme. This would likely give rise to a poorer
nucleophile, and hence one might expect a more poorly catalysed reaction with Fe(II)-BcIl
for this reason. The apical water, which likely acts a proton source in the hydrolysis, is also
bound tighter in the di-Fe(II) enzyme. Despite their comparable pKa values in solution, this
reduced metal-water distance in the case of Fe(II) might suggest that the pKa of the apical
water is lower than in the Zn(II)-bound enzyme. This would lead to a faster protonation and
hence a faster cleavage of the C-N bond during the hydrolysis. In the case where C-N bond
cleavage and protonation were concurrent and rate limiting, the increased acidity of the
Fe(IT)-bound water would likely result in a more active enzyme than the native di-Zn(II)
enzyme, especially at lower pH. Further studies of b-lactam hydrolysis under steady-state
conditions and at different pH may shed further light on this matter.

Stopped-flow kinetics revealed that changes in active site metal, in this case the
substitution of Zn(II) for Fe(II), can induce a change in the enzyme mechanism, despite little
change in overall catalytic efficiency. With Bcll, substitution of zinc(II) for iron(II), allowed
an anionic intermediate to be observed in nitrocefin hydrolysis. The appearance of an
anionic intermediate with di-Fe(II) BcII might be precedented by the difference in the
reduction potentials of Zn(II) and Fe(II). The reduction of Fe(II) to its metallic form has a
standard electrode potential of -0.44 V versus -0.763 V for Zn(II)(407). The difference in
reduction potentials suggests that Fe(II) will accept electron donation (either complete or
partially through ligation) more readily than Zn(II). Thus the stabilisation of an anionic
intermediate with Fe(II) is likely greater than with Zn(II), leading to a longer lifetime of this
species in the di-Fe(II) Bcell catalysed reaction, and hence the ability to detect it. The
opposite effect was, however, seen with VIM-2, where a detectable anionic intermediate with
di-Zn(IT) VIM-2 was lost with di-Fe(II) VIM-2. This observation is harder to explain and may
simply come as a result of the enzyme employed — mutagenesis studies have demonstrated
the appearance of an anionic species can be dependent, for example, on the identity of an
active site loop(262). Thus, the particular, mechanistic impact of a metal substitution, at
least with the MBLs, appears to depend on the particular enzyme being studied; this result is
not too surprising given the sequence and structural variation among MBLs, even in the
same subclass(215).

A potentially important result obtained in this chapter was the observation that in
some, but not all cases, it is possible for an inhibitor to behave differently with Zn(II)- and
Fe(II)-substituted MBL. Thus, the potent inhibitor ML302F(318) exhibited a higher I1Cs,
against Fe(II) substituted Bcll than against Zn(II) substituted Bcll. Zinc is often described as
a thiophile(541), so it is, perhaps, unsurprising that ML302F binds more tightly to di-Zn(II)
Bcll and has a greater inhibitory activity. Although not necessarily in its ferrous form, iron

represents a metal ion with comparatively high bioavailability(542, 543). Thus, if iron bound
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MBLs represent even a small population of enzymes produced by resistant bacteria, it may
be prudent to test MBL inhibitors that are in clinical development against both Zn(II) and
Fe(IT) bound MBLs, so as to identify inhibitors with potency against both metallated forms.
Finally, given the known promiscuity of the MBL fold(327), it may be possible that
substitution of zinc ions for other transition metals may alter catalytic properties in a

manner relevant to the further development of resistance by these enzymes.

6.2. Cyclic Boronates Inhibit All Classes of -Lactamase

The inability of the MBLs to hydrolyse the monobactam aztreonam, has led the utility of the
combination of aztreonam with avibactam. Avibactam is a more recent clinical inhibitor of
Ambler class A, C, and some class D SBLs and, thus, can potentiate the use of aztreonam
against resistant bacteria producing SBLs(154, 203), while the lack of aztreonam hydrolysis
by MBLs allows it to bypass them in the treatment of MBL mediated resistant
infections(372). However, the observation the MBLs are able to bind and hydrolyse
avibactam, albeit slowly, jeopardises the future use of this p-lactam-inhibitor
combination(207), particularly since continued use will likely contribute to the selection
pressure for improved avibactam hydrolysis by MBLs. As a result, the development of dual
action inhibitors of both the SBLs and MBLs would likely be a clinical boon.

In Chapter 3, studies on a collection of five cyclic boronates, which show inhibitory
activity against all four Ambler classes of B-lactamase, including both SBLs and MBLs, are
presented. Targets include clinically important B1 MBLs, such as New Delhi metallo-$-
lactamase 1 (NDM-1), VIM-2, and MBL imipenemase 1 (IMP-1), the class A extended
spectrum B-lactamase (ESBL), cefotaxime hydrolase from Munich 15 (CTX-M-15), and two
oxacillinase (OXA) carbapenemases, OXA-23 and OXA-48. Potency against the B2 MBL,
carbapenem hydrolase from Aeromonas maltophilia (CphA), and the OXA enzymes was not
as high as against the other tested enzymes, suggesting that further optimisation of the
scaffold is required. However, activity against both the SBLs and MBLs shows that this
chemotype represents a useful starting point in the development of broad spectrum
SBL/MBL inhibitors.

Crystal structures of the cyclic boronates in complex with representative enzymes
from each Ambler class demonstrate that these compounds bind to the B-lactamases in a
ring closed state with a tetrahedral anionic boron centre. The conformation of the fused
bicyclic boronate ring system is remarkably conserved in all cases, with only minor changes
seen in the conformation of the acetamido side chain. The observation of a closed boron ring
system in all structures supports the proposal that the cyclic boronates inhibit both SBLs and

MBLs by mimicking the first tetrahedral anionic intermediate in B-lactam hydrolysis.
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Testing of cyclic boronate 2 against clinically resistant bacterial strains demonstrated
that the cyclic boronates can potentiate the activity of all four classes of B-lactam against
Gram-negative clinical isolates, with reduction in minimum inhibitory concentrations
(MICs) seen against bacteria producing as many as six different B-lactamases. Further
screening against multiple MBL producing isolates showed that supplementation with 2
could achieve around a 60% susceptibility rate. Thus, the cyclic boronates represent a
promising class of compounds in treating bacterial infections with resistance mediated by
both SBLs and MBLs. Further chemical development of this scaffold should help to increase

the breadth of targets as well as increase potency against already susceptible B-lactamases.

6.3. Further Inhibitors Targeting Serine and Metallo-B-Lactamases

With the cyclic boronates inhibiting both SBLs and MBLs through mimicking of a common
mechanistic intermediate, other inhibitors of the MBLs thought to behave as, for example,
substrate or product mimics might also find utility in the inhibition of SBLs.

The work described in Chapter 4 explored four such instances where compounds
identified as MBL inhibitors show some degree of activity against the SBLs. The classes of
compound include the squaramides, thiol carboxylates, thioenolates, and indole
carboxylates. The thiol carboxylates and thioenolates are likely candidates for MBL
inhibition (both possessing free thiols). However, the squaramides and indole carboxylates
perhaps represent more interesting chemotypes for MBL inhibition.

While squaric acid has pKa values of 0.54 and 3.58 for its two deprotonation
events(485), squaramides are a little less acidic, with typical pKa values of between 5 and 10,
depending on their substitution(544). Those towards the lower end of this range do still,
however, have the ability to exist as a mono- or dianion in aqueous solution. This is the likely
origin of their inhibition of MBLs, since the anionic form is a suitable chelating agent for
binding to the active site zinc ions. Use of squaramides as mimics of phosphate may suggest,
however tenuously, a mechanism for SBL inhibition, since there are numerous reports of
SBLs crystallising with bound phosphate ions(545-547) and a recent report has characterised
a phosphate binding site in BlaC for M. tuberculosis that may play a role in
substrate/inhibitor recognition(545).

The indole carboxylates are, perhaps, unique among MBL inhibitors identified to
date on account of their unusual binding mode. The ability of these molecules to inhibit the
MBLs without displacing the bridging hydrolytic water — a feature common to the vast
majority of MBL inhibitors — is highly novel and demonstrates that there is still scope for
finding new chemotypes to inhibit even the most well studied of enzymes. In particular the

identification of the indole carboxylate inhibitors highlights the use of library screening,
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either through activity assays or crystallographically, is still a useful source of new leads
against old targets.

While in each case activity is greater versus the MBLs compared to the SBLs, these
results illustrate a variety of chemical scaffolds with the potential for development as dual
inhibitors. Should further attempts to structurally characterise any of these compound
classes in complex with a SBL prove successful, it would be interesting to investigate whether
their interactions with SBLs do, indeed, mimic any possible intermediate species in catalysis,

and, thus, whether their potency against both SBLs and MBLs is mechanistically derived.

6.4. Towards a Fluorescent Assay for ETHE1

Despite lending their name to the conserved structure, the MBL fold enzymes with -
lactamase activity constitute only a subsection of a much larger MBL superfamily(216), with
members exhibiting activities ranging from small molecule hydrolysis(222) to DNA/RNA
processing(226, 227) and oxidoreductase reactions(220, 337). Human MBL fold enzymes
represent potential off pathway target for inhibitors of the ‘true’ MBLs, on account of their
similar protein folds and active site architectures(217). As a result, the study of human MBL
fold enzymes, and the development of assays with utility in the screening of potential
inhibitors, will likely expedite the identification and optimisation of clinically useful ‘true’
MBL inhibitors.

Ethylmalonic encephalopathy 1 (ETHE1) is one such human MBL fold protein, which
has a unique mono iron active site and persulfide dioxygenase activity(218, 220). Since
ETHE1 functions in the metabolic removal of toxic hydrogen sulfide(533), and ETHE1 gene
knockouts are known to result in highly debilitating symptoms and early death(218), the
ability to remove ETHE1 inhibitors from identified hits against the ‘true’ MBLs would, no
doubt, prove useful.

The work in Chapter 5 details the cloning and production of three ETHE1
homologues from human, Myxococcus xanthus, and Burkholderia cepacia. Preliminary
oxygen consumption assays demonstrated the three purified enzymes to be active, while
attempts at crystallisation have, to date, produced no notable results. Attempts were made to
develop an assay for ETHE1 based on the fluorescent detection of sulfite. Two sulfite detector
molecules, levulinic acid protected fluorophores, were synthesised and their utility in
developing such an assay was explored. While both molecules demonstrated the generation
of a fluorescent signal on exposure to sulfite, interference with a component of the ETHE1
substrate mixture suggests that these particular detectors may not be useful in this context.
However, the ability to detect and titrate sulfite with these molecules is encouraging and
suggests that further exploration of reported sulfite detectors may yet provide fruit in the

development of a high throughput ETHE1 assay.
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7.1. Sourcing of Materials

Where possible, and unless otherwise stated, all materials were obtained from Sigma-Aldrich
Ltd., New England Biolabs, or Invitrogen at the highest purity available. Bacto tryptone,
yeast extract and agar for cell growth media and antibiotic plates were obtained from Fisher
Scientific Ltd. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was obtained from Apollo
Scientific Ltd.

Milli-Q water refers to water purified using a Millipore Elix Reverse Osmosis system

followed by filtration through a 0.22 um Millipore Milli-Q filter.

7.2. Competent Cells

The following strains of E. coli cells were used for cloning and protein expression:
XL10-GOLD competent cells

BL21(DE3)

BL21(DE3)pLysS

Rosetta-gami 2

7.3. pH Measurement for Buffer Solutions

The pH of solutions was determined using a Jenway pH Meter 3305, with an Aldrich
glass/calomel combination electrode. Calibration was carried out prior to all measurements
with buffer solutions of phthalate (pH 4.0), phosphate (pH 7.0) and borate (pH 10.0) (Fisher
Scientific), with the former two used for calibration in the range of 4.0-7.0, and the latter two
in the range of 7.0-10.0. Electrodes were stored in a 4 M saturated potassium chloride

solution when not in use.

7.4. Centrifugation of Samples

Samples with a volume less than 1.5 mL, and suitable for handling room temperature, were
centrifuged using a 1-14 microfuge (Sigma). Samples with a volume less than 1.5 mL
requiring cold handling were centrifuged using a Microfuge 22R bench top centrifuge
(Beckman Coulter Ltd.) at 4 °C. Pelleting of small scale cell growth cultures and protein
concentration was performed using a Beckmann Allegra X-30R at 4 °C. Large scale cell

growth cultures and cell lysates were centrifuged in a Beckmann Avanti J-25 at 4 °C.
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7.5. 1000x Antibiotic Stocks for Cell Growth and Agar Plates

For ampicillin or kanamycin stocks, 500 mg or 340 mg, respectively, of antibiotic was
dissolved in 10 mL Milli-Q water and the resultant solution was passed through a 0.22 uM
filter before storage as aliquots at -20 °C. For chloramphenicol, 340 mg of antibiotic was

dissolved in 10 mL of ethanol and stored as aliquots at -20 °C.

7.6. Media and Antibiotic Plate Preparation

7.6.1. Preparation of 2TY Medium

2TY Medium was made according to the following protocol. Solid components were
dissolved in 900 mL of Milli-Q water and the pH was adjusted to 7.0 by addition of 1 M

NaOH. The solution volume was then adjusted to 1 L before autoclaving.

Reagent Mass
Bacto tryptone 16g
Bacto yeast extract 10g
Sodium chloride 5g

7.6.2. Preparation of Auto-Induction Medium

Auto-Induction Medium was made according to the following protocol. 50x Salt and Sugar
Solutions were placed in a water bath at 50 °C to ensure all components were fully dissolved
before preparing the medium. Solid components and Salt and Sugar Solutions were
dissolved in 900 mL of Milli-Q water and the pH was adjusted to 7.0. The volume was then

adjusted to 1 L and the solution autoclaved.

Reagent Mass/Volume
Bacto tryptone 16g
Bacto yeast 10g
Sodium chloride 5g
50x Salt Solution 20 mL
50x Sugar Solution 20 mL
1M Magnesium sulfate 2mL

Auto-Induction Medium (50x Salt Solution Recipe)

50x Salt Solution was made according to the following protocol. Solid components were
mixed and 900 mL of Milli-Q water was added. The solution was stirred while heating to
allow the solids to dissolve before the volume was adjusted to 1 L. The solution was stored at

4 °C for future use.
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Reagent Mass
Sodium phosphate dibasic 1775g
Potassium phosphate monobasic 170g
Ammonium chloride 134¢
Sodium sulfate 35.4¢g

Auto-Induction Medium (50x Sugar Solution Recipe)

50x Sugar Solution was made according to the following protocol. Solid components were

dissolved in 900 mL of Milli-Q water. The volume was adjusted to 1 L and the solution was

stored at 4 °C for future use.

Reagent Volume

Glycerol 250¢g

Glucose 25g
a-Lactose 100g

7.6.3. Preparation of Terrific Broth (TB) Medium

TB Medium was made according to the following protocol. Powdered medium and glycerol

were dissolved in 9oo mL Milli-Q water. The volume was then adjusted to 1 L and the

solution was autoclaved.

Reagent

Mass/Volume

TB Medium powder
Glycerol

7.6.4. Preparation of LB Agar Medium

476¢g

8mL

LB Agar Medium was made according to the following recipe. Solid components were mixed

before the addition of 1 L of Milli-Q water. The mixture was then autoclaved and stored at

room temperature for future use.

Reagent Mass
Bacto agar 15¢g
Bacto tryptone 10g
Sodium chloride 10g
Bacto yeast extract 5g
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7.6.5. Preparation of Luria-Bertani (LB) Agar Antibiotic Plates

LB Agar Medium was melted by microwaving before being cooling to 55 °C via incubation in
a water bath. 1 mL of the required antibiotic stocks was added for every 1 L of cooled agar
before pouring into petri dishes. Once set the plates were sealed with parafilm (Bemis) and

stored at 4 °C, for up to one month, before use.

7.6.6. Preparation of Super Optimal Catabolite Repression (SOC) Outgrowth
Medium
SOC Outgrowth Medium was prepared according to the following recipe. SOC medium was

made fresh in sterile Eppendorf tubes when required.

Reagent Volume
2TY Medium 970 pL
2 M glucose (sterile) 20 pL
1 M Magnesium chloride (sterile) 10 pL

7.7. SDS-PAGE Electrophoresis

7.7.1. SDS-PAGE Gel Preparation

SDS-PAGE gels were made according to the following recipes. Polyacrylamide gels were
made using the Mini-PROTEAN Tetra Cell system (Bio-Rad). In both running and stacking
gel preparation, tetramethyleneethylenediamine (TEMED) was added as the last component.
During production, the running buffer was covered with a layer of propan-2-ol to prevent it
from drying out whilst setting. This was subsequently removed before pouring and setting of
the stacking gel layer. SDS-PAGE gels were covered in wet tissue and stored at 4 °C until

required.

Running Gel Recipe (Makes Four Gels)

Reagent Volume
30% Bis-acrylamide 6.67 mL
Milli-Q water 5.06 mL

1.5 M Tris.HCI, pH 8.8 4 mL
10% (w/v) Ammonium persulfate 267 pL
10% (w/v) Sodium dodecyl sulfate 160 pL
Tetramethyleneethylenediamine 13.3 pL

Page | 174



Chapter 7 General Methods

Stacking Gel Recipe (Makes Four Gels)

Reagent Volume

Milli-Q water 3.05mL

0.5 M Tris.HCl, pH 6.8 1.25mL

30% Bis-acrylamide 670 uL
10% (w/v) Sodium dodecyl sulfate 50 uL
10% (w/v) Ammonium persulfate 25 puL
Tetramethyleneethylenediamine 5pL

7.7.2. Running of SDS-PAGE Experiments

20 pL of protein sample were mixed with 4 uL of SDS-PAGE Gel Loading Buffer. The
samples were then heated at 100 °C on a hot block for 2 min before loading of up to 10 pL of
each sample per well. Electrophoresis was carried out at a constant voltage of 160 V for 10
min followed by 180 V for 50 min using SDS-PAGE Running Buffer. Gels were subsequently
stained for 10 minutes in SDS-PAGE Staining Solution and transferred into water. The gels

were heated by microwaving until bands were visible before destaining overnight in water.

6x SDS-PAGE Gel Loading Buffer Recipe
6x SDS-PAGE gel loading buffer was made according to the following recipe. The
components were combined and the solution was adjusted to 50 mL by addition of Milli-Q

water. The final solution was stored at room temperature for future use.

Reagent Mass/Volume
Sodium dodecyl sulfate 6g
Dithiothreitol 465¢g
Bromophenol blue 30 mg
Glycerol 23.5mL
1 M Tris.HCl, pH 6.8 3mL

10x SDS-PAGE Running Buffer Recipe
10x SDS-PAGE running buffer was made according to the following recipe. Components
were dissolved in 900 mL before adjusting the final volume to 1 L. The solution was stored at

room temperature for future use.

Reagent Mass
Glycine l44g
Tris base 30g
Sodium dodecyl sulfate 10g
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SDS-PAGE Staining Solution Recipe
SDS-PAGE staining solution was made according to the following recipe. The solution was
stored in a foil-wrapped bottle, to protect it from sources of light, and kept at room

temperature for future use.

Reagent Mass/Volume
Coomasie brilliant blue G250 04g
Milli-Q water 800 mL
Ethanol 50 mL
70% Perchloric acid 34 mL

7.8. Cloning

7.8.1. Primers for Generation of ETHE1 Homologue Constructs

Construct Primer Name Primer Sequence T, (°C)
hETHE1_pC_Fw CCCGGGGTCGACGCACCGATTCTGCTGCG 74
hETHE1-pCold
hETHE1_pC_Rv CCCGGGGCGGCCGCTTATGCGGTCGGGG 78
MXETHE1_pC_Fw CCCGGGGTCGACCTGTTTCGTCAGC 69
MxETHE1-pCold
MXETHE1_pC_Rv CCCGGGGCGGCCGCTTAATGGGTAAAGC 72
BcETHEL1_pC_Fw CCCGGGGTCGACATTTTTCGCCAGC 68
BcETHE1-pCold
BcETHE1_pC_Rv CCCGGGGCGGCCGCTTAACTACGACCATCC 74
N_MxETHE1_p22b_Fw_1 CAGGGCCCGCTGTTTCGTCAGCTGTTTGATACC 70
N_MxETHE1_p22b_Fw_2 TCTGGAAGTGCTGTTTCAGGGCCCGCTGTTTCGTC 72
N-His-MxETHE1-pET-22b
N_MxETHE1_p22b_Fw_3 CATATGCATCATCATCATCATCATCTGGAAGTGC 63
N_MXxETHE1_p22b_Rv CCCGGGCTCGAGTTAATGGGTAAAGCTACC 67
C_MxETHE1_p22b_Fw CCCGGGCATATGCTGTTTCGTCAGCTGTTTG 68
. C_MXETHE1_p22b_Rv_1 CCTGAAACAGCACTTCCAGATGGGTAAAGCTAC 66
C-His-MxETHE1-pET-22b
C_MXETHE1_p22b_Rv_2 GATGATGATGATGCGGGCCCTGAAACAAGC 67
C_MXETHE1_p22b_Rv_3 CCCGGGCTCGAGTTAATGATGATGATGATGATGC 67

7.8.2. Preparation of Primers

Oligonucelotide primers were designed using the ApE (A Plasmid Editor) application(548).
Primers were purchased from Sigma-Aldrich Ltd. as lyophilised pellets. Before use, the
oligonucleotides were resuspended in 0.22 pm filter sterilised Milli-Q water to produce 100
uM stock solutions. These were then diluted to 10 uM with filter sterilised Milli-Q water for

use in polymerase chain reaction (PCR) experiments.
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~.8.3. PCR Reactions

For production of hETHE1, MXETHE1 and BcETHE1 pCold constructs, gene inserts were
amplified from synthetic DNA constructs by a single round of PCR. MxETHE1 with an N- or
C-terminal hexahistidine tag in pET-22b were amplified from the same synthetic construct,
but the amplicon was subsequently modified by additional rounds of PCR in order to add the
coding sequence for the tag. PfuTurbo polymerase was obtained from Agilent Technologies.
A typical PCR reaction was set up with the following mixture of components. PCR reactions
were carried out using 100 ng of template DNA in a final volume of 50 uL. The final volume
was achieved by addition of 0.22 uM filter sterilised Milli-Q water. The polymerase was

added as the final component of the mixture.

Reagent Volume (pL)
10x Reaction buffer 5
10 mM Forward primer 25
10 mM Reverse primer 2.5
50 ng/pL Plasmid DNA 2
10 mM dNTP mix
PfuTurbo polymerase 1
Milli-Q water 36

Annealing temperature was typically taken to be 5 °C below the lowest melting temperature
of the two primers, as predicted by ApE software. The length of the ligation step was dictated
by the size of the gene, typically 60 s kb is employed.

PCR Step Temperature (°C) Time (s)
Melting 98 10
25 Cycles Annealing 70 30
Ligation 72 60 per kb template
Final Extension 72 600
Final Hold 4

7.8.4. Purification of Amplified DNA

Amplified DNA was purified using agarose gel electrophoresis. The gel was loaded with 6 uL
GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific). DNA samples were mixed with 6x
Purple Loading Buffer (Thermo Fisher Scientific) and added to wells with a maximum
volume of 20 pL. The agarose gel was run at 60 V for 10 min, followed by a further 30 min at
70 V. DNA bands were visualised by fluorescence under UV light, excised using a clean

scalpel, and placed in sterile Eppendorf tubes. Extraction was carried out using a Gel
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Extraction Kit (Thermo Fisher Scientific) and the provided protocol. Plasmid DNA was

eluted into 30 pL of 0.22 um filter sterilised Milli-Q water.

50x TAE Buffer Preparation

50x TAE Buffer was made according to the following recipe. Tris base and
ethylenediaminetetraacetic acid (EDTA) were dissolved in 700 mL Milli-Q water before
addition of acetic acid. The solution volume was then adjusted to 1 L and stored at room

temperature until required.

Reagent Volume/Mass
Tris base 242¢g
Disodium EDTA 186¢g
Glacial acetic acid 57 mL

Agarose Gel Preparation

Agarose gels were freshly prepared when required. Agarose gels were made using the Clarit-
E horizontal electrophoreses system (Alpha Laboratories). 0.8 % agarose gels were prepared
according to the following recipe. Solutions were microwaved to ensure that all agarose was
solubilised. SYBR Safe was added once all agarose was dissolved. The resultant solution was
poured into a mould using an 8x 20 uL well comb and protected from light while allowed to

set.

Reagent Mass/Volume
Agarose 04g
TAE Buffer 50 mL
SYBR Safe stain 2puL

7.8.5. DNA Digestion

DNA digestion was carried out in a reaction volume of 20 ul using sterile 1.5 mL Eppendorf
tubes and 0.22 pm filter sterilised Milli-Q water. The restriction enzymes were dictated by
the primer design. For pCold constructs, Notl and Sallur were used, while for pET-22b
constructs, Ndel and Xhol were used. Typically 1000 ng of plasmid vector, or insert, DNA
were digested in a single reaction. Reaction components were mixed and the solution was
incubated in a water bath at 37 °C overnight. Digested DNA was subsequently purified by

agarose gel electrophoresis.
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Vector Components  Volume (pl)

DNA (e.g. 200 ng pL'l) 5
Buffer 2
5’ Restriction enzyme 1
3’ Restriction enzyme 1
BSA 0.2
Milli-Q water 10.8

7.8.6. Plasmid Ligation
Plasmid ligation was carried out in a reaction volume of 20 uL. The digested insert was
added to a 10x molar excess compared to the digested vector DNA. Reaction components

were added without mixing. The reaction was left at room temperature for 48 h.

Component Volume (pL)
Digested vector (e.g. 5 ng pL'l) 8
Digested insert (e.g. 20 ng pL?) 4
10x Ligation buffer 2
T4 Ligase 1
Milli-Q water 5

7.8.7. Transformation of Competent Cells

XL10-Gold and BL21(DE3) competent cells were stored at -80 °C. The cells were thawed on
ice before placing 50 uL of the cell suspension into a 50 mL falcon tube. 2-3 uL of the DNA
ligation mixture/purified plasmid was added to the cells without mixing and the cells were
left on ice for 30 min. The cells were then heat shocked by placing them in a water bath at 42
°C for 30-45 seconds followed by 2 min on ice. Subsequently, 250 uL of SOC outgrowth
medium was added and the cells were placed in a shaker at 37 °C for 45 min with shaking at
200 rpm. After incubation, 250 or 200 uL of the cells, for XL10-Gold or BL21(DE3)
respectively, were plated on an appropriate antibiotic-containing plate and incubated at 37

°C overnight. Once colonies were seen, plates were sealed with parafilm and stored at 4 °C.

~.8.8. Plasmid Purification

A single colony from a successful transformation was picked and grown overnight in 5 mL of
2TY medium, supplemented with the appropriate antibiotic(s), at 37 °C with shaking at 200
rpm. Plasmid DNA was purified from the culture using a Miniprep Kit (Qiagen) following the
manufacturer’s protocol. Successfully cloned constructs were confirmed by DNA sequencing

(Source Bioscience).
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7.8.9. Glycerol Stock Preparation

A single colony from a successful BL21(DE3) or Rosetta-gami 2 transformation was picked
and grown overnight in 5 mL of 2TY medium, supplemented with the appropriate
antibiotic(s), at 37 °C with shaking at 200 rpm. 800 pL of the overnight growth was mixed

with 200 uL of sterile glycerol before freezing on dry ice and subsequent storage at -8o °C.

~.9. Starter Culture Production

An agar plate, supplemented with the appropriate antibiotic(s), was streaked with the
glycerol stock and incubated at 37 °C overnight. A single colony was picked from the plate
and grown in 100 mL 2TY medium supplemented with the same antibiotic. The flask was

incubated at 37 °C overnight with shaking at 200 rpm.

7.10. Protein Production & Purification

7.10.1. Buffers for Protein Purification

Buffers for protein purification were made according to the following protocol. (Recipes
provided bellow all correspond to 1 L of buffer). Components were dissolved in 9oo mL of
Milli-Q and the pH adjusted accordingly. The volume of the buffers was then adjusted to 1 L
and the solutions were passed through a 0.22 um filter to sterilise them. Buffers was stored

at 4 °C until required.

Bcll Lysis Buffer Recipe, pH 6.5

Reagent Mass
MES 7.80g
Zinc chloride 54.6 mg

Bcll High Salt Buffer Recipe, pH 6.5

Reagent Mass
Sodium chloride 58.4¢g
MES 3.90¢g

Zinc chloride 27.3 mg

HisTrap Buffer A Recipe, pH 7.5

Reagent Mass
Sodium chloride 29.2g
HEPES 11.9¢g
Imidazole 341 mg
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HisTrap Buffer B Recipe, pH 7.5

Reagent Mass
Imidazole 34.0g
Sodium chloride 29.2¢g
HEPES 119¢g

HisTrap Wash Buffer Recipe, pH 7.5

Reagent Mass
Sodium chloride 29.2g
HEPES 119g
Imidazole 1.36g

Gel Filtration Buffer Recipe, pH 7.5

Reagent Mass
Sodium chloride 29.2g
HEPES 11.9g
Exchange Buffer Recipe, pH 7.5
Reagent Mass
HEPES 596¢g

Sodium chloride 5.84g

IPTG Stock Solution Preparation
IPTG stock solutions were freshly made when required. 47.7 mg IPTG were dissolved in 1 mL
of 0.22 um filter sterilised Milli-Q water to give a 200 mM solution. The resultant solution

was then filter sterilised in the same way. The filtered solution was kept on ice until required.

Iron(II) Stock Solution Preparation

Iron(II) stock solutions were made immediately before use. 19.6 mg ammonium iron(II)
sulfate hexahydrate, (NH,).Fe(SO,)..6H.0, were dissolved in 1 mL of 0.22 um filter sterilised
Milli-Q water to give a 50 mM solution. The resultant solution was then filter sterilised in the

same way.
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Zn(II) Stock Solution Preparation
28.8 mg zinc(II) sulfate heptahydrate, ZnSO,.7H.0, were dissolved in 1 mL of 0.22 um filter
sterilised Milli-Q water to give a 100 mM solution. The resultant solution was then filter

sterilised in the same way.

7.10.2. Expression Trials for His-Tagged Enzymes

Six flasks, containing 100mL 2TY supplemented with ampicillin were inoculated with 1 mL
of starter culture and incubated at 37 °C, with shaking at 180 rpm, until an ODs¢o, of 0.5-0.6
was reached (typically around 2-2.5 h).

Flask No. [IPTG] (mM)
1 0
2 0.01
3 0.1
4 0.25
5 0.5
6 1

The flasks were then cooled to 15 °C and the cells were induced IPTG stock solution to give
the final concentrations listed in the table. The flasks were also supplemented with iron(II),
50 uM final concentration. The flasks were incubated at 15 °C overnight, with shaking at 180
rpm. 50 mL of cells from each flask were spun down (3750 rpm, 10 min, 4°C), the
supernatant was removed, and the pellet was allowed to dry.

Cell pellets were resuspended in 2 mL of HisTrap Buffer A, supplemented with
DNAse I (20 mg L) and stored on ice. The resuspended cells were sonicated using a Vibra-
Cell VCX 130 microtip sonicator (SONICS) at 25% Amplitude, 3 mins, 10 s on, 10 s off, while
on ice. 1 mL of each sonicated sample was transferred to a 1.5 mL Eppendorf and the cell
debris was spun down (10 min, 13000 rpm, 4 °C). 200 uL of nickel resin, equilibrated with
HisTrap buffer A, was added to the supernatant of each sample. The samples were then
mixed at 4 °C for 45 min. The samples were spun down (3 min, 2000 rpm, 4 °C) and the
supernatant collected as ‘flow-through’. The resin was resuspended in 600 mL of HisTrap
Buffer A, the tubes were spun down (3 min, 2000 rpm, 4 °C), and the supernatant was
collected as ‘Wash 1’. This step was then repeated. The resin was resuspended in 600 pL of
HisTrap Wash Buffer and then spun down as previously described. The supernatant was
collected as ‘Wash 2’. The resin was washed a second time in this manner. His-tagged
enzyme was eluted by resuspending the resin in 100 mL of HisTrap Buffer B and mixing the

samples for 10 min at 4 °C. Samples were spun down (3 min, 2000 rpm, 4 °C) and the
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supernatant collected as the ‘Eluent’. Eluent samples were analysed by SDS-PAGE to assess

the level of expression.

7.10.3. Large Scale Cell Growth Procedures

Recombinant Bell protein was produced in E. coli BL21 (DE3)pLysS cells grown at 37 °C
using 2TY medium supplemented with ampicillin and chloramphenicol, as previously
reported(345). The cells were grown until an ODgo, of 0.6—0.7 was reached and induced with
0.5 mM isopropyl -D-1-thiogalactopyranoside (IPTG). The cells were grown for a further 4
h after induction. Cells were harvested by centrifugation (10 min, 10000 g).

Recombinant VIM-2 with an N-terminal His-tag was produced in E. coli BL21
(DE3)pLysS cells at 37 °C using 2TY medium supplemented with 50 ug mL-* ampicillin and
50 pg mL* chloramphenicol, as previously reported(433). Cells were grown until an ODgo, of
0.6 - 0.7 was reached. At this point the temperature was lowered to 30 °C and expression
was induced with IPTG (0.5 mM final concentration). The cells were incubated for a further
4 h at this temperature. Cells were harvested by centrifugation (10 min, 10000 g).

Recombinant CTX-M-15, AmpC, OXA-23, OXA-48, and BlaC, each with an N-
terminal His-tag, were produced in E. coli BL21(DE3) cells using auto-induction medium
supplemented with 50 pg mL* ampicillin. Cells were grown for four hours at 37 °C before
cooling to 18 °C and continuing growth overnight. Cells were harvested by centrifugation (10
min, 10000 g).

Recombinant hETHE1 and BcETHE1, each with an N-terminal hexahistidine tag,
were produced in E. coli BL21(DE3) cells using 2TY medium supplemented with 50 ug mL~
ampicillin. Cells were grown until an OD¢oo of 0.6 - 0.7 was reached. At this point the
temperature was lowered to 15 °C and the cultures were supplemented with ammonium
iron(IT) sulfate hexahydrate (50 puM final concentration) and IPTG (10 puM final
concentration). The cells were incubated overnight and harvested by centrifugation (10 min,
10000 g).

Recombinant MXETHE1, with a C-terminal hexahistidine tag, was produced in E. coli
BL21(DE3) cells using 2TY medium supplemented with 50 pg mL* ampicillin. Cells were
grown until an ODeoo 0f 0.6 - 0.7 was reached. At this point the temperature was lowered to
18 °C and the cultures were supplemented with ammonium iron(II) sulfate hexahydrate (50
uM final concentration) and IPTG (10 puM final concentration). The cells were incubated

overnight and harvested by centrifugation (10 min, 10000 g).
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~.10.4. Bell Purification

10 g of cell pellet were resuspended in 50 mL Bell Lysis Buffer, supplemented with DNase I
and phenylmethylsulfonyl fluoride (PMSF, each 2 mg L final concentration), and then lysed
by sonication using a Vibra-Cell VCX 500 sonicator (SONICS, 10 min, 60% amplitude, 10 s
pulse, 10 s rest). The lysate was loaded onto an SP-sepharose column (1.5 x 12 ¢cm with a 25
mL bed volume), which had been pre-equilibrated with BeIl Lysis Buffer. Bound proteins
were eluted with a gradient of Bcll High Salt Buffer in Bcell Lysis Buffer (0-1 M NaCl). The
purity of the fractions was determined using SDS-PAGE analysis and those fractions
containing highly purified BcII (>95 % pure by SDS-PAGE) were concentrated by centrifugal
ultrafiltration using an Amicon Ultra 15 mL centricon with a 10 kDa molecular weight cut off
(Millipore). Concentrated Bcll was rediluted into 50 mL Bcll Lysis Buffer and purified a
second time on the SP Sepharose column using the same protocol. Fractions containing

purified Bcll were concentrated by centrifugal ultrafiltration.

7.10.5. Hexahistidine Tagged Enzyme Purifications

20 g of VIM-2, CTX-M-15, AmpC, OXA-23, OXA-48, BlaC, hETHE1, MxETHE1a or
BcETHE1 pellet were resuspended in 100 mL HisTrap Buffer A, supplemented with DNAse I
and PMSF (2 g L final concentration), and lysed by sonication using a Vibra-Cell VCX 500
sonicator (SONICS, 10 min, 60% amplitude, 10 s pulse, 10 s rest). The supernatant was
loaded onto a 5 mL HisTrap HP column followed by extensive washing with HisTrap Buffer
A before elution with a gradient of HisTrap Buffer B in HisTrap Buffer A (20-500 mM
imidazole). Fractions containing purified enzyme were concentrated by centrifugal
ultrafiltration using an Amicon Ultra 15 mL centricon with a 10 kDa molecular weight cut off
(Millipore). The resultant solution was injected onto a Superdex S200 column (300 mL),
pre-equilibrated with Gel Filtration Buffer, and eluted with an additional 300 mL of Gel
Filtration Buffer. Fractions containing pure hexahistidine tagged enzyme were incubated
overnight at 4 °C with Hexahistidine tagged 3C protease (1:100 w/w) to remove the N-
terminal hexahistidine tag. The 3C protease together with any uncleaved protein was
removed from the digestion mixture with a second 5 mL HisTrap HP column, pre-
equilibrated with HisTrap Wash Buffer. Purified enzyme fractions, identified by SDS-PAGE
analysis, were collected and concentrated by centrifugal ultrafiltration before buffer

exchange into Exchange Buffer.
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~.10.6. Protein Concentration Measurements
Protein extinction coefficients were determined from the amino acid sequence using the
ExPASy Protparam online application (http://www.expasy.org/). Concentrations of enzymes

were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).

Protein M, (kDa) g (M em™)
Bcll 24.95 29450
ViM-2 25.67 31400
CTX-M-15 28.26 25440
BlaC 28.53 29910
AmpC 40.83 61310
OXA-23 28.3 43430
OXA-48 28.3 63940
hETHE1 26.15 7450
MxETHE1 26.33 8940
BcETHE1 38.66 40910

7.11. Production of Apo-Enzymes

Apo-Bcll, apo-VIM-2 and apo-ETHE1 homologues were generated using an adaptation of a
previous method(327). Solutions of purified enzyme were placed in 3 or 0.5 mL Slide-A-
Lyzer Dialysis Cassettes (Thermo Scientific) for dialysis. Enzyme solutions were dialysed
against three changes of >100 volumes of an EDTA-containing solution (10 mM HEPES, 200
mM NaCl, 20 mM EDTA, 2 mM TCEP.HCI, pH 7.5) over 24 hours. EDTA was removed by a
second dialysis of three changes of >100 volumes of a metal-free solution (50 mM HEPES,
100 mM NaCl, 2 mM TCEP.HCI, Chelex 100, pH 7.5) over 24 hours. All dialyses were carried
out at 4 °C. After dialysis, the concentrations of the apo-enzymes were determined using a

NanoDrop spectrophotometer, as previously described.

7.12. Denaturing Mass-Spectrometry

Molecular masses of purified proteins were verified by denaturing mass spectrometry. Data
were collected using an LCT Premier mass spectrometer (Waters) coupled to an Agilent 1100
Series HPLC using a Chromolith® FastGradient RP-18 endcapped column equipped with a
50-2 monolithic silica HPLC column (C18, 2 x 50 mm, 1.6 um diameter macropores, Merck).
Samples were diluted to 0.01 mg mL* before injection via a CTC-autosampler inlet system.
Proteins were separated using a multi-step gradient over 10 min (Solvent A 94.9% (v/v) H.O,
5% (v/v) CH5CN, 0.1% (v/v) formic acid; Solvent B 99.9% (v/v) CH3CN, 0.1% (v/v) formic
acid; 0-1 min 5% B, 1-5 min linear gradient to 100% B, 5-8 min 100% B, 8-10 min linear
gradient to 5% B) with a flow rate of 0.4 mL min™. The ionisation source used a capillary

voltage of 3.2 kV and cone voltage of 25 V. Nitrogen was used as the nebulizer and
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desolvation gas at a flow rate of 600 L hour. Calculated masses were determined from
amino acid sequence using the ExPASy Protparam online application

(http://www.expasy.org/).

7.13. Native Mass-Spectrometry

Enzymes were buffer exchanged into 15 mM ammonium acetate, pH 7.5, using Bio-Spin 6
columns (Bio-Rad) and diluted to 100 uM before measurements. Native mass-spectrometry
data were acquired using a Q-TOF micro mass spectrometer (Waters) interfaced with a
NanoMate (Advion Biosciences). Experiments utilised a chip voltage of 1.7 kV and a delivery
pressure 3.45 kPa. The sample cone voltage was 50 V with a source temperature of 100 °C.
The pressure at the interface between the atmospheric source and the high vacuum region
was fixed at 6.30 mbar. Calibration and sample acquisition were performed in the positive

ion mode in the range of 500-5,000 m/z. Data were processed using MassLynx 4.0 (Waters).

7.14. Preparation of Deoxygenated & Oxygen Saturated Solutions
To prepare O, free solutions, samples were deoxygenated by repeated rounds of
vacuum/argon purging, then sealed with a rubber septum and parafilm. To prepare O,

saturated solutions, samples were subjected to rounds of vacuum/oxygen purging.

7.15. X-ray Crystallography

7.15.1. Broad Screen and Optimisation Conditions

Broad screen and optimisation crystal solutions were stored as 96 well blocks in 96 well
polypropylene V-bottomed Masterblocks (Greiner Bio One) with 2 mL of each solution per
well. These blocks were sealed with Starseal aluminium foil sealing tape (Starlab) and stored

at 4 °C.

7.15.2. Crystallisation Experiments

Protein solutions for crystallisation ranged between 10 and 40 mg mL™ in concentration.
Crystal plates were set up using a Phoenix/RE instrument (Art Robbins Instruments)
equipped with a 96 syringe head and a single nano dispenser. Crystallisation experiments
were set up in 96 well Intelli-Plates (Art Robbins Instruments) with three sitting drop
experiments per condition. Plate reservoirs were filled with 80 mL of crystallisation
condition solution with sitting drop experiments with crystallant:protein solution ratios of
0.1:0.2, 0.1:0.1, and 0.2:0.1 pL. The plates were sealed with Starseal advanced polyolefin film
(Starlab)
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7.15.3. Crystal Fishing

Cryoprotection solutions were made as 20%, by volume, glycerol in reservoir solution.
Crystals were soaked in cryoprotection solution, fished using pin-mounted nylon loops
(Hampton Research) and flash frozen in liquid nitrogen. Frozen crystals were stored in cryo

vials (Hampton Research) under liquid nitrogen until required for diffraction experiments.

7.15.4. X-ray Diffraction Data Collection and Data Processing
Data were collected both in house and at the Diamond Light Source synchrotron. Data
collected in house were integrated, scaled, indexed and merged using HKL-3000.

Synchrotron data were processed using the CCP4i2 pipeline(549).

7.15.5. Structure Refinement
All structures were solved by molecular replacement using Phaser(550). Models were
generated using iterative rounds of refinement in Phenix Refine(362) and model building in

Coot(363).

7.15.6. Structure Deposition
Models and density maps of refined structures were deposited to the PDBe structural

database.

7.16. Steady-State Kinetic Assays

7.16.1 Buffers for Steady-State Kinetic Assays

Buffers for steady-state kinetic assays were made according to the following protocol.
(Recipes provided below all correspond to 1 L of buffer). Components were dissolved in 900
mL of Milli-Q and the pH adjusted accordingly. The volume of the buffers was then adjusted
to 1 L and the solutions were passed through a 0.22 um filter to sterilise them. Buffers were

stored at 4 °C until required.

MBL Assay Buffer, pH 7.5
Reagent Mass/Volume
HEPES 11.92¢g
10 mg mL™ BSA 100 pL
Triton X-100 100 pL
100 mM ZnS0,.7H,0 10 pL
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CphA Assay Buffer, pH 6.5
Reagent Mass
MES 293¢
SBL Assay Buffer, pH 7.2
Reagent Mass/Volume

Phosphate buffer powder 17.19¢g

Triton X-100 100 pL
OXA Assay Buffer Recipe
Reagent Mass/Volume
Phosphate buffer powder 17.19¢g
1 M NaHCO, 50 mL
Triton X-100 100 pL

7.16.2. Nitrocefin/Meropenem Steady-State Kinetic Assays

Nitrocefin (Toku) was stored as a 100 mM solution in dimethyl sulfoxide (DMSO).
Meropenem (Molekula Ltd.) was diluted directly into assay buffer as a 100 mM solution
when required. Absorbance measurements were made using a PHERAstar multi-mode plate
reader (BMG Labtech). All assays were carried out at 25 °C. Absorption assays were carried
out using UV-star 96 well format pclear® transparent plates (Greiner Bio-One) with a final
assay volume of 200 pL. Kinetics of nitrocefin and meropenem hydrolysis were followed by
absorption at 485 or 295 nm, corresponding to hydrolysed nitrocefin formation or depletion
of meropenem, respectively. The optimum concentration of enzyme for steady-state
measurements was determined by examining the rate of substrate hydrolysis at varied
concentrations of enzyme, with the concentration at which the initial rate remained constant
for 5-10 min being selected as an appropriate enzyme concentration. Initial rates of substrate
hydrolysis were determined at varying substrate concentrations. Steady-state kinetic
parameters were determined by fitting of initial rates to the Michaelis-Menten equation

using GraphPad Prism 5 software(347).
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7.16.3. FC5 Steady-State Kinetic Assays

FCs was stored as a 2.5 mM solution in assay buffer supplemented with 10 % (v/v) DMSO.
Fluorescence measurements were made using a PHERAstar multi-mode plate reader (BMG
Labtech). All assays were carried out at 25 °C. Fluorescence assays were carried out using
black 96 well format half area pclear® plates (Greiner Bio-One) with a final assay volume of
100 pL. FCs5 hydrolysis was followed by fluorescence (Aex = 380 nm, Aem = 460 nm)
corresponding to the release of the umbelliferone fluorophore. The optimum concentration
of enzyme for steady-state measurements was determined by examining the rate of substrate
hydrolysis at varied concentrations of enzyme, with the concentration at which the initial
rate remained constant for 5-10 min being selected as an appropriate enzyme concentration.
Initial rates of substrate hydrolysis were determined at varying substrate concentrations.
Steady-state kinetic parameters were determined by fitting of initial rates to the Michaelis-

Menten equation using GraphPad Prism 5 software(347).

7.17. Inhibition Assays

Inhibition assays were performed by monitoring the initial rate of FC5 hydrolysis via
fluorescence at a range of inhibitor concentrations. Inhibitors were stored either as solids or
as 100 mM stock solutions in DMSO, these were diluted to appropriate concentrations in the
assay buffer. Typically inhibition assays were carried out using black 384 well format pclear®
plates (Griener Bio-One) with a final assay volume of 25 pL. Enzyme concentrations were
chosen to give a linear rate of FC5 hydrolysis over the first 5 min of the assay time with an

FC5 concentration of 5 uM. Components were added in the following order and volumes:

Inhibited Enzyme Free Enzyme Background Hydrolysis

Reagent Volume (pL) Volume (pL) Volume (pL)
Inhibitor Solution 1 - -
Assay Buffer 14 15 20
5x Enzyme Solution 5 5 -
25 pM FC5 5 5 5

Unless otherwise stated, the enzymes were incubated with the inhibitor for 10 min prior to

initiation of the reaction by the addition of the substrate. The residual activities were

100 x (Vinhibited _Vbackground)
(Vuninhibitel _Vbackground)

calculated by fitting of residual activity curves using GraphPad Prism 5 software(347).

. IC50 values were

calculated using the following formula: %RA =
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7.18. Oxygen Consumption Assays

7.18.1. Preparation of Glutathione Persulfide

Glutathione persulfide substrate was prepared as previously described(533). Method one
involved the reaction of NaHS and oxidized glutathione under anaerobic conditions. An
oxygen depleted solution of 20 mM oxidised glutathione in 100 mM sodium phosphate, pH
7.2 was mixed with an excess of NaHS. The reaction was sealed and incubated at 37°C for 30
min. Method two involved the reaction of reduced glutathione with elemental sulfur. 20 uL
of a saturated acetonic sulfur solution was added to 1 mL of 20 mM reduced glutathione in

100 mM sodium phosphate, pH 7.2. The reaction was sealed and incubated at RT for 30 min.

7.18.2. Oxygen Detection

A FOXY AL-300 probe and a USB2000/USB2000-LS-450 spectrophotometer (Ocean
Optics) were used for oxygen detection. Variation in oxygen concentration was measured by
changes in fluorescence (hex = 450 nm, Aem = 600 nm). Before each experiment, the probe
was calibrated by taking readings in deoxygenated and oxygen saturated 100 mM sodium
phosphate, pH 7.2. Samples were prepared by diluting 1 ug of ETHE1 homologue (in 25 mM
HEPES, pH 7.5, 100 mM NaCl) into a sealed 2 mL vial of oxygen saturated 100 mM sodium
phosphate buffer, pH 7.2. Glutathione persulfide substrate was added to a final
concentration of 1 mM immediately before the measurement. Control samples were carried
out in the absence of GSSH. Data is expressed as % relative oxygen saturation five minutes

after glutathione persulfide addition.

7.19. UV/Vis Spectroscopy Studies

UV/Vis spectroscopy experiments were performed using a Varian Cary 4000 UV/Vis
spectrophotometer (Agilent) with an excitation wavelength of 490 nm or 330 nm for sulfite
detector 20 or 21, respectively, and absorbance wavelength range of 200-800 nm. 3 mL
quartz cuvettes with a path length of 1 cm were used for all measurements. Fluorescence
spectra were recorded for sulfite detectors 20 and 21 in the presence and absence of sodium
sulfite. Sulfite detector samples were diluted to 1 mM in 25 mM HEPES, pH 7.5. Sodium

sulfite was then added to a final concentration of 10 mM.
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7.20. Stopped-Flow Kinetics

An anaerobically prepared solution of 100 uM enzyme supplemented with 250 uM ZnSO4 or
Fe(NH)(SO,)-7H-0, in 50 mM HEPES, pH 7.5, was rapidly mixed with buffer/nitrocefin in a
1:1 ratio. Spectra were recorded over 1000 s using a photodiode array detector measuring
absorbance changes over a wavelength range of 300-720 nm. Spectra for the buffer alone
were obtained under analogous conditions. Kinetic traces were analysed using OriginPro

8.51(349) and KinTek Explorer software(352).

7.21. Circular Dichroism Spectroscopy

Circular dichroism spectra were recorded using a Chirascan CD/Fluorimeter spectrometer
(Applied Photophysics). Measurements were performed at 10 °C in a quartz cuvette with a
0.1 cm path length. Enzymes were diluted to a final concentration of 0.2 mg mL* in 10 mM
sodium phosphate buffer, pH 7.5, for measurements. Spectra were recorded for wavelengths
in the range of 260 to 190 nm at 0.5 nm intervals. Each spectrum is an average of three
scans. The baseline of all spectra was corrected by subtraction of the spectrum of the buffer.
Thermal denaturation experiments were performed using the same conditions. The
ellipticity at 220 nm was monitored between 10 and 9o °C. The data were fitted to a

Boltzmann sigmoidal curve to estimate apparent Ty, values using OriginPro software(349).

7.22. Nuclear Magnetic Resonance Spectroscopy
13C nuclear magnetic resonance (NMR) experiments with OXA-10 used a Bruker AVIII 600
MHz spectrometer equipped with a Prodigy broadband cryoprobe. Spectra were acquired at
298 K using a standard Bruker 3C pulse sequence. The experimental parameters used were
as follows: 2,048 scans, 36,058 Hz spectral width, 2.0 s relaxation delay, and 65,536 data
points. A line broadening of 10 Hz was applied to all spectra. NMR samples contained 560
uM OXA-10 and 10 mM NaH®3CO; and were supplemented with 10% D,O. The impact of
cyclic boronate 1 was tested at a concentration of 5 mM.

uB-NMR spectra were acquired with a 600 MHz spectrometer equipped with a
Prodigy N. broadband cryoprobe, using 5 mm quartz tubes. Experiments were performed at
298 K, with an acquisition time of 0.85 s and a relaxation delay of 0.5 s. Spectra consisted of
4096 scans for the pH experiments and 16384 scans for the enzyme experiments, and were
processed with a line broadening of 5.0 Hz and manual multipoint baseline correction. The
impact of pH was determined using 200 uM 2 in 50 mM sodium phosphate (pH 7.5 or pH
12.0) or 50 mM sodium acetate (pH 4.5), supplemented with 10% D.O. The impact of TEM-1
was determined using 200 uM 2 in 50 mM sodium phosphate, pH 7.5, 10% D-0O, in the

presence and the absence of 300 uM TEM-1.
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7.23. Surface Plasmon Resonance

GE Healthcare Biacore T200 was used for all SPR experiments. The temperature was
maintained at 4 °C to increase stability of the protein on the chip. VIM-2 was minimally
biotinylated (1:1 ratio of protein was incubated with EZ link NHS-LCLC-Biotin for 2 h at 4
°C, excess of biotin was removed using a desalting column). Enzyme was captured on the
streptavidin coated surface of a sensor chip in running buffer: 50 mM HEPES, pH 7.4, 150
mM NaCl, 0.05 % Tween 20, 3 % DMSO at ~ 3000 RU. Cyclic boronate 2 was screened at a
concentration series ranging from 45 nM to 3.7 uM. 2 was injected from lowest to highest
concentration. Traces were fitted using a 1:1 binding model with local Rm.x for each
concentration due to saturation of the surface. All data were normalised to a blank surface

and blank injections to account for non-specific binding and drift.

7.24. Antimicrobial Susceptibility Testing

The in vitro activity of cyclic boronate 2 was assessed using nine clinical isolates carrying
multiple B-lactamases. The isolates selected included Enterobacteriaceae (E. coli ST 131,
Klebsiella pneumoniae ST 258, and Providencia stuartii) producing class A ESBLs (CTX-M-
15, CTX-M-27, SHV-5, and VEB-1), serine carbapenemase (KPC-2) and metallo-
carbapenemases (VIM-1 and VIM-2), plasmid-mediated AmpC (CMY-2), and/or
carbapenem-hydrolyzing OXA-48-like oxacillinases (OXA-181 and OXA-232) in various
combinations. The activity against carbapenemase-producing strains of Pseudomonas
aeruginosa (VIM-2) and Acinetobacter baumannii (OXA-23) was also investigated. All
isolates have previously undergone extensive phenotypic and genotypic
characterization(551). Bacterial susceptibility to B-lactams and standard p-lactam inhibitor
(clavulanic acid, sulbactam, and tazobactam) combinations was determined by broth
microtiter dilution (BMD) according to the Clinical and Laboratory Standards Institute
(CLSI) methodology(552). Minimum inhibitory concentrations (MICs) were determined
using commercial Sensititre GN4F panels (Thermo Scientific) and Mueller-Hinton II cation-
adjusted broth (Oxoid), with and without the addition of cyclic boronate 2 at a fixed
concentration of 10 pg/ml. Plates were incubated at 37 °C for 18 h and MICs read by eye
following the addition of Alamar Blue (Trek Diagnostics). The inhibitory effects of cyclic
boronate 2 on susceptibility to 19 B-lactam compounds was also assessed in Kirby-Bauer disc
diffusion tests(451). Combination discs (Oxoid) were prepared with a fixed ratio of 2:1
between the B-lactam (ug) and cyclic boronate 2. Zones of inhibition around combined and

unsupplemented discs were compared following overnight incubation on MH II plates.
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7.25. Chemical Synthesis
7.25.1. Synthesis of Sulfite Detector 20
0 0 Fluorescein (1.0 g) was dissolved in dry
MO O 0 O OY\)\ methylene dichloride (50 mL). Levulinic acid
O O (1.4 g), dicyclohexylcarbodiimide (3.1 g) and 4-
O o dimethylaminopyridine (0.2 g) were added to
o the solution while stirring. The reaction
mixture was allowed to stir for six hours at room temperature. The reaction mixture was
subsequently filtered, and the solvent removed by rotary evaporation. The residue was
purified by silica gel column chromatography (30% ethylacetate in cyclohexane) to give 20
as a pale yellow amorphous solid. (1.2 g, 72% yield). 'H NMR (400 MHz, CDCl,), 6 (TMS,
ppm) : 7.96 (d, J = 8.0 Hz, 1H), 7.55-7.60 (m, 2H), 7.09 (d, J = 8.0 Hz, 1H), 7.01 (s, 2H), 6.73
(d, J = 4 Hz, 4H), 2.78-2.82 (m, 4H), 2.72-2.77 (m, 4H), 2.16 (s, 6H); 3CNMR(100 MHz,
CDCly) 6 (TMS, ppm): 206.68 (2C), 170.97 (2C), 169.19, 152.88, 152.04 (2C), 151.54 (2C),
135.31, 130.07, 128.94 (2C), 126.05, 125.21, 124.06, 117.73 (2C), 116.42 (2C), 110.37 (2C),
81.70, 37.80 (2C), 29.84 (2C), 28.15 (2C); vmax/ cm™: 3352 s, 1679 s (note: shoulders were
observed on either side of this peak); ESI(+)-HRMS (m/z): calculated for C;,H.,NaO,:
551.1312 [M+Na]*; measured 551.1313.

7.25.2. Synthesis of Sulfite Detector 21
0 7-hydroxycoumarin (0.5 g) was dissolved in dry methylene
MOWO dichloride (50 mL). Levulinic acid (1.4 g),
o & dicyclohexylcarbodiimide (3.1 g) and 4-dimethylaminopyridine
(0.2 g) were added to the solution while stirring. The reaction mixture was allowed to stir for
six hours at room temperature. The reaction mixture was subsequently filtered, and the
solvent removed by rotary evaporation. The residue was purified by silica gel column
chromatography (40% ethylacetate in cyclohexane) to give 21 as an amorphous white solid.
(0.6 g, 81% yield). *H NMR (400 MHz, CDCl;), 6 (TMS, ppm) : 7.62 (d, J = 8.0 Hz, 1H), 7.41
(d, J = 8.0 Hz, 1H), 7.05 (d, J = 4 Hz, 1H), 7.00 (dd, J = 8, 4 Hz, 1H), 6.32 (d, J = 8 Hz, 1H),
2.76-2.84 (m, 4H), 2.17 (s, 3H); 3C NMR (400 MHz, CDCl,) § 207.4, 160.7, 153.6, 152.9,
171.0, 118.2, 116.4, 112.5, 110.1, 37.6, 27.3; Vmax/ cm™: 3350 S, 1724 S, 1701 s, 1679; ESI(+)-
HRMS (m/z): calculated for C,,H:.NaO;: 283.0576 [M+Na]+; measured 283.0577.
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