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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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GOB Chryseobacterium meningosepticum B-lactamase
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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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Sulfonamides Ansamycins _ [2003:
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Chloramphenicol
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y Strept i
Lincosamides reptogramins
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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).
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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).
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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.
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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).

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.
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