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Abstract

Abstract

Antibiotic resistance is a prevalent and global problem. It is one of the biggest, if not the
biggest, health care challenge we face this century. Metallo-beta-lactamases (MBLSs) are a
group of enzymes that play a pivotal role in the spread of resistance. There are many
contributing factors for the success of MBLSs at overcoming current antibiotics, and why they
evade and evolve to overcome potential new antibiotics before said antibiotics would make it
to market. One of these reasons is the sheer number of MBLs and more specifically, the
number of mutants of these MBLs. There are as many as four subgroups in the MBL family,
labelled B1 to B4. B1 is the best-studied subgroup, and the one that is most prevalent in
pathogenic microorganisms. Members of this subgroup employ two metal ions (generally
Zn?*) in their active sites for hydrolysis of antibiotics. NDM (New Delhi MBL) is a
prominent example that has spread quickly and poses a real threat to society’s use of
antibiotics. Known as a “superbug,” NDM-1 has made use of various tools to spread rapidly
(horizontal gene transfer), evade inhibition, and evolve catalytic efficiency. The introduction
of specific mutations has led to the emergence of at least 15 known variants of this enzyme
that vary in their substrate preference and catalytic properties.

NDM-3 is one such variant and is the topic of this research project, which aims to determine
and characterise its catalytic properties and compare those to corresponding parameters
reported for the original NDM variant discovered, NDM-1.

What was discovered during this thesis was the optimised process to isolate, express, and
purify NDM-3. This was completed with two constructs of NDM-3: NDM-3+Ub, and NDM-
3(NC) — NDM-3(NC) did not have the ubiquitin tag attached.

Purification of both of these constructs were completed using hexahistidine IMAC
chromatography. NDM-3+Ub then underwent cleavage using USP2cc protease, however no
activity was ever witnessed on this cleaved enzyme.

Activity assays were performed on both the uncleaved NDM-3+Ub, and NDM-3(NC). These
results were compared with the NDM-3(NC) showing stronger activity than the construct
with the ubiquitin tag.

Overall, NDM-3(NC) has lower activity than NDM-1. From these works it is shown that like
NDM-1, NDM-3(NC) was shown to have activity across a wide range of substrates but
NDM-1 has superior hydrolytic activity against most B-lactam antibiotics tested. As an
example, the Kcar values of NDM-1 for the hydrolysis of ampicillin and penicillin are 182 s
and 142 s, respectively. The corresponding parameters for NDM-3(NC) are only 47 s and
38 s, respectively, effectively showing only ~40% of NDM-1 activity.

Similarly, NDM-3(NC) underwent pH profile assays to determine the pH range it has activity
against various beta lactam antibiotic substrates, and to determine the pH point that activity is
the strongest. As would be expected for a virulent and pathogen that infects humans, NDM-
3(NC) like NDM-1, has strongest activity at physiological pH points (i.e. around pH 7.5) and
showing the strongest activity overall against ampicillin and meropenem across the pH
ranges.
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Chapter 1 — Introduction and Research Background to
p-lactamases and Antibiotic Resistance

Antibiotic resistance is one of the most worrying threats facing our world today (1).
Finding new ways to fight off pathogenic bacteria which have become resistant to most of
the commonly prescribed antibiotics is a global challenge. This bacterial resistance
emerged as a result of many factors. These include the over-prescription of antibiotics to
humans, over-use of antibiotics in livestock, increased accessibility due to better transport
worldwide, unfinished antibiotic courses, sub-optimal hygiene standards, and fewer new
antibiotics being discovered in recent times. The first step in overcoming this challenge is
to fully characterise and comprehend how these bacteria become resistant and how they
have and continue to evolve to build resistance (2).

Antibiotics have been around since the 1920s (3). Originally discovered in the form of
penicillin by Sir Alexander Fleming (2), soon after derivatives of penicillin and then
cephalosporins, carbapenams, monobactams and cephamycins became available. These -
lactam type antibiotics are so named due to their four-membered B lactam ring. -
lactamases are a family of enzymes produced by bacteria that exhibit resistance to f3-
lactam antibiotics (4). These enzymes inactivate the antibiotics by hydrolysing and
opening the B-lactam ring. - lactamases consist of four subgroups — groups A, B, C, and
D. Groups A, C, and D are serine B-lactamases (SBLS), and group B are metallo -
lactamases (MBLs). While SBLs employ a serine residue in their active site to initiate the
hydrolysis of the antibiotic, MBLs use a metal-bound hydroxide for the same purpose.
MBLs require either one or two Zn(ll) ions to be catalytically active, and depending on
their metal ion requirement and mechanism they are further divided into four subgroups —
B1, B2, B3, and B4. All four subgroups have characteristic traits which will be discussed
further into this chapter within research background.

To date, extensive research has been carried out on the many non-pathogenic and
pathogenic MBLs. Naturally, of highest importance are the most virulent and dangerous
MBLs (e.g., NDM-1) which can be transferred between different pathogens by horizontal
gene transfer; NDM-1 is able to confer resistance to almost all known antibiotics,
including carbapenems, and has been detected in over 70 countries worldwide. For this
reason, it is imperative that more research is done in this area until a solution can be found
and that as a matter of urgency, we should look for solutions as quickly as possible. Years
ago, I recall being informed that there was approximately 20 years or so before it affected
us significantly. Since then, those projections seem to have decreased time-wise and we
should expect the impact sooner rather than later.

In response to this worrying increase in antibiotic resistance the World Health
Organisation (1) has outlined some of the practices advised to combat the threat. Apart
from new antibiotics and inhibitors being developed, there are some steps everyone can
take, including changing the way we view and use antibiotics, following advice from
healthcare professionals when antibiotics are not needed, generally improving good health,
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hygiene, and common sense regarding avoiding people who are unwell, and educating
ourselves on the limits of antibiotics. The WHO warns that without caution and
invigorated research we will again face a time when common infections and injuries will
become fatal.

Another problem facing us in our search for new antibiotics is the speed of evolution these
pathogenic bacteria can become resistant to the newer generations of antibiotics. Ideally, a
universal inhibitor would be developed that could inhibit all B-lactamases through a
mechanism that cannot easily be circumvented by mutations. Whether this is a possibility
remains to be seen, but it is imperative that further research and investigation be done into
both characterisation of these enzymes, and into potential inhibitors.

The aim and scope of this project was to further the scientific community’s knowledge by
selecting a novel enzyme, NDM-3 — a variant of well-known pathogenic “superenzyme”
NDM-1, and includes the purification, isolation, and analysis of NDM-3. At the time of the
research project and subsequent thesis write-up, NDM-3 was a novel enzyme. Since this
time, NDM-3 has been further characterised by other research groups (5; 6). The
comparison between NDM-3 and NDM-1 was intended to provide insight into factors that
are essential for the catalytic efficiency of this enzyme. NDM-3 differs from NDM-1 by a
single amino acid on the surface of the enzyme rather than in the active site. The analysis
of NDM-3 included a pH study in the presence of four B-lactam antibiotics, with one from
each family of antibiotics selected. The comparison of NDM-3 to NDM-1, along with
other NDM variants was conducted, to ascertain any further understanding of the
mechanism of action of these specific enzymes.

Throughout chapters one to four of this thesis, the research background of this area in
MBLs is outlined, including relevant kinetic equations and principles associated with this
research topic. These calculations based on said equations are the basis for results chapters
— chapter 3 and 4. Included later in this research background (chapter 1) is a review article
written by the author of this thesis which includes a comparison of the available
information about binding studies for MBLs in 2014 - the year the review was published.
Following research background, chapter two lists and explains the materials and methods
used during this research project. The chemicals, solutions, buffers used, and the
methodologies employed for expression, purification, and characterisation of NDM-3 is
outlined. In the final two chapters, the results of NDM-3 expression, purification, and
characterization are reported. These results include the conditions and their determinations,
SDS-PAGE gel images, column elution graphs, and cleavage results for the ubiquitin tag
in chapter four. Due to research difficulties, two constructs of NDM-3 were used; namely
NDM-3+Ub and NDM-3(NC). NDM-3+Ub is a construct which contains a ubiquitin tag
that must be cleaved off using a protease. This is described in chapter 2, 3, and 4. NDM-
3(NC) does not contain a ubiquitin tag and therefore does not require a cleavage step.

In chapter four the enzymatic characterisation of NDM-3’s resistance to -lactam
antibiotics is reported. Here, comparisons are carried out with NDM-1 and other NDM
mutants. A pH study is included in this report, and the lactonase initial assay results.

11



Chapter 1 — Introduction and Research Background to B-lactamases and Antibiotic Resistance

Finally, in the conclusion chapter, the main results from this research works are
highlighted, and an outline provided on what can and must be achieved before the
inevitable outcomes listed by WHO become a reality.

Review Article

The following review article (7) was published in 2014, with the author of this thesis as the
first author, and was an up-to-date summary of the research occurring in the area of MBL
research at that time. It is inserted below in its entirety for the sake of continuity with only
reference figures changed. A small amount of new information is added, denoted by [...].
AR KI KR A A R A A A AR A AR AR AR AR AR AR AR AR AR AR AR AR AR AR AAAAAAAAAAAAAAAAAAAAAAAAAA A AAdd K
American Journal of Molecular Biology, 2014, 4, 89-104 Published Online July 2014 in
SciRes. http://www.scirp.org/journal/ajmb http://dx.doi.org/10.4236/ajmb.2014.43011

Metallo-beta-lactamases: a major threat to human health
Emer K. Phelan; ' 2 Manfredi Miraula; 12 Gerhard Schenk; ? Natasa Miti¢!

!Department of Chemistry, National University of Ireland — Maynooth, Maynooth, Co.
Kildare, Ireland

2School of Chemistry and Molecular Biosciences, The University of Queensland,
Brisbane, QLD, Australia

Abstract

Antibiotic resistance is one of the most significant challenges facing global health in recent
times. Antibiotics have been used to fight infections since the 1940’s, initially with
penicillin and various derivatives. Over the decades the arsenal of antibiotics (Figure 1a)
has been expanded to include cephalosporins, cephamycins, carbapenams, and

monobactams.
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Figure la. Structures of some representative antibiotics all containing the signature f -
lactam ring (Chem Draw)
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All of these antibiotics have a common core structure, the four-membered p-lactam ring.

In recent years a growing number of bacteria have acquired resistance to these antibiotics;
strategies for resistance include the use of efflux pumps (8; 9), chemical modifications (10)
and inactivation of the antibiotic. The latter strategy employs a family of enzymes, the -
lactamases, which hydrolyse and thus open the B-lactam ring of the antibiotic. Two main
groups belong to this family, the serine B-lactamases (SBLs) and the metallo-p-lactamases
(MBLs). While clinically useful inhibitors for SBLs are available (11) MBLs are a major
threat to human health as no such inhibitor for these enzymes has yet been developed and
they are highly proficient in inactivating nearly all commonly used p-lactam-based
antibiotics. MBLs are thus the main focus of this mini review.

1.1 Introduction

- lactamases are subdivided into four groups based on sequence similarity, i.e., groups A,
B, C,and D (11; 12; 13; 14; 15). Members of groups A, C and D are SBLs; they employ a
serine residue in their active site to initiate hydrolysis of p-lactam substrates (11; 12; 13;
14; 15). SBLs have been extensively studied and their threat to human health is, at least
currently, under some control as clinically applicable SBL inhibitors such as clavulanic
acid can be co-administered with antibiotics to maintain the antibacterial effect of the latter
(16; 17; 18; 19; 20). Class B B-lactamases are MBLs; they require at least one, but more
often two zinc(lI1) ions in their active sites for catalytic activity (15). Based on sequence
homology MBLs are divided into three subgroups, B1, B2 and B3. Common to all three
subgroups is a characteristic apfa-fold (see below). Apart from some sequence variations
the main difference between various MBLSs is their requirement for metal ions. B3 and
most of B1 MBLs require two Zn(l1) in their active sites (13; 15; 21; 22; 23; 24); although
the B1 MBL from Bacillus cereus, Bcll, has been shown to be catalytically active in the
presence of only one Zn(ll) (21). In contrast, MBLs from the B2 subgroup have been
shown to require only one Zn(I1); binding of a second metal ion in the active site leads to
inhibition of enzymatic activity (25). B2 MBLs are more selective in terms of antibiotics
they are able to degrade (26), but they have a particular preference for monobactams, the
broadest spectrum antibiotics (15; 26), but their activity against penicillin and
cephalosporins is poor (26; 27).

While zinc is the naturally occurring metal ion employed by all MBLSs, in in vitro studies it
could be shown that catalytic activity can be reconstituted with a range of metal ions,
including Co(ll), Mn(I1) and Cu(ll) (28; 29; 30). While not biologically relevant, the
derivatives of MBLs with these metal ions have provided detailed insight into mechanistic
aspects of these enzymes (vide infra).

MBLs are encoded by genes that are either part of the chromosomal framework of the
bacterial species (e.g. Pseudomonas aeruginosa (31)) or are encoded by mobile genetic
elements that can easily be shared among species by horizontal gene transfer (e.g.
Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella Pneumoniae) (31; 32).
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Especially the latter is a major concern for health care as it facilitates the rapid transfer and
hence spread of MBLs amongst pathogenic bacteria (33; 34; 35; 36; 37; 38; 39; 40).

A series of excellent reviews on the structure, function, and clinical relevance of MBLs
have been published over the past decade (13; 15; 31; 41; 42). In this mini review we will
briefly summarise the main structural and mechanistic aspects of these diverse enzymes,
but focus in particular on the interactions between metal ions and MBLs and their role(s)
in catalysis. Universal inhibitors for MBLs are currently still unavailable but since metal
ions are essential for MBL function a strategy that interferes with enzyme-metal ion
interactions may prove beneficial for the future development of such inhibitors.

B1 His 118 Asp 120

>

by
NG

Cys 221

2 Asp 120

Cys 221

B3 His 121

His 118 A

His 116

His 118
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Asn 116

His 196

Asp 120

His 263

His 196

Figure 1b. The general structure of the active sites for each of the three subclasses.
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1.2 Overall and active site structures of MBLSs

MBLs, although divided into three subclasses, share certain structural similarities. They all
have a afypa fold, with eight B strands connected by a helices (Figure 1c).

Figure 1c. The overall structure of an MBL.

The B1 subgroup is the most common and structurally most extensively studied group (11;
13; 15; 21; 22; 24; 43; 44). For instance, IMP-1 is the first of the MBL’s that was
considered a threat as it can be transferred on the mobile genetic element (22; 28; 29; 45;
46). More recently, NDM-1 made headlines because it is the most pathogenic and
dangerous of the MBL’s as it is multidrug resistant and can very easily spread by
horizontal gene transfer. It has disseminated very rapidly and due to its pathogenic nature
it is a great concern worldwide (44; 47; 48; 49; 50; 51; 52; 53).

Figure 1d. This map represents the global dissemination of the most prevalent antibiotic
resistant infections. IMP, NDM, and VIM are most widespread (54).

Currently, crystal structures are available for eight B1 enzymes. These include Bcll from
Bacillus cereus (21), New Delhi MBL-1 from Klebsiella Pneumoniae (better known as
NDM-1 (48)), IMP-1 from Pseudomonas aeruginosa and Klebsiella Pneumoniae (22),
VIM-2 from Pseudomonas aeruginosa , SPM-1 from Pseudomonas aeruginosa (55), CcrA
from Bacteroides fragilis (56; 57; 58; 59), BlaB from Chryseobacterium meningosepticum
(60), IND-7 from Chryseobacterium indologenes (61), and GIM-1 from Pseudomonas
aeruginosa (62). Other B1-type MBLs that have been studied in some detail but whose
crystal structures have not yet been determined include SLB-1 from Shewanella
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livingstonensis (63), SFB-1 from Shewanella frigidimarina (63), EBR-1 from
Empedobacter brevis (64), VIM-1 from Pseudomonas aeruginosa (65; 66; 67; 68),VIM-4
from Pseudomonas aeruginosa, Klebsiella Pneumoniae and Enterobacter cloacae (69; 70;
71; 72), IMP-2 from Pseudomonas aeruginosa and Klebsiella Pneumoniae (73), IMP-4
from Klebsiella Pneumoniae (74), SIM-1 from Acinetobacter baumannii (75), and FIM-1
from Pseudomonas aeruginosa (76). B1-type MBLs have two loops, L3 and L8 (Figure
1e), in the vicinity of the metal ion-containing active site. These loops are believed to be
crucial for determining the substrate specificity of these enzymes (15).

In contrast, MBLs from the B2 subgroup lack the extended L3 loop (Figure 1f). Instead,
these enzymes have a kinked o helix positioned directly above the active site cleft (15).
This feature facilitates the formation of a narrow, well defined active site; consequently,
these enzymes have a distinct selectivity for carbapenem substrates (15). The three known
representatives from this subgroup are CphA from Aeromonas hydrophila (77), Sfh-1 from
Serratia fonticola (78), and Imi-S from Aeromonas veronii (79). CphA is the most (25; 77,
80; 81; 82; 83) extensively studied of the three; common to all is the requirement of only
one bound Zn(I1) for catalytic activity. Binding of a second metal ion renders the enzymes
inactive (25).

MBLs from the B3 subgroup, like those from the B2 subgroup, also lack the extended L3
(Figure 1g). However, they have a mobile loop, positioned between a3 and 7, which is
located above the active site, thus influencing the substrate specificity of these enzymes. A
preference for cephalosporins has been noted (15). Current members of the B3 subgroup
include L1 from Stenotrophomonas maltophilia (84), FEZ-1 from Fluoribacter gormanii
(85), BJP-1 from Bradyrhizobium japonicum (86), AIM-1 from Pseudomonas aeruginosa
(87), and SMB-1 from Serratia marcescens (88), the crystal structures of which have been
reported. Other members in this subclass include GOB-1 from Chryseobacterium
meningosepticum [and Elizabethkingia meningoseptica] (89; 90), CAR-1 from Erwinia
carotovora (91), THIN-B from Janthinobacterium lividium (92) and, most recently, SPR-1
from Serratia proteamaculans (93). Furthermore, a bioinformatics study has also identified
likely B3-type MBLs in Novosphingobium pentaromativorans and Simiduia Agarivorans
(MIM-1 and MIM-2) (94).

His196

© wat V’
T @z
His263 2" 4221{

His116
'Asp120
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Figure 1e. Overall structure and active site of IMP-1, a representative of the B1 subclass
(29).
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His263
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(77)

Figure 1g. Overall structure and active site of AIM-1, a representative of the B3 subclass
(87)

The active sites of MBLs accommodate space for two metal ions (generally Zn(ll), i.e.,
Znl and Zn2) to bind. In both B1 and B3 enzymes the Zn1 ion is coordinated in a
tetrahedral geometry by three histidine residues (His116, His118 and His196) and a water
molecule (W1) that forms a bridge to Zn2. The Zn2 site displays a trigonal bipyramidal
coordination sphere. In B1 MBLs in addition to W1 an aspartic acid (D120), a cysteine
(C221) and a histidine (H263) interact with Zn2 (Figure 1e — 1g). In B3 MBLs D120,
H121 and H263, as well as a second water molecule (M2) complement the coordination
sphere. At least in some B1 MBLs only one metal ion is absolutely essential for catalysis;
Bcll could be shown to be catalytically active in mononuclear form (i.e. only Zn2 is
bound) (41; 95). Furthermore, in available crystal structures it appears that the Zn1 site has
a higher occupancy than the Zn2 site, suggesting a tighter binding for the former.
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While B2 MBLs can also accommodate two metal ions in their active site, catalysis is only
observed when the enzymes are in mononuclear form (i.e., only the Zn2 site is occupied);
occupation of the Zn1 site leads to inhibition (96). In contrast to B1 and B3 MBLs the Zn2
site in B2 MBLs adopt a tetrahedral geometry with D120, C221, H263 and a water
molecule (W1) are the ligands. When a second zinc ion is in the Zn1 site this acts as an
inhibitor. This site is empty usually. The variation in metal ion requirement between B2
and B1/B3 MBLs indicates mechanistic variations between these two groups (for detailed
description of proposed reaction schemes see the reviews of Crowder et al. (31) and Page
and Badarau (41)) but it is currently not known what the underlying structural causes for
these differences are; i.e. the evolutionary advantage of using a binuclear metal site but
requiring only one metal ion for catalysis in B2 MBLs is not yet understood.

Recently in the case of SPR-1 (a B3 metallo-p-lactamase), arginine 118 (Zn1) has been
found instead of a histidine, which although rare is not unheard of. Also present in the
structure of SPR-1 is a lysine residue at 263, which is highly unusual. Histidine 121 is
replaced by glutamine 121 in SPR-1 too. In this case, two of the Zn2 amino acids that
interact with the metal in the active site are different to others of the same subclass. This
shows that although we can group the enzymes of the classes together, there will always be
some that do not lie inside these general rules.

1.3 Metal lon Binding Studies: Elucidation of the metal ion
binding affinities

Since their initial discovery, various techniques have been employed to acquire
information about the metal ion binding parameters of the MBLs (95; 97; 98; 99; 21).
According to the structural analysis of MBLs, the differences in amino acids between the
three sub classes may suggest different roles for the metal ions. The differences in
behaviour and substrate specificity of the B1-, B2- and B3-type MBLs could potentially
arise from distinct metal binding affinities. While class B1 and B3 MBLs are fully active
as di-metallo enzymes and exhibit a broad-spectrum substrate profile, the B2-type MBLs
exhibit a narrow substrate specificity and the binding of the second metal ion seems to
inhibit the activity (100). The first and the most extensively studied B1 type enzyme is B.
cereus Bell, in which the metal ions play an important role in the binding of the B-lactam
ring (101). Of particular relevance to the study of MBLs is that the few reported binding
affinities of metal ions to MBLs vary greatly, by several orders of magnitude. For
example, reported values of binding constants for two zinc ions of Bcll range from the low
nM to 120 uM for the Zn1 site and 1.5 uM to 24 mM for the Zn2 site (97). Consequently,
and not surprisingly, various aspects of the mechanistic strategy used by these enzymes,
including the precise role(s) metal ions play, remain unknown. More recent structural and
spectroscopic studies of Bacillus cereus 569/H/9 Bcll indicated a positive cooperative
binding of the two zinc ions (11). Thus, it was proposed that the di-zinc form is the one
biologically active (19; 102). This positive cooperativity has also been observed within the
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B1 sub class of MBLs, by the enzymes CcrA (103), and IMP-1 (104). In contrast, the B1
class enzyme, Bla2 from B. anthracis, which is speculated to be active in the mono-zinc
form, shows a sequential binding of the two zinc ions (105). B2 type MBLs are believed to
be catalytically active in mono-zinc form, while the second zinc ion seems to have an
inhibitory effect (17; 18). The most extensively studied B2 class enzyme is CphA for
which it has been confirmed that there is only one zinc ion present which is located in the
Zn2 site (77). Another B2 type MBL, Sfth-1 enzyme from the aquatic bacterium Serratia
fonticola UTADS54, also shares these characteristics in its active site (27). Here, we will
review the methodologies and principles employed to this date to study the metal binding
of the metal ions to the sites of the MBLs, with focus on the kinetic parameters published
for various MBLs.

Determination of the dissociation constants using competition assays

There are typically two assays which are commonly used to determine up to nanomolar
concentrations of the first-row transition metal ions. The first assay uses the colorimetric
compound 4-(2-pyridylazo) resorcinol (PAR) to quantitatively measure nanomolar range
of Co(Il), Ni(Il), Cu(ll) and Zn(ll) ions (106; 107; 108; 109); the second assay employs the
fluorimetric compound 5-Oxazolecarboxylic acid, 2-[6-[bis(carboxymethyl)amino]-5-
(carboxymethoxy)-2-benzofuranyl] (Mag-Fura-2, MF) which can detect nano moles of
Mn(I1), Co(l1), Ni(1l), Cu(ll), Zn(11) and Cd(I1) ions (97; 98; 108). The colorimetric assay
with PAR, follows the changes in the UV/Vis absorption spectrum of the M(I1)-PAR
complex (characterized by a maximum decrease at 410 nm and a maximum increase at 500
nm for Ni(Il) and Zn(I1) and 514 nm for Co(ll) and Cu(ll), respectively (106; 108). The
changes in the absorption peaks are dependent on the metal ion concentrations (106; 108).
Similarly, the fluorimetric assay with MF follows the change in the fluorescence spectrum
of the M(11)-MF complex (107; 108). The fluorescence spectrum has distinct features, an
excitation peak at 350 nm with a shoulder at 390 nm and an emission peak at 495 nm with
a shoulder at 510-525 nm (98; 107; 108). The transition metal ions directly affect the
spectrum in a concentration dependent manner. In particular, Mn(ll), Co(ll), Ni(ll), Cu(ll)
guench the fluorescence of MF, whereas Zn(1l) and Cd(ll) enhance its fluorescence (108).
The metal ion concentrations are correlated to the changes in the intensity of the spectra.
Therefore, both of these assays can be used to evaluate a range of metal ion concentrations
from 1 to 10 pM, in an efficient and straightforward manner with high sensitivity (108).
Typically, dissociation constants for metal ions are obtained from the competition
experiments with the chromophoric chelators (PAR or MF) where the chelator is normally
titrated with the metal ion in the absence and presence of ligand (Apo-enzyme in this case)
(97; 98; 108). Changes in the absorption or fluorescence spectra are monitored and are
further correlated to binding constants using an appropriate set of equations [Eq. 1-2],
(110).
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M+L = ML, M+A = MA; [M]=[M]+[MA]
(M1} £q.2 [ML]
(IM][LD) Ky, = m — Ky, = Ky, (1 + Ky [A])
Equation 1 represents the simplest model, the binding process, and the conditional binding
constant (°KmL) associated with this process. The basic problem in this type of experiments
is obtaining accurate concentrations of the species in solution (the metal M, the ligand L,

and the complex ML) (110).

Eq.1 M+L = ML, M+L=

Eq.3 Me+MF Me+MF = K (Me — MF) = eI MF)
L ¢ ¢~ Me - WF]
K(mononuclear)
Eq.4 Me+Bcl ———— Me+ Apo — Bell
K(binuclear)
Eq. 5 Me, + Bcll - . Me + Me — Bcll

It has been proposed that the upper limit for °Kmc is 20 times the reverse concentration of
the observed molecule in the spectroscopic studies (111). The idea of introducing a
competitor (A) in this type of experiment was developed in order to lower the equilibrium
concentration of the free metal ion (M”) so that the apparent stability constant *Kmc of the
observed ligand decreases sufficiently to permit its determination (110). Using this
approach, data can be fitted using a model proposed in Eq. 2. Overall, a competitor must
not interfere with the binding process and control experiments must be carried out to
exclude the possibility of any ternary complex formation (MLA) (110). In 2000 Valladares
et al. studied the binding of the metal ions Zn(I1), Cd(I1) and Cu(ll) to the B2 type MBL,
CphA using two chromophoric chelators, quin-2 (to chelate the Zn(Il) and Cd(11)) and
phen-green (to chelate the Cu(ll)), titrating the apo-enzyme at different protein/indicator
ratios (1:1, 1:2. 1:3 respectively) (112). The change in absorbance was monitored at 266
nm for quin-2 and 493 nm for phen-green to determine the dissociation constants for the
first metal ion bound to the apo-enzyme (Kd’znqn) 7£2 pM; Kd’cdqry 6010 pM; Kd’coqy
220425 nM; Kd’cuny 620455 nM, at pH 6.5. Kd’zngny 62 pM; Kd’caqry 807 pM; Kd’coq)
330£40 nM; Kd’cuqr 550+58 nM at pH 7.5). They have also determined the dissociation
constant for the second metal ion bound to the apo-enzyme using equilibrium dialysis
(Kd”’znqny 40+6 puM; Kd”’caqry 82+8 puM; Kd*’coqny> 5 mM; Kd”’cuany <10 uM M, at pH 6.5.
Kd”’znany 1043 uM M; Kd”’caqry 4+2 uM; Kd”’coqry 500448 uM; Kd”’cuary <20 uM at pH
7.5)[Table 1a] (112). The first attempt to obtain the metal ion binding constants of the B1
type enzyme Bcll was conducted by de Seny et al. in 2001 (97). They used a competition
type of assay between the enzyme and the chelator MF to obtain the binding constants of
the two metal ion sites Zn1 and Zn2 for the B1 enzyme Bcll and the following mutants
H86S, H88S, and H149S (with a point mutation in the Zn1 site) and D90N, C168S, and
H210S with a point mutation in the Zn2 site) (97). Following the changes in the emission
band (at 340-360 nm) of the M(11)-MF complex with and without the enzyme at different
metal ions concentrations, the metal ion binding constants are obtained using the following
equations Eq. 3-5 (97) [Table 1a]. In conclusion, this study is consistent with the presence
of two metal ion binding sites with different affinities, with the first metal ion binding with
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an affinity that is at least two orders of magnitude greater than the affinity of the second
site Kd’caqny 8.3£0.5 nM, Kd”’cdqny 5.9+£1.0 uM for the wild type, Kd’cqay 3.8+£0.3 nM,
Kd”’cdqry 1.4£0.1 uM for the H88S mutant. In the study of Wommer, the fluorimetric
chelator Mag-Fura-2 was used to determine the metal ion binding of the most
representative MBLs from three different classes: the B1 enzymes Bcll and BlaB, the B2
enzyme CphA and the B3 enzyme L1 (98). Upon measuring the dissociation constant of
the complex MF-Zn(11) and the extinction coefficient of MF at the wavelength used in the
titration experiment (Kd’znq1y 0.62+0.08 nM, Kd’’znary 1.50+0.71 uM for the wild type,
Kd’znny 5.30+2.34 nM, Kd”’znqry 0.3240.11 pM for the H86S mutant, Kd’znary 0.38£0.15
nM, Kd”’znany 1.13£0.19 uM for the H88S mutant, Kd’znar) 3.11+0.05 nM, Kd”’znny
0.1940.02 puM for the H149S mutant, Kd’znar) 2.000.39 nM, Kd’znay 5.02+2.39 uM for
the D9ON mutant; Kd’znqiy 0.61£0.19 nM, Kd*’zna) 2.34+0.59 uM for the C168S mutant;
Kd’znqry 0.43+0.11 nM, Kd”’znar) 2.53+0.50 uM for the H210S mutant), the competition
experiments were conducted with MF/enzyme ratios of 1:1 and 1:3 (97). In order to obtain
the binding constants upon metal binding in the presence of the substrate, a competitive
type of assay using EDTA was carried out to define the concentration of the free metal
ions in solution [Zn(I1)]sree (98). Essentially, substrate hydrolysis was monitored at
different [Zn(11)]wta/[EDTA]twotal ratios, treating the system effectively as a titration (98).
Subsequent numerical analysis was carried out using Eq. 6, where kapp,zne[ZNE] and
Kapp,zn2e[zn2e] Were the apparent specific activities for the mono- and the di-zinc enzyme
respectively, and vobs IS the activity observed at specific ratios [Zn(11)]total/ [EDTAltotal (98).
For more details regarding the mathematical analysis see the reference (98) (Eq. 5-12).

Eq.6 Vo = Kypp 2alZ0E] +K [Zn2E]

app In2E
A similar approach was used by Rasia and Vila in their work in 2002 in order to determine
the metal ion binding constants of the Bcll MBL and its R121C mutant while monitoring
substrate hydrolysis (benzyl penicillin) upon adding increasing concentrations of Zn(Il)
(113). The assumption made here is that the activity of the enzyme increases
proportionally with the metal concentration considering the apo-enzyme completely
inactive, the mono-zinc enzyme partially active and the di-zinc enzyme completely active
(113). Experimental data were fit using Eq. 7, where a and b represent the hydrolysis rates
for the mono- and bi-nuclear enzyme and Kp: and Kp2 are the binding constants (apparent
dissociation constants) for the two zinc equivalents in presence of substrate (113).

b
Eq.7 M€= i w1 T X0 TOLRO:
KD2+ +[Zn] (Zn]  [In]

In 2009, Jacquin et al. measured the metal ion binding constant of the Bcll MBL using a

competition assay and the competitor MF (114). While their experimental conditions were
very similar to those used by de Seny et al, they have obtained a completely different value
for the second metal binding event, estimating a binding constant to be > 80 nM (see Table
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1a) (97; 114). These findings were in agreement and supported by the study of Badarau
and Page, who used the Isothermal Titration Calorimetry (ITC) to study the metal ion
binding of the Bcll enzyme (115). Another chelator often used in metal ion binding studies
is PAR as it weakly binds zinc ions and therefore, can be used to quantify the chelated zinc
ions. Similarly to MF, this compound can be used to determine the binding constant of the
enzyme-metal complex, following the change in absorbance at 500 nm (106; 108). In the
study by Gonzalez et al., PAR assay was used to determine the binding constant for the
second zinc site of the two double mutants of Bcll MBL, Bcll-R121H/C221S (Bcll-HS)
and Bcll-R121H/C221D (Bcll-HD), in the presence of the substrate nitrocefin (9). As they
were unable to determine the value of the binding constant of the first zinc site, they have
used the value obtained by de Seny in 2001 to fit the experimental data (97; 9). They
evaluated the Kp> for the second site of both mutants to be 18.3+12.9 uM for the mutant
Bcll-HS and less than 0.2 nM for the mutant Bcll-HD (see Table 1a) (9). In the study by
Thomas et al. in 2011, PAR was used again to determine the affinities of the zinc ions to
the B1 subclass enzyme NDM-1 (109). Their objective was to determine if one of the two
zinc ions bound to the enzyme had a weaker affinity. In their study, the di-zinc enzyme
was incubated with PAR and the absorbance was measured at the specific wavelength of
500 nm (109). The experiment was also conducted under denaturing conditions to evaluate
the binding of the tightly bound zinc ion (109). The metal ion binding constants for the
second zinc site in NDM-1 MBL is reported to be 2 uM, but it was not possible to evaluate
the value of the metal binding constant of the first zinc site (109) (see Table 1a).
According to the reported values of the metal ion binding constants for various MBLS
using PAR assays (see Table 1a), there seems to be a rather large discrepancy in the values
of binding constants obtained experimentally. Therefore, PAR assay can only be used
reasonably well to estimate the concentration of the metal ions bound within the enzyme.

1.4 Absorption Spectroscopy Studies

The electronic spectroscopy, or UV/Vis absorption spectroscopy, typically follows the
change in the absorption spectra between 300 nm and 700 nm of the protein upon titration
with the metal ion species (97; 110; 116; 104). The addition of metal ions to the apo-
enzyme perturbs the UV/Vis spectra of the enzyme allowing the determination of the
stoichiometry and binding constants of the process (110). The experimental data obtained
are used to determine the extinction coefficient of the metal ions, which leads to the
concentration of the metal ion bound to the enzyme that can be used to obtain the metal ion
binding constant. In 2001 de Seny at al. measured the metal ion binding constants for
Co(Il) in Bcll and several of its mutants, H86S, H88S, H149S, D9ON, C168S, and H210S
(97). During the Co(l1) titration of the apo-enzyme, the appearance of different bands, the
intensity was proportional to the metal ion concentration, allowed the determination of the
metal ion binding constants (experimental data were fitted using a two-step binding model
(Eq. 4), (see Table 1b) (97).
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1.5 Kinetics of the metal ion binding monitoring fluorescence
intensity

This methodology is based on the selection of a unique signal in the spectra that is
proportional to the concentration of an individual component of the reaction studied,
thereby directly allowing the change in the concentration of the selected component to be
followed to determine the binding constant *°Kmc (110). The fluorophore chosen as the
indicator of the binding process can be a component of the biomolecule itself or an
external compound that follows the reaction (110). Generally, two mechanisms are used to
follow a biological process by fluorescence spectroscopy: i) the change (increase or
decrease) in the fluorescence intensity of the fluorophore due to a conformational change
in the biomolecule upon binding (117); and ii) the quenching of fluorescence (total or
partial) by increased relaxation of the excited state, facilitated by a metal bound in the
proximity of the fluorophore (117). Proteins have two intrinsic fluorophores which are the
amino acids tyrosine and tryptophan. The first is less sensitive as a probe but the data
collected are easier to analyse, because only the intensity of fluorescence is affected by the
binding, not the emission wavelength (110; 117; 118). Conversely the tryptophan is more
sensitive (ca. 5-fold stronger intensity) but both the intensity and the emission wavelength
are affected by the binding process (118). Instead of using an intrinsic fluorophore, an
extrinsic fluorophore can be added to the system as a competitor, to follow the
conformational change upon metal ion binding (110; 117; 118). In the 2001 study by de
Seny et al., the kinetics of metal ion binding was studied by measuring the change in the
fluorescence intensity upon addition of metal ions, Zn(1l), Co(Il) and Cd(ll) to Bcll MBL.
A mixture of the free-enzyme mixed with different metal ions concentrations were used to
detect the fluorescence emission at wavelengths above 320 nm. They were able to
determine the apparent association rate constants reported to be kon 1 14.1+0.3 uM-1 s-1
for the Zn(11), kon 1 0.28+0.01 uM-1s-1 for the Co(ll), kon 1 26.0+1.3 pM-1s-1 and kon 2
0.50£0.01 pM-1s-1 for the Cd(Il) (see Table 1c) (97).
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Kpy vl Kp, NVl Ky, NV Kpy nivl K, M K "] K, M K, M
Enzyme Substrate D1 D1 o1 D1 o2 M o2 H o2 M o2 M
Zn{ll) cd{n) Co(ll) Cun) n{n) cd{n) Co(ll) cufn}
No 0.62 {(£0.08) 1,50 (£0.71)
Mo 0.66 pM? 390 pM
Bcll'WT Mo 1.8 {(£0.3) nM® 3.3{£0.51% 1.8 (£0.3) uM* 5.9{xL0}
ND* =80 nh¢
Imipenem 13.6 (£5) pM® 0.3 (£0.2) ph*
HE6S [ 5.30 (£2.34) ND 0.32 (£ 011} ND
Hass No 0.38 (£0.15 3.8 (0.3 1.13 (£0.19) 1.4{+0.1)
H1495 Mo 3.11 {0,058 ND 0.19 {£0.02} ND
D9ON No 2.00 {(£0.39) ND 5.02 (+2.39)¢ ND
€1685 No 0,61 (+0.190 ND 2,34 (0591 MD
C168A Mo ND MND ND ND
H210S Mo 0.43 (£0.11} ND 2.53 (£0.50) ND
R121C Mo 3.6 uM> 570 um®
Bcll-HS Nitrocefin D2 18.3 (£12.9) pra2>@
Bcll-HD Mitrocefin NDA2 < 0.2 Nt
BlaB No 5.1 (+1.5) nM® 0.007 (£0.002) phs
a
Nitrocefin 1.8 (+0.2) pM® 0.025 (£ 0.004) pMs
NDM-1 Mo MO MO MD MO 2 P’
No 7 (£2) pM? (pHE.5) 60 (+10) pM3(pH 6.5) 220 (£25) pM? (pH&.5) 620 (£55) pM3 (pH6.5)  40(6) pM*(pHES5) 82 (£8) pM*{pH&S5)  >5 mM3(pH&.5) <10 pM*{pH&.5)
CphAWT Mo 6{£2) ph*{pH7.5) 80 {+72) pM2{pH 7.5} 330 (£40) Nl {pH7.5)  550{x58) nM3{pH7.5)  10{x3} pM*{pH7.5) 4{£2) pM% (pH7.5) 500 {248} PMA{pH 7.5} <20 P4 {pH7.5)
Imipenem 1.2 {+0.2) pM*= 1.9 (£0.3) ph*
No 2.6 (+ 1.0) N5 0.006 (£ 0.002) PS5
L1WT )
Imipenem 5.7 (£2.0) pM*® 0,12 {£0.03) pM*

Table 1a. Dissociation constants for the first (Ko1) and the second (Kpz) metal bound, obtained using competitive assays (97; 9; 113; 112; 98; 114; 109)
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o oy
Bcll WT 0.093 (+ 0.015) 66.7 (+ 10.0)
H86S 10.5(+ 1.5) ND

H88S 9.1+ 1.1)! ND

H149S 2.7+ 0‘3)L ND

D90N 20.0(+ 3.5) ND

C168S 3.1(x0.4) ND

Cle8A 1.1(+ 0‘1)L ND

H210S 0.35(+ O.OS)l ND

Table 1b. Dissociation constants of Mel and Me2 species of wild type and
mutant Bcll against Co(ll)using absorption spectroscopy (97)

Zn(ll) Co(l) cd(n)
Kon1 uM_ls_l Kon2 !"-M_ls_l Kon1 “M_ls_l Kon2 U-M_ls_l Kont uM-ls-l Kon2 IJ-M_ls_l
14.1(+0.3) ND 0.28 (+ 0.01)! ND 26.0 (+ 1.3)! 0.50 (£ 0.01)

Table 1c. Comparison of Zn(11), Co(l1), and Cd(Il) metal ions

1.6 Kinetics of the metal ion binding using Isothermal Titration
Calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a very powerful tool which can be used to study
small molecule interactions, such as the one occurring during the binding of a metal ion to a
protein metal centre. During an ITC experiment, the instrument measures the heat generated
from a reaction taking place in a sample cell and compares it with the heat of a reference cell
(110; 119). This differential heat represents the change in enthalpy (AH) due to the reaction
(119). The system maintains the temperature balance between sample and reference cells
using a certain amount of power that leads to the heat released (exothermic reaction) or
absorbed (endothermic reaction) by the process (119). Analysing the signals obtained which
generates a thermogram, all thermodynamic parameters can be determined, such as the
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stoichiometry of the reaction; the association constant (Kz); the change in the Gibbs free
energy (AH) and the variation in enthalpy (AH) and entropy (AS) [Eq. 8 and Eq. 9] (119).

In contrast to the measurements of metal ion binding constants obtained using colorimetric
assays and absorption spectroscopy, the thermodynamic parameters obtained using ITC are a
direct measure of the binding process (110; 119). It is possible to evaluate the heat capacity
of metal ion binding when performing experiments at different temperatures. The change in
heat capacity (ACp) can be calculated using Eq. 10. The principal contribution to the change
in the heat capacity is due to displacement of the structured water molecules around non-
polar region of the protein (119). For this reason, the information of the ACp is useful in order
to understand the nature and extent of the protein surface involved in the binding process
(119). Surprisingly, even though the ITC technigue is nowadays one of the most precise and
specific methods to evaluate the thermodynamic parameters and the dissociation constants of
a reaction, only one study has been published reporting the use of ITC to study the binding of
the zinc metal ion to a mutant of the B1 subclass MBL, IMP-1 (100). In 2012 Horton et al.
used the ITC technique to measure the dissociation constant of the Zn2 site of the mutant
C221G of IMP-1, which was purified with the Zn1 site occupied by the first zinc ion (100).
They evaluated a binding constant to be 17 uM, with the reaction driven by enthalpy energy.
In the same work they used a thermofluor assay and an activity assay against nitrocefin as
substrate to evaluate the binding constant for the same mutant (100). The experimentally
obtained dissociation constants were found to be of the same order of magnitude as those
obtained using ITC, 30 uM and 43 puM respectively.

Conclusions

Presented discussion of the available metal ion binding data so far for MBLs indicates that it
is not easy to find common behaviours in the binding of the metal ions to the three subclasses
of MBLs. Moreover, even within the same subclass, very different metal ion binding
affinities are often found. In the literature there is considerable discrepancy about the affinity
of the metal ions to these enzymes with Ky values ranging from the picomolar to the
micromolar range (15; 97; 98). There is also significant inconsistency observed in the Kgq
values obtained for the same enzyme under different experimental conditions and using
different techniques. Surprisingly, even though MBLs were first discovered around 40 years
ago, there is still a lack of comprehensive study that compares the metal ion binding of the
three MBL subgroups. To date, no attempt has been made to investigate the interactions
between the metal ions and representatives of the three MBL subgroups under identical
experimental conditions. A systematic approach in the study of the metal ion binding of the
MBLs could significantly improve our knowledge of the catalytic mechanism and the
biological relevance of the metal ion. Although we can speculate on the necessity of the metal
ion centres for these enzymes to work, an in-depth knowledge of the behaviour of the metal
ion(s) and its/their precise role(s) within the enzyme mechanism is essential. Thus, depending
on how the metal ions bind/interact with MBLs it may be possible to find an optimum target
to inhibit all the subclasses of the MBLs and develop potent universal inhibitors (7).
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1.7 Since Publication of Review

To the author’s knowledge no universal inhibitor has been discovered or engineered since the
time of writing this review article in 2014. The number of researchers in this topical area has
increased, and the knowledge base has increased regarding MBL’s (120; 121; 122; 123; 124),
and including NDM-1 and NDM-3 more specifically (6; 5; 125; 126).

Of this knowledge increase the most pertinent was an advancement made regarding the
categorising of the MBL subgroups, more specifically, the discovery of a fourth subgroup.
This new subgroup termed the B4 subgroup by the Ollis, Schenk, and Mitic groups (which
includes the author of this thesis as a co-author) (127), was found when researching Serratia
Proteomaculans (SPR-1) and a close homologue named Cronobacter Sakazakii (CSA-1).
CSA-1 was found with 60% sequence identity with SPR-1. Both were compared with B1, B2,
and B3 type MBL’s using ClustalW2.1. B3 type was the closest group to SPR-1 and CSA-1
with ~30% sequence identity, and B1 and B2 types ~16% sequence identity with CSA-1. Hou
et al., list the full table of CSA-1 comparison with representatives from B1, B2, and B3-type
MBL’s (127). The partial multiple sequence alignment carried out highlights the differences
between the now B4 subgroup enzymes, and the other three subgroups. Contrastingly to the
others, it is thought that the B4 subgroup contains only one Zn?* ion when in resting form and
then the second Zn?* binds when in the presence of substrate, i.e., when in the active state.
Hou et al, also highlighted the presence of different sequence motifs of residues around the
metal binding sites making these two enzymes substantially different from the others.
Generally, the residues around the metal binding sites in B1-B3 type MBL’s are conserved.
For B4-type subgroup SPR-1 differs in the M1 site where an arginine residue replaces
His118. In the M2 site the Asp120 is conserved, but either GIn121/Ser 221 replaces
Cys221/His121, and Asn262 replaces His263 (127). This was an interesting advancement on
the classification of the metallo-p-lactamase subgroups, and the presence of the newer B4
subgroup is indeed a positive step towards learning more about these complex enzymes.

While plenty of research that has been undertaken is for MBL-like or non-pathogenic MBL’s,
congruently a lot of research has been going into investigating pathogenic MBL’s which
impact human health, most notably the superbug NDM-1 (128; 129; 130) and this is for very
good reason. In the time since this publication and subsequently the generation of data for
this research thesis, more focus has been placed on investigating inhibitors or potential
inhibitors. Since 2019, a lot of promising inhibitor candidates have been discovered and are
being investigated (131), for example Cefiderocol was approved by the FDA in 2019 and is
in use for B1-type MBLs as a cephalosporin-based antibiotic (132). As NDMs are some of
the most pathogenic of the MBLs a lot of inhibitor-based research has been conducted in
recent years for NDM-1 (133; 134; 135; 136; 137), and the following focused on NDM-1 and
its variants, including NDM-3 (138).

In 2022 an article was published taking into consideration what impact the Covid-19
pandemic may have had on antibiotic resistance and the threat it poses (139). The need for
inhibitors and/or new treatment options for bacterial infections is still as important as ever.
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1.8 NDM-1

NDM-1 (New Delhi metallo B- lactamase) is considered the most dangerous MBL because
any bacterium that contains NDM-1 is classed as a superbug as it is highly resistant to all
known antibiotics. NDM-1 is a B1-type MBL and has a molecular weight of 28.5kDa. At
present it is considered the most virulent and pathogenic known MBL (43; 47; 48; 49; 50; 51;
52; 53). It consists of 270 amino acids, two metal ions in the metal centres, and contains the
signature offfa sandwich. It has lower sequence identity to its nearest group member, VIM-2
than most members of a subgroup would have to their nearest group members. Its sequence
similarity to VIM-2 is determined to be ~ 38%. It is an oligomer meaning it can exist as both
a monomer and a dimer in solution. Interestingly it is alongside only L1 (a B3-type MBL) as
an oligomer. Where NDM-1 differs from other known B1 type MBL’s is the presence of an
extra B-strand extension at the N-terminus and the elongated L3 loop (as seen in Figure 1h). It
is a lipoprotein, meaning the protein is bound to lipids, which allows fats to move through the
water inside and outside the cells. NDM-1’s metal centres generally M1 occupancy is higher
than M2. It is capable of spreading by horizontal gene transfer which makes it even more
dangerous to human health as once a bacterium contains NDM-1 it is then resistant to all
antibiotics. It is a major threat to human health, and by 2015 it had spread to sequence
identity to other B1 type MBL’s, but contains the signature motifs and apfo sandwich. It has
now spread to more than 70 countries, and is widespread in India, where it got its name (140;
52; 141).

Figure 1h. The structure of NDM-1 shows that the protein contains the af/fa sandwich
common to all MBLs despite the low sequence identity between NDM-1 and other metallo-$-
lactamases. The metal-chelating residues within the active site are displayed as sticks. The
zinc ion is coloured blue and the cadmium ion is coloured fawn. Flexible loop L3, which is
proposed to play a role in substrate binding, is highlighted in yellow (141).
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1.9 NDM-3

NDM-3 is a variant of NDM-1, differing from NDM-1 by a single amino acid. NDM-3 has a
molecular weight of 28498 Da. The single amino acid substitution from NDM-1 is an
asparagine replaces an aspartic acid residue (negatively charged amino acid replaced by a
hydrophilic, neutral amino acid). The substitution occurs on the surface of the protein and
alters the interactions with the side chains of various [3-lactam antibiotics. As evident below
in Figure 1i, the active site structure of NDM-3 is very similar to that of NDM-1 shown in
Figure 1h above. This active site structure was developed during this research and is detailed
in Section 3.3 of this thesis. At the time of authors research, very little was known about this
variant of NDM-1, and so all characterisation works have been detailed in Chapters 3 and 4
of this thesis.
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Figure 1j. Proposed mechanism for MBL ’s containing 2 metal ions (41).
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Figure 1j is from ‘The Mechanisms of Catalysis by Metallo -Lactamases’ by Page and
Badarau from 2008 (41). As NDM-3 is a B1-type MBL and therefore contains 2 metal ions,
this is the proposed mechanism of action for NDM-3 (41).
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Chapter 2 — Materials and Methodologies

This chapter outlines the experimental materials and methods used for this research. The
expression and purification of NDM-3, followed by the cleavage of ubiquitin tag, and the
kinetic assays and pH profile, required an understanding of the enzyme microbiology, protein
purification, and enzyme Kinetics.

2.1. Materials

The materials used are sub-divided into two further sections

1. Chemicals, Reagents, and Solutions
2. Instrumentation and Software

2.1.1. Chemicals, Reagents, and Solutions
Chemicals were purchased from Sigma Aldrich unless stated otherwise. All chemicals were
of analytical grade or higher.

Vectors

Two NDM-3 mutants were used during this research project — NDM-3 with the ubiquitin tag,
henceforth denoted as NDM-3+Ub, and NDM-3 without the ubiquitin tag, denoted for clarity
as NDM-3(NC), which denotes newer construct. Both were cloned into the commercial
vector pHUE. NDM-3+Ub was expressed as a hexa-histidine-ubiquitin fusion protein and
NDM-3(NC) was expressed with a hexa-histidine tag alone. Hexa-histidine tags aid in
purification process (142; 143) and are based on the pET15b vector. Ubiquitin tags aid in
increasing expression, and purification yield (144). USP2cc protease was expressed on
pET15b vector. NDM-3+Ub, NDM-3(NC), and USP2cc are all selectively resistant to
ampicillin (100 pg/mL). The three enzymes were obtained from a lab in University of
Queensland, Brisbane, Australia, from Prof. Gary Schenk.

Expression

Cells

E. coli BL21(DE3) Competent Cells [purchased from Agilent] were used for recombinant
expression of each protein.

LB Agar
10 g Tryptone, 5 g Yeast Extract, 10 g Sodium Chloride, 15 g Agarose was made upto 1 L
dH20

LB Media
10 g Tryptone, 5 g Yeast Extract, 10 g Sodium Chloride made up to 1 L dH20

Ampicillin Stock Solution
100 mg/mL solution made up by adding 1 g of ampicillin to 10 mL dH20
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Isopropyl B-D-1-thiogalactopyranoside (IPTG) Stock Solution
1 M solution of IPTG was made up by adding 2.38 g to 10 mL dH.O.
Ten 1 mL aliquots were frozen at -20°C.

Magnesium Chloride Standard Solution

100 mM solution of MgCl, was made by adding 4.7605 g to 250 mL dH-O.

Zinc Chloride Standard Solution
0.5 M ZnCl> Solution made up by adding 0.6815 g to 10 mLs dH>O

Purification Standard Solutions
Imidazole Standard Solution
1 M Standard was made up by adding to 500 mLs of dH.O

HEPES Standard Solution
0.5 M Standard was made up by adding to 500 mLs of dH>O

Sodium Chloride Standard Solution
4 M Standard Solution was made up by adding to 500 mLs of dH20

Buffers — Optimised Buffer Conditions
Lysis Buffer
50 mM HEPES, 500 uM ZnCl;

Binding Buffer
50 mM HEPES, 500 mM NaCl, 20 mM Imidazole

Elution Buffer
50 mM HEPES, 500 mM NaCl, 100 mM Imidazole

Dialysis Buffer 1
50 mM HEPES, 500 mM NaCl, 50 mM Imidazole

Dialysis Buffer 2
50 mM HEPES, 500 mM NaCl

Assay Buffer
50 mM HEPES, 50 mM NacCl, and 0 mM ZnCl>

pH Standard Solutions
Hydrochloric Acid
1M solution was made up by adding 3.65 g HCI to 100 mL dH.O

Sodium Hydroxide
1 M solution was made up by adding 10 g NaOH to 250 mL dH.O
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SDS-PAGE Solutions/Reagents
Staining Solution
Coomassie Brilliant Blue R-250 Staining Solution [purchased from Bio-Rad].

De-staining Solution
Solution made up by mixing dH20: Methanol: Acetic acid in a 50: 40: 10 ratios.

Marker
Precision Plus Protein Dual Xtra Standard Marker was used [purchased from Bio-Rad].

Loading Dye
2X SDS Loading dye [purchased from Bio-Rad]. Working solution of loading dye was made
up by adding 5 mL of stock 2 X loading dye to 5 mL dH20.

SDS Running Buffer
Pre-mixed 10X electrophoresis buffer [purchased from Bio-Rad] was used. Running Buffer
was made up by adding 100 mL of purchased buffer to 900 mL dH-O.

Antibiotic Stock Solutions
Each of the antibiotic stocks were made up into 10X 1mL aliquots.

Ampicillin 10 mM
0.037139 g was added to 10 mL dH20.

PenicillinG 10 mM
0.035637 g was added to 10 mL dH20.

Meropenem 10 mM
0.043751 g was added to 10 mL dH20.

Imipenem 10 mM
0.031736 g was added to 10 mL dH20.

Cefoxitin 10 mM
0.044943 g was added to 10 mL dH20.

Cephalothin 10 mM
0.041842 g was added to 10 mL dH20.

N-3-oxo-octanoyl-L-Homoserine Lactone 10 mM
0.012065g was added to 10mL dH-O.

Phenol Red Solution 10 mM
0.035438g was added to 10mL dH-O.
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2.1.2. Instruments and Software
The instruments used during the experiments included

e AKTAPurifier UPC10 FPLC

e Mason Technology UV-2550 Spectrophotometer
e Mason Technology Autoclave

e Thermo Scientific Incubator

e Bio-Rad Protean Tetra System and Power Pack
e Thermo Scientific MaxQ Shaker

e Thermo Scientific Centrifuge

e DELL desktop computer

Software used included

e UNICORN for FPLC,
e UVProbe for UV-Vis,
e Multiple Dell computers were used to analyse and collect the data.

Data Recording and Analysis

Microsoft Excel and Kaleidagraph were used to analyse the raw data from the UV-Probe and

apply Michaelis-Menten curve to them.
The assays were performed in duplicate or triplicate generally in order to obtain accurate
results.
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2.2 Methodologies

The methodologies used to carry out the experiments are outlined below.

Transformation

Plasmid (5 pL) and 100 pL of E. coli BL21(DE3) Competent Cells were mixed and placed
on ice for 30 minutes. Subsequently the solution underwent heatshock for 45 seconds at 42
°C, and again was placed on ice for a further 2 minutes (145). The solution was then either
plated directly onto previously made-up LB Agar plates containing 100 pg/mL ampicillin, or
750 uL of autoclaved LB Media was added prior to plating. This only occurred when the
colonies were too numerous or clustered when plated directly. The solution was then
incubated for 16-18 hours at 37 °C. Once colonies had formed, plates were stored at 4 °C.

Expression of Proteins

Starter Culture

A colony was selected and added to 10 mL of autoclaved LB Medium and 100 pg/mL of
ampicillin. This was shaken at 37 °C and 200 rpm for 15 hours (146; 147).

Cultures

Recombinant NDM-3 for both NDM-3+Ub and NDM-3(NC) was expressed by transferring
the starter culture above into flasks containing 500 mLs of autoclaved LB Broth and 100
pg/mL ampicillin. The cultures were left to shake at 200 rpm at 37 °C for 1 hour with 0.1M
ZnCl,. IPTG (1 mM) was added once OD600 reached between 0.5-0.8 and the temperature
was reduced to 18°C for 48 hours.

Centrifugation
Samples were centrifuged at 5000 x g for 20 minutes at 4 °C. The pellet contained the
enzyme. Enzyme can be stored at -80 °C at this point if necessary.

Sonication and Centrifugation

The sample was re-suspended in the smallest volume of lysis buffer possible (15 ml to 20
mL). Lysozyme was added (1 mg/mL) to improve the lysis process and the resuspended
pellet was incubated for 30 minutes at room temperature with gentle agitation. Following
this, 5 mM MgCI2 and 20 pg/mL DNAse | was added and the sample was incubated on ice
for 15 minutes.

The cells were then disrupted by 3 rounds of sonication for 30 seconds at 20% power. The
cells were kept on ice to avoid overheating.

The lysate was centrifuged at 10000 x g for 25 minutes at 4 °C and filtered through a
Millipore 0.22 um membrane to remove any remaining impurities (147).
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FPLC — Fast Protein Liquid Chromatography

Supernatant was loaded onto HisTrap FF Crude 5mL Column (GE Healthcare) and the
method was run on an AKTAPurifier UPC10 in a cold room (between 4°C — 8°C). The
column was pre-equilibrated with binding buffer (50 mM HEPES, 500 mM NaCl, 20 mM
imidazole, pH 7.5) and the protein was eluted as a single peak in a step gradient of imidazole
concentration going from 20 mM to 100 mM and eluted as a single narrow peak. The relevant
fraction(s) were pooled and SDS-PAGE analysis was run. The protein eluted as a single peak,
in a single step going from 0% Elution Buffer to 100% Elution Buffer (148).

Affinity Chromatography

Affinity Chromatography is a chromatography method that uses highly specific interactions
to separate biochemical mixtures. These highly specific interactions include; antigens and
antibodies, receptors and ligands, or enzyme and substrate.

Nickel Affinity Chromatography

Immobilized Metal Affinity Chromatography (IMAC), an enzyme and substrate type of
affinity chromatography, was used during this experiment with Nickel as the metal. IMAC
works particularly well for purification of histidine-tagged proteins and allows for a ‘one
step’ purification step (142; 149; 150). The hexa-histidine tagged protein binds to the Nickel
resins in the column, and imidazole is used as the eluting agent in the Elution buffer at high
concentrations — 100 mM in this instance. The imidazole is used as a competitor to the
histidine tagged protein and so when added in higher concentrations of imidazole in the
elution buffer, imidazole replaces the protein at the binding sites and the protein elutes from
the column.

USP2cc Protease - Expression, Chromatography and Cleavage of
NDM-3+Ub

Methodologies were purposefully kept as like the steps listed above for NDM-3 expression as
possible for the sake of consistency.

Transformation

Plasmid (2 pL) and 100 pL of BL21 (DE3) Competent Cells were mixed and placed on ice
for 30 minutes. The solution then underwent Heatshock for 45 seconds at 42 °C, and was
placed on ice for a further 2 minutes. Autoclaved LB Media (750 pL) was added, and the
sample thoroughly mixed. The solution was then incubated for 16-18 hours at 37 °C. Once
colonies had formed, plates were stored at 4 °C.
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Expression of USP2cc Protease
Starter Culture
As per NDM-3 protocol outlined above.

Cultures

Recombinant USP2cc was expressed by transferring the starter culture above into a flask
containing 500 mLs of autoclaved LB Broth and 100 ug/mL ampicillin. The cultures were
left to shake at 200 rpm at 37 °C for 1 hour.

IPTG (0.4 mM) was added once OD600 reached between 0.5-0.8 and the temperature was
reduced to 18 °C for 6 hours.

Centrifugation, Sonication, and FPLC
As per NDM-3 protocols outlined above.

SDS-PAGE

Samples for SDS-PAGE were prepared by mixing the enzyme and loading dye together in a
1:1 ratio. The samples were heated at 100 °C for 5 minutes and then loaded onto Mini
Protean TGX Precision Gels (Bio-Rad).

Electrophoresis was run at 140 V for 1 hour using Mini PROTEAN Tetra System (Bio-rad).
Precision Plus Protein Dual Xtra Standard Marker was used (Bio-rad).

When electrophoresis was finished gels were placed in fresh dh20 three times for 5 minutes.
The gel was placed in Coomassie Brilliant Blue R-250 staining solution (Bio-rad) for 1-2
hours, and then placed in fresh de-staining solution (dH>O: Methanol: acetic acid - 50: 40: 10
ratio) two or three times until bands were clearest and visible (147; 150).

Gels were then analysed by comparison to marker. The images of these gels are included in
Chapter 3 — Expression and Purification of NDM-3.

Principles of SDS-PAGE

SDS-PAGE is an electrophoresis technique that separates molecules using an electric field.
The full name is Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
is one of the most commonly used electrophoresis techniques (151).

The effectiveness of the method is based on the fact that SDS is anionic, and when dissolved
its molecules have a net negative charge over a large pH range. The negative charges on SDS
are strongly attracted to and move towards the positively charged electrode (anode) in an
electric field. The protein sample binds to the SDS proportionally to its mass, so the larger
molecules take longer to reach the anode. This means the sample — protein or polypeptides —
are separated on their relative molecular masses. A marker protein ladder is used as a
comparison in order to assign molecular weights to the bands the desired sample has shown.
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Cleavage of NDM-3+Ub using USP2cc Protease

The protein concentrations of both NDM-3+Ub, and USP2cc were estimated using
theoretical extinction coefficients at 280 nm (as per table 3d), which were calculated from
their sequences using the ProtParam Web tool, and using the Beer Lambert Law with their
absorbance values at 280 nm.

Cleavage of ubiquitin tag using USP2cc protease was attempted at different conditions as
outlined in Chapter 3 — Expression and Purification of NDM-3. The samples containing
different concentration ratios were incubated for differing lengths of time at different
temperatures as outlined in Table 2a below. To determine which conditions were most
successful for cleavage, SDS-PAGE analysis was carried out in Chapter 3 — Expression and
Purification of NDM-3 (152).

4°C 200: 1
4°C 100: 1
4°C 50:1

25°C 200: 1
25°C 150: 1
25°C 100: 1
25°C 50:1

37°C 200: 1
37°C 100: 1
37°C 50: 1

Table 2a. Outlining Concentration Ratio and Temperature Conditions Tested for optimal
cleavage conditions
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Dialysis Exchange of Buffer

Due to instability of the protein in buffer containing imidazole, a buffer exchange step was
carried out from Elution Buffer (100 mM imidazole), to Dialysis Buffer 1 (50 mM
imidazole), to Dialysis Buffer 2 (0 mM imidazole) using SnakeSkin Dialysis Tubing (Thermo
Scientific).

The buffer exchange process took place in the cold room (4 °C - 8 °C) over minimum of 4
hours in each buffer, stirring constantly. The ratio of enzyme to buffer volume was 1:100.

UV/Vis assays and optimisation

The B-lactamase activity of the NDM-3 enzymes towards different substrates were measured
spectrophotometrically by monitoring substrate depletion (153). The substrates measured
were ampicillin, penicillin G, imipenem, meropenem, cefoxitin, and cephalothin. Their
respective extinction coefficients and wavelengths are listed in table 2b below.

Optimisation of salt, buffer, and ZnCl> concentrations for assay buffer was carried out by
measuring the increasing values of each, outlined in Chapter 4 — Enzymatic characterisation
of NDM-3’s resistance to 3-lactam antibiotics.

Imipenem 300 9000
Meropenem 300 6500
Ampicillin 235 820
PenicillinG 235 560
Cephalothin 260 6500
Cefoxitin 260 7700

Table 2b. Table generated listing antibiotics used, and their extinction coefficients and
wavelengths.
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pH Profile

The effect of pH on rate of reaction of NDM-3(NC) was measured for representatives of each
of the major B-lactam groups. Activity was determined for ampicillin, imipenem,
meropenem, and cefoxitin over a pH range of 4.5 to 11.0 (153; 147).

Lactonase Activity

A preliminary experiment was carried out to determine if NDM-3(NC) had lactonase activity.
N-3-oxo-octanoyl-L-homoserine lactone was the representative lactone used in this
experiment. It was carried out as per methodology in the paper (154), adopted from previous
descriptions of the method (155; 156; 157; 158; 159; 160). The methodology is synopsised
below.

The activity of NDM-3(NC) toward AHL was determined by first ascertaining how much
methanol needed to be included in the assay mixture, by assessing the sensitivity of NDM-
3(NC) towards methanol when working with a buffer of HEPES 50 mM at pH 7.5, and using
50 mM NaCl, and 15 nM NDM-3(NC).

The AHL hydrolysis was determined by measuring proton concentration during the reaction
while using an appropriate pH indicator, in this case Phenol Red in HEPES buffer.

The assay was carried out at 25 °C and at 557 nm, using 100 — 150 nM of NDM-3(NC).

To ensure an accurate reflection of enzymatic activity towards this AHL, the auto-hydrolysis
of the lactone was subtracted from the enzyme-catalysed reaction. The usual catalytic
parameters, Vmax and Kcat, were determined using the Michaelis Menten equation as outlined
in Chapter 1 — Research Background., and the results of this assay are in Chapter 4 -
Enzymatic characterisation of NDM-3’s resistance to f-lactam antibiotics.
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3.1 NDM-1

As outlined in Chapter 1 in the research background section, NDM-1 is the parent MBL to
NDM-3, the variant studied in these works. Comparisons of characterisation work will be
used from literature. In Table 3a, the results are show for a BLAST Multiple Sequence
Alignment that was carried out during this research works for query sequence NDM-1 against
VIM-2, IMP-1, CphA, and AIM-1 in order to get the sequence identity percentage between
NDM-1 and representatives of each subgroup. VIM-2 is noted as the closest in sequence
alignment to NDM-1, although relatively low at 38% evidencing that while NDM family is
part of B1, it is very different from its closest homologue VIM-2. It is also evident that the B1
types (IMP-1 and VIM-2) are more closely related to NDM-1, followed by the other di-
metallo type B3 with AIM-1 having 29% sequence identity with NDM-1. The least similar,
as expected is the mono-metallo B2 type CphA MBL with 25% sequence identity.

Sequence comparison between NDM-1, VIM-2, IMP-1, CphA, and AIM-1

Enzyme for Identity % Accession code | Max Total | Query | E value
comparison Score Score | Cover

NDM-1 99 189940 554 554 100 0.0
(C7C422)

VIM-2 38 189938 155 155 81 1.00E-50
(4BZ3)

IMP-1 34 189937 134 134 81 2.00E-42
(1DDK)

CphA (1X8G) | 25 189939 60.5 76.2 |69 8.00E-15
AIM-1 29 189941 28.1 45.8 49 7.00E-04
(4AWY)

Table 3a. Blast Comparison with NDM-1 as the query sequence using accession code
189940. This comparison was conducted to ascertain the similarity between NDM-1 as a B1
type MBL to the other types of MBLs (B2 and B3) and also within the B1 type MBLSs.
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3.2 NDM-1 vs NDM-3

As seen from Figure 3a below, a BLAST multiple sequence alignment tool was used to
compare NDM-3 to representatives of each MBL subgroup. NDM-1 (140; 141), VIM-2 (43,;
69), and IMP-1 (22) were the B1-types selected, CphA (25) was the B2-type, and AIM-1 (87)
was B3-type selected. As VIM-2 was the closest MBL in identity to NDM-1 evidenced from
Table 3a above, it was chosen for the comparison with NDM-3.

iR [7]HPVAKLSTALAAATMLSGCMPGEIRPTIGOQOMETGDQRFGDLVFRQLAPNVWOHT SYLDMPGFGAVASNGLIVRDGG 84
1 [7]HPVAKLSTALAAATMLSGCMPGEIRPTIGQOMETGDQRFGDLVFRQLAPNVWQHTSYLDMPGFGAVASNGLIVRDGG 84
1 GPVr— o merme e e e DSSGEYPTVSEIPVGEVRLYQIADGVWSHIATQSFDG-AVYPSNGLIVRDGD 54
O e e e e e e ESLPDLKIEKLDEGVYVHTSFEEVNGWGVVPKHGLVVLVNA 41
A i e e e e e e e e e AGMSLTQVSGPV—---—- YVVEDNY-YVQENSMVYFGAK 32
1 ——-MKRRFTLLGSVVALALSSTALASDAPASRGCADDAGWNDPAMPL---KVYGNTWYVGTCGI————- SALLVTSDA 67
85 RVLVVDTAWTNDQTAQILNWIKQEINLP--VALAVVTHAHQDKMGGMDAL-HAAGIATYANALSNQLAPQEGMVAAQHSL 161
85 RVLVVDTAWTDDQTAQILNWIKQEINLP--VALAVVTHAHQDKMGGMDAL-HAAGIATYANALSNQLAPQEGMVAAQHSL 161
55 ELLLIDTAWGAKNTAALLAEIEKQIGLP--VTRAVSTHFHDDRVGGVDVL-RAAGVATYASPSTRRLAEVEGNEIPTHSL 131
42 EAYLIDTPFTAKDTEKLVTWEVER-GYK--IKGSISSHFHSDSTGGIEWL-NSRSIPTYASELTNELLKKDGKVQATNSE 117
33 GVTVVGATWTPDTARELHKLIKRVSRKP--VLEVINTNYHTDRAGGNAYW-KSIGAKVVSTRQTRDLMKSDWAEIVAFTR 109
68 GHILVDAA-TPQAGPQILANIRALGFRPedVRAIVESHEHFDHAGSLAELgKATGAPVYARAPAIDTLKR-GLPDRTDPQ 145
162 TFAANGWVEPATAPNF GPLKVF-YPGPGHTSDNI TVGIDGTDIAFGGCLIKDSKAKSLGNLG DADTEH 228
162 TFAANGWVEPATAPNF GPLKVF-YPGPGHTSDNI TVGIDGTDIAFGGCLIKDSKAKSLGNLG DADTEH 228
132 ----EGLSSSGDAVRF GPVELF-YPGAAHSTDNL VVYVPSASVLYGGCAIYELSRTSAGNVA DADLAE 194
118 S-GVNYWLVK------ NKIEVF-YPGPGHTPDNV VVWLPERKILEGGCEFIKPY---GLGNLG DANIEA 174
110 KGLPEYPDLPLVLPNV[10]GKVRAF-YAGPAHTPDGI[ 1]-VYFPDEQVLYGNCILKEK----LGNLS[ 1]-ADVKA 182
146 FEVAEPVAPVANIVTL|[ 8]GPLALTaVASPGHTPGGT[14]MVYADSLTAISDDVFRYSDDAAHPGYLA[14]DILVTP 249
229 YAASARAFGAAFPKASMIVMSHSA P-DSRAAITHTARMADKLR-——--- 270
229 YRASARAFGAAFPKASMIVMSHSA P-DSRAATITHTARMADKLR-——--- 270
195 WPTSIERIQQHYPEAQFVIPGHGL P-GGLDLLKHTTNVVKAHTNRSVve 242
175 WPKSAKLLKSKYGKAKLVVPSHSE V-GDASLLKLTLEQAVKGLNESK-- 220
183 YPQTLERLKAMKLPIKTVIGGHDS P1HGPELIDHYEALIKAAPQS---- 227
250 HPSASGLWNRIGPRAAAPLMDTTA[S5]QgARQRLEKRLAEEAATSPSSGArp 303
Figure 3a. Blast Multiple Sequence Alignment for NDM-3 with NDM-1, VIM-2, IMP-1,
CphA, and AIM-1 to show sequence identities
Legend Enzyme MBL Subgroup Sequence ldentity
A NDM-3 Bl Query Sequence
B NDM-1 Bl 99
C VIM-2 Bl 38
D IMP-1 Bl 34
E CphA B2 25
F AIM-1 B3 29

Table 3b. BLAST multiple sequence alignment legend and information for NDM-3 with
NDM-1, VIM-2, IMP-1, CphA, and AIM-1.
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In Table 3b, the results are shown for a BLAST Multiple Sequence Alignment that was
carried out for query sequence NDM-3 against NDM-1, VIM-2, IMP-1, CphA, and AIM-1 in
order to get the sequence identity percentage between NDM-3 and representatives of each
subgroup. As expected, the results showed the same sequency identity percentages as for
NDM-1, with NDM-1 and NDM-3 having 99% sequence identity with each other. VIM-2 is
the closest of those assessed to NDM-3 (with the exception of NDM-3 parent MBL NDM-1)
with 38% As per NDM-1 assessment above in Table 3a, the least similar is the mono-zinc B2
type CphA MBL with 25% sequence identity, with B3-type MBLs fall in between. In figure
3b the structure of NDM-1 from literature and structure of NDM-3 was generated through
PDB for comparison. As expected, the structures are similar.

NDM-1

-

!

v

Figure 3b. NDM-1 Structure (141) and NDM-3 Structure (PDB 4TZ9) with two metal ions in
centre. Both contain Zinc in M1 and Cadmium in M2.

3.3 NDM-3 — Characterisation using ProtParam and BLAST

From the research background outlined in chapter 1, it is known that NDM-3 is a mutant of
well-known superbug, NDM-1. NDM-1 is a B1 type MBL and perhaps the most prevalent
and dangerous MBL known thus far (129; 138; 128; 44; 52). NDM-3 was isolated originally
from Klebsiella pnuemoniae and differs in one amino acid from NDM-1 at residue 95 as seen
in figure 3c. This substitution is an aspartic acid that is replaced by an asparagine, as can be
seen below in the sequence comparison (figure 3c). This replacement occurs on the protein
surface, and not within the active site. The location of the replacement alters the interactions
with the side chains of various B-lactam antibiotics. The difference in enzymatic activity
between NDM-1 and NDM-3 with that single residue mutation is shown and discussed in
section 4.6 - Enzymatic characterisation of NDM-3’s resistance to B-lactam antibiotics. In the
sequence alignment below in figure 3c the differences between NDM-1 and NDM-3 are
shown. Protein Data Base (PDB) was used to find enzyme sequences and available structural
images.
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Uniprot Sequence C7C422: NDM-1

10 20 30 40 50
MELPNIMHPV AKLSTALAAA LMLSGCMPGE IRPTIGQQME TGDQRFGDLV
60 70 80 90 95 100
FROLAPNVWQ HTSYLDMPGF GAVASNGLIV RDGGRVLVVD TAWTDDQTAQ
110 120 130 140 150
ILNWIKQEIN LPVALAVVTH AHQDKMGGMD ALHAAGIATY ANALSNQLAP
160 170 180 190 200
QEGMVAAQHS LTFAANGWVE PATAPNFGPL KVFYPGPGHT SDNITVGIDG
210 220 230 240 250
TDIAFGGCLI KDSKAKSLGN LGDADTEHYA ASARAFGAAF PKASMIVMSH
260 270
SAPDSRAAIT HTARMADKLR

Uniprot Sequence I13VKD5: NDM-3

10 20 30 40 50
MELPNIMHPV AKLSTALAAA LMLSGCMPGE IRPTIGQQME TGDQRFGDLV
60 70 80 90 95 100
FRQLAPNVWQ HTSYLDMPGF GAVASNGLIV RDGGRVLVVD TAWTNDQTAQ
110 120 130 140 150
ILNWIKQEIN LPVALAVVTH AHQDKMGGMD ALHAAGIATY ANALSNQLAP
160 170 180 190 200
QEGMVAAQHS LTFAANGWVE PATAPNFGPL KVFYPGPGHT SDNITVGIDG
210 220 230 240 250
TDIAFGGCLI KDSKAKSLGN LGDADTEHYA ASARAFGAAF PKASMIVMSH
260 270
SAPDSRAAIT HTARMADKLR

Figure 3c: Sequences of NDM-1 and NDM-3 respectively with the single amino acid

difference highlighted — residue 95.
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Sequence Comparison of known NDM mutants

Legend Enzyme Sequence Identity | Identifier

A NDM-1 Query Sequence Uniprot C7C422*
B NDM-3 99 AFK80349

C NDM-4 99 5WIG (PDB)*

D NDM-5 99 ATZE (PDB)*

E NDM-8 99 ATZF (PDB)*

F NDM-12 99 5WIH (PDB)*

Table 3c. Sequence Comparison of known NDM mutants
*All used Fasta Seauences found on Uniprot or PDB as noted.

NDM-1
NDM-3
NDM-4
NDM-5
NDM-8
NDM-12

NDM-1
NDM-3
NDM-4
NDM-5
NDM-8
NDM-12

NDM-1
NDM-3
NDM-4
NDM-5
NDM-8
NDM-12

— o s b e

116
116
76
11
T6
11

196
196
156
157
156
157

[39]ETGDQRFGDLVFRQLAPNVWOHTSYLDMPGFGAVASNGLIVRDGGRVLVVDTAWTDDQTAQI LNWIKQEINLPVAL
[39]ETGDQRFGDLVFROLAPNVWOHTSYLDMPGFGAVASNGLIVRDGGRVLVVDTAWTNDQTAQTLNWIKQEINLPVAL
-MGDORFGDLVFRQLAPNVWORTSYLDMPGFGAVASNGLIVRDGGRVLVVDTAWTDDQTAQI LNWIKQEINLPVAL
GPGDORFGDLVFRQLAPNVWQHTSYLDMPGFGAVASNGLIVRDGGRVLLVDTAWTDDQTAQI LNWIKQEINLPVAL
-MGDQRFGDLVFRQLAPNVWOHTSYLDMPGEGAVASNGLIVRDGGRVLVVDTAWTDDQTAQI LNWIKQE INLPVAL
GPGDQRFGDLVFRQLAPNVWQHTSYLDMPGFGAVASNGLIVRDGGRVLVVDTAWTDDQTAQI LNWIKQEINLPVAL

AVVTHAHQDKMGGMDALHAAGIATYANALSNQLAPQEGMVAAQHSLTFAANGWVEPATAPNFGPLKVEY PGPGHT SDNIT
AVVTHAHQDKMGGMDALHAAGIATYANALSNQLAPQEGMVAAQHSLTFAANGWVEPATAPNEGPLKVEY PGPGHT SDNIT
AVVTHAHQDKMGGMDALHAAGIATYANALSNQLAPQEGLVAAQHSLTFAANGWVEPATAPNEGPLKVEY PGPGHTSDNIT
AVVTHAHQDKMGGMDALHAAGIATYANALSNOLAPQEGLVAAQHSLTFAANGWVE PATAPNFGPLKVEY PGPGHT SDNIT
AVVTHAHQDKMGGMDALHAAGIATYANALSNQLAPQEGLVAAQRSLTFAANGWVEPATAPNFGPLKVEYPGPGHT SDNIT
AVVTHAHQDKMGGMGALHAAGIATYANALSNQLAPQEGLVAAQHSLTFAANGWVEPATAPNFGPLKVEYPGPGHT SDNIT

VGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAAFPKASMIVMSHSAPDSRAAITHTARMADKLR
VGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAAF PKASMIVMSHSAPDSRAAITHTARMADKLR
VGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAAFPKASMIVMSHSAPDSRAAT THTARMADKLR
VGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAAFPKASMIVMSHSAPDSRAAITHTARMADKLR
VGIDGTDIAFGGCLIKDSKAKSLGNLDDADTERYAASARAFGAAFPKASMIVMSHSAPDSRAAITHTARMADKLR
VGIDGTDIAFGGCLIKDSKAKSLGNLGDADTEHYAASARAFGAAFPKASMIVMSHSAPDSRAAITHTARMADKLR

Figure 3d. Blast Multiple Sequence Alignment for NDM-1 (141) with NDM-3(this works),
NDM-4 (161), NDM-5 (128), NDM-8 (162), NDM-12 (163) to show sequence identities and
amino acid differences
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As seen in Table 3c and Figure 3d above, a sequence comparison was performed using
BLAST for all known variants of NDM-1 by 2016, using NDM-1 as the query sequence. As
expected, all variants had 99% sequence identity with NDM-1. The variants used in the
comparison included NDM-3 (as per section 3.2 above), NDM-4 (161), NDM-5 (128), NDM-
8 (162), and NDM-12 (163).

3.4 Transformation and Expression of NDM-3

NDM-3 — both NDM-3(NC) and NDM-3+Ub - were transformed and expressed as per
section 2.2 with procedures being adopted and where relevant, adapted from the literature
(145; 146; 147; 150; 152). They were both transformed onto an agar plate containing 100
pg/mL ampicillin using E. coli BL21 (DE3) competent cells. The cells were streaked across
the plate and incubated for 16 — 18 hours at 37 °C. It was found through this works that 5 puL
of plasmid was needed per 100 pL of competent cells. It was determined that when between
20 pL and 50 pL of the undiluted solution was directly streaked onto the agar it was the most
successful for producing colonies. An ampicillin concentration of 100 pg/mL was used
throughout transformation and expression of NDM-3. During expression the IPTG (147) was
added once ODgoo Was reached. This took approximately 1.5 — 2 hours each time. The
purpose of IPTG is to induce expression of the lac operon in E. coli. It works by preventing
the repression of the B-galactosidase coding gene lacZ by binding to and altering the lacl
repressor. IPTG (1 mM) was added for NDM-3+Ub and NDM-3(NC) expression. For
USP2cc expression 0.4 mM of IPTG was added. ZnCl (0.1 mM) was added to ensure
enough metal ions were available for utilisation if required.

Centrifugation Yields

After centrifugation at 5000 x g for 20 minutes at 4 °C the pellet contains the NDM-3 enzyme
(either NDM-3+Ub or NDM-3(NC)). The supernatant was stored until SDS-PAGE confirmed
the presence of enzyme in pellet, in case of any errors in centrifugation. The average pellet
weight during this research was 5.1 g. Following this step, the pellet was resuspended in lysis
buffer. Lysozyme, MgCl>, and DNAse | were added to the resuspended solution which then
underwent sonication (164). Sonication is the process of agitating particles in a sample using
sound energy (164). The settings used for sonication were 20% power for 3 rounds of 30
seconds with the protein on ice to ensure it did not overheat.

FPLC Procedure

Fast Protein Liquid Chromatography (FPLC) was used to purify proteins (148). The FPLC
system consists of many components — namely the system pumps, UV detector, Fraction
Collector, and Column. The columns used in this works were the HisTrap FF 5 mL and the
HisTrap FF Crude 5 mL (142; 149). During the optimisation of this process for NDM-3, it
was found that both NDM-3+Ub and NDM-3(NC) were sensitive to high imidazole
concentrations. Imidazole was used in the elution buffer as a competitor to the histidine
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molecules bound to the nickel packed in the column. A general recommendation for starting
off is to use 200 mM imidazole in the elution buffer (165). In the case of both NDM-3
constructs however this caused precipitation of the protein and in some cases an inactive
protein and so the concentration of imidazole was gradual reduced during these works. When
the concentration of imidazole was determined to be optimised at 100 mM in the elution
buffer and the FPLC process was consistent, a pure and active NDM-3 enzyme was
produced.

During FPLC, the elution method employed was stepwise elution, meaning the system
jumped from using 100% loading buffer to 100% elution buffer (142). When this occurred
for both NDM-3+Ub and NDM-3(NC) it was approximately 5 mLs after the buffer
changeover from loading buffer containing 20 mM imidazole to elution buffer containing 100
mM imidazole.

As can be seen from figure 3e below, both proteins (NDM-3+Ub and NDM-3(NC))
consistently eluted in fractions 23 — 25 in this case and always between 5 — 7 mLs after
loading buffer was replaced by elution buffer. The green line in the image from the
UNICORN FPLC software below denotes changeover from loading buffer to elution buffer.
The blue line represents UV readings.

UNICORN 5.31 (Build 743)
Result file: C:\.. \defaul\His Trap FF Crude NDM3

uv Conc Fractions Inject Logbook

mAU

3000

2000

1000

0 ._J T O O N T S M i —— T

S A O O
Tttt —— { EEEANE

6{7{8193011{12{13{14]{15{16]17]18]19]20]2102202302412526{27{28/29130.31

0 50 100 150 ml

2

Figure 3e - Full elution graph of NDM-3(NC) and NDM-3+Ub.
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Figure 3f - FPLC Elution graph for USP2cc, similar to NDM-3 above. Green line denotes
changeover from loading buffer to elution buffer. Blue lines are UV readings. USP2cc eluted
in fractions 28 - 31.

As can be seen from figure 3f above, protease USP2cc consistently eluted in fractions 28 — 31
in this case. The green line in the image from the UNICORN FPLC software below denotes
changeover from loading buffer to elution buffer while the blue line represents UV readings.

All three proteins, NDM-3+Ub, NDM-3(NC), and USP2cc eluted at the same point in the
FPLC process due to the presence of the hexa-histidine tag (149).
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3.5 Buffer Exchange

As described in section 2.2, neither NDM-3(NC) nor NDM-3+Ub constructs remained stable
in the elution buffer. The reason a dialysis/buffer exchange step was introduced was due in
large part to the precipitation evident in both NDM-3+Ub and NDM-3(NC) (166). It was also
noted at other times for NDM-3+Ub only it was evident through a lack of activity of the
protein in others only when stored in elution buffer for longer than 24 hours, that something
was not correct in the isolation/purification process. Through trial and error the precipitation
event was determined to have been because the concentration of imidazole was too high for
the proteins to remain in. The buffer exchange step was introduced to the process to allow the
proteins to go from Elution Buffer containing 100 mM imidazole, to Dialysis Buffer 1
containing 50 mM imidazole, and finally to Dialysis Buffer 2 containing 0 mM imidazole
using SnakeSkin Dialysis Tubing (Thermo Scientific). A 2-step process was required as a
single step also caused precipitation (i.e., from Elution Buffer containing 100 mM imidazole
to Dialysis Buffer 2 containing 0 mM imidazole).

The buffer exchange process optimised for NDM-3(NC) or NDM-3+UDb took place in the
cold room (4 °C - 8 °C) for a minimum of 4 hours in each buffer, with constant stirring. More
than 4 hours of constant stirring for the dialysis in each subsequent buffer was acceptable and
had no impact on the protein or activity. The ratio of enzyme to buffer volume was 1:100.
These parameters were optimised throughout the research works to largely reduce the risk of
precipitation. Once the dialysis & buffer exchange steps were conducted within 24 hours of
the chromatography step, and therefore not stored in the elution buffer with high
concentrations of imidazole for any length of time, and was performed in 2-step manner
described above, there was no further precipitation.

3.6 Confirmation of NDM-3

In order to confirm the presence of NDM-3 in the pooled fractions collected from FPLC
purification, SDS-PAGE gels were run and an activity assay was carried out against
ampicillin to confirm activity/active protein was isolated (151). Below are the gels and the
marker which was used to compare the bands visible and determine their molecular weight.
The molecular weight of NDM-3+Ub was determined to be 37kDa using ProtParam, as listed
in Table 3d below.

Enzyme Name Extinction Co- Molecular Weight pl
efficient

NDM-3+Ub + H6 29575 Mt cmt 37868 6.11

NDM-3 + H6 28085 M* cm™* 29321 6.02

Ubiquitin tag 1490 Mt cmt 8565 6.56

Table 3d. The ProtParam information given when sequences entered. Extinction coefficients
are used to accurately measure concentration at Abs 280 nm. Molecular weights of NDM-3
constructs include the hexa-histidine tag.
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NDM-3+Ub at ~37 kDa

75 kDa O - 250
50 kDa i - 100
-  =-75
37 kDa
- | - 50
- | - 37
25 kDa _—1 E gg
20 kDa - | -15
| — - 10
—— - 5
15 kDa | - -2

Figure 3g. SDS Gel showing NDM-3+Ub at 37kDa and the Protein Marker used for all SDS
Gels

From Table 3d and Figure 3g above we can see that the NDM-3+Ub was present at
approximately 37kDa less the histidine tag. This is aligned with the projected molecular
weight of the NDM-3+Ub molecular weight as noted in table 3d. This provided evidence that
NDM-3+Ub was indeed isolated.

NDM-3

USP2cc USP2cc NC

100 kDa
75 kDa

50 kDa > 41kDa

37 kDa

25 kDa
20 kDa

15 kDa

Figure 3h. SDS Gel showing NDM-3(NC) in well 6 at ~29 kDa, and USP2cc protease in
wells 3 and 4 at ~41 kDa. SDS marker is in well 2.
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As is evident from figure 3h and table 3d, the USP2cc protease was present in wells 3 & 4
beside the marker in well 2. This clearly shows the presence of a band at approximately
41kDa (167), approximately aligning with the predicted molecular weight in table 3d.

NDM-3(NC) is shown in well 6 in figure 3h with a band at approximately 28/29 kDa, clearly

shown between marker (well 2) 25 kDa and 37 kDa bands. This aligns with table 3d and
provides evidence that NDM-3(NC) is indeed isolated and present.

3.7 Protparam
In order to determine ¢, an online tool called EXPASy ProtParam was used. This allows one

to input a protein sequence and computes physical and chemical parameters for said protein.

These parameters include extinction coefficient, as can be seen in Table 3d above. In this
instance the Extinction coefficient, molecular weight, and pl are listed. pl is the isoelectric
point and is the pH of the protein that at which it has no net charge. When pH > pl the net
charge is negative, and conversely when pH < pl a protein has a positive net charge.

3.8 Determining the concentration using the Beer-Lambert Law
(168; 169)

The concentration (c) of the protein was determined using the Beer-Lambert Law, which is:
A =¢cl

Where A = Absorbance, € = extinction coefficient of protein, and | = path length = 1 cm in
this case.

Therefore;

c=Ale
Using the online tool ProtParam at this link: https://web.expasy.org/protparam/

¢ =A/29,575 (1) c=M7tem*em; c =M (units)
Many batches of said proteins were made up but for this example: A = 0.896 (unit-less).

Absorbance was measured at 280 nm.

¢ =0.896/29,575

¢ =3.029x10° M

To convert to mg/mL = 3.029x10° M x 37868 (mw from ProtParam tool)
¢ = 1.14724355 mg/mL of protein

In 6 mLs collected = 6.88 mg of NDM-3+Ub protein.
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After the concentration of the protein was found and the SDS-PAGE gels confirmed presence
of protein, the samples were concentrated to approximately 1 mL from 6 mL to have a more
concentrated stock solution and then aliquoted into small amounts for use in activity assays to
a concentration of 1 mg/mL. These aliquots were then stored at -20 °C. NDM-3 was
expressed on a Pet vector (47) but due to low solubility and low expression yields it was then
expressed on a pHUE vector as a hexahistidine-ubiquitin fusion protein, which allows for a
one step purification. However, for the NDM-3+Ub protein, the ubiquitin tag still needs to be
cleaved off using the USP2cc protease.

3.9 Cleavage of Ubiquitin tag using USP2cc

Ubiquitination is a post-translational modification of attaching ubiquitin to a protein which
affects the protein by signalling for their degradation (170). The proteasome alters cellular
locations by affecting their activity or by promoting or preventing protein interactions (144;
152; 171). It is a small regulatory protein found in almost all tissues. In this case USP2cc is a
deubiquitinating enzyme. It works by formation of non-covalent complex with the ubiquitin
using two sites for interaction. Further information about this binding can be found in
Structural Basis of Ubiquitin Recognition by the Deubiquitinating Protease USP2 by Renatus
etal., (172). The method for deubiquitination was kept similar to approach taken in
Catanzariti et al., (152) and is outlined in Chapter 2 — Materials and Methods. When USP2cc
was purified and the concentration measured, using the Beer-Lambert Law as outlined above
for NDM-3 and concentrated to and separated into 0.5 mg/mL aliquots.

Cleavage Conditions

A scientific approach to the optimisation of cleavage conditions was taken, whereby a range
of concentration ratios of NDM-3+Ub: USP2cc were attempted, at different temperatures,
with the time being the one parameter that remained constant. The conditions are outlined
below;

4°C 200: 1
4°C 100: 1
4°C 50:1

25°C 200:1
25°C 150: 1
25°C 100: 1
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25°C 50:1
37°C 200:1
37°C 100: 1
37°C 50:1

Table 3e. Outlining Concentration Ratio and Temperature Conditions experiment for optimal
cleavage conditions

The results of said experiment are shown below in the SDS Page gel. It can be clearly seen
between figure 3i and table 3e, that well 9 containing 200:1 ratio of NDM-3+Ub: USP2cc
had the most successful cleavage, with the entire NDM-3+Ub band at 37kDa appearing to be
gone. Therefore, room temperature and a ratio of 200:1 was determined to be the most
appropriate temperature for the cleavage process.

1 2 3 4 5 6 7 8 9 10  (Well numbers)

w100 kDa

37kDa band gone

Strong lower band
id ~29kDa

Figure 3i. Well #9 contains 200:1 concentration of NDM-3+Ub: USP2cc

Well 1: 37C 200:1 ratio Well 5: Marker Well 8: 4C 50:1 ratio
Well 2: 37C 100:1 ratio Well 6: Concentrated Well 9: Room

Well 3: 37C 50-1 ratio NDM-3+Ub Temperature 200:1 ratio
Well 4 4C 200:1 ratio Well 7: 4C 100:1 ratio Well 10: Room

Temperature 150:1 ratio

With the now isolated and purified enzymes of both NDM-3 (NDM-3+Ub cleaved) and
NDM-3(NC), in the next chapter, chapter — 4 ‘Enzymatic characterisation of NDM-3
resistance to B-lactam antibiotics’, these proteins will be tested for activity against multiple
beta lactam antibiotics to determine kinetic activity data for NDM-3 and compare it to both
NDM-1 and other NDM variants from the literature. It was also intended to compare NDM-3
(cleaved from NDM-3+Ub) and NDM-3(NC) to each other and determine if the ubiquitin tag
and cleavage stages had any effect on the activity of the NDM-3 protein or interferes with the
rate of reaction for the different substrates.
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Chapter 4 — Enzymatic characterisation of NDM-3
resistance to -lactam antibiotics

Introduction

Enzymatic assays are a widely used and important analytical technique that provides
invaluable information about the activity of an enzyme. This activity is either a measure of
the appearance of the product that appears, or the disappearance (depletion) of a substrate as a
result of the reaction (173). In the case of NDM-3 it is the depletion of the substrate that is
measured. The assay allows for the measurement of the enzyme’s activity in the presence of
substrates as they deplete. In these studies’ ampicillin, penicillinG, meropenem, imipenem,
cefoxitin, and cephalothin are used. The most common analysis of enzyme kinetics data is
based on the model developed by Michaelis and Menten (174; 175). A full breakdown of this
model is available on the following page in this chapter. In this analysis the measurement of
catalytic rates as a function of substrate concentration provides an estimate for the K, value
and the Vmax for a specific substrate where Vmax represents the maximal rate possible and Km
is the Michaelis constant of a substrate and is equivalent to the concentration of substrate at
which the enzyme achieves half Vimax. In most cases Vmax IS the reaction rate when the
enzyme is saturated with substrate, which is also the maximum speed of reaction rate of
substrate molecules catalysed. The relationship between the rate of the reaction and substrate
concentration is dependent on the affinity the enzyme has for the substrate, Km. Km provides
an estimate of the substrate affinity; a high Kn value indicates low affinity, while a low K is
indicative of high affinity. The kcat value can then be defined as the turnover number of the
enzyme for a specific substrate, i.e., the number of substrate molecules that are converted to
product per unit time (seconds generally) for each enzyme site. The Kca/ K ratio thus
corresponds to the catalytic efficiency for the substrate conversion by the enzyme. In the
equations below E stands for enzyme and S for substrate (174; 175).

Below the breakdown of the Michaelis Menten kinetics and the steady-state assumptions are
outlined along with the equations used throughout (174; 175).
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Michaelis Menten Kinetics and the Steady-State Assumption
(174; 175)

1 2

Eq. 1 E+S = ES = E+P
-1 -2

Eq. 2 Rate of 1 = kq[E][S]

Eq. 3 Rate of 2 = ko[ES]

When the enzyme concentration is kept constant, under the Steady-State assumption [ES] is
constant, as the limiting factor is the enzyme concentration as there is more than enough
substrate. Therefore;

Eq. 4 Formation [ES] = Loss [ES]

Rate of [ES] formation is also equal to Rate 1 plus Rate -2

Rate of [ES] loss is also equal to Rate -1 plus Rate 2

Therefore;

Eqg.5 Rate; + Rate; = Rate.; + Ratez

However, as products do not tend to revert to the intermediate complex [ES], we can change
the original equation 1 to:

1 2
Eq. 6 E+S = ES — E+P
-1

And so, equation 5 can be re-written as:

Eq. 7 Rate; = Rate.; + Rate; and;
Eq. 8 ki[E][S] = k-1[ES] + k2[ES]

Total enzyme in the reaction;

Eq.9 [E]r =[E]+[ES] therefore;
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Eq. 10 [E] =[Elr-[ES]

And when equation 10 is incorporated with equation 8;

Eq.11 ke([E]r - [ES]) [S] = k4[ES] + k2[ES]
= ki([E]r - [ES]) [S] = [ES] (k-1+ k2)

Multiply out = ki[E]r [S]- ki[ES][S] = [ES] (k-1+ k2)
Divide by ki = [E]r [S]- [ESIIS] = [ES] (ki+ ka)/ ki

The value for (k-1+ k2)/ k1 is therefore assigned a constant value. This is termed Kn,
Km= (kat+ Kk2)/ k1

Using this new Kn, term, we can update the previous equation to state:

Eq. 12 [E][S] = [ES] Knm + [ES][S]
Eq. 13 [E]r[S] = [ES] (Km+ [S])
So; [ES] = [EIT [S)/ (Km+ [S])

The speed of an enzymatic reaction is denoted Vo;

Eq. 14 Vo=dP/dt  =ky[ES]

Inputting equation 14 with equation 13, we see that;

Eq. 15 k2 [ES] = k2 [E]T [S) (Km + [S])

So, if Vo = Vmax, When the substrate concentration is very high, then the total Enzyme
concentration, Et = [ES]. This means there is no ‘free’ enzyme at any point.

Therefore;
Eq. 16 k2 [E] T = Vmax
Eq 17 Vo = (Vmax [S]) / Km + [S]

Equation 17 is known as the Michaelis Menten Equation.
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If K = the Michaelis constant for the particular enzyme being targeted, and is a substrate
concentration whereby Km = [S] (assumption for practical purposes) then;

Eg. 18 Vo = (Vmax [S]) / 2[S] (Substituting Km for [S])
= Vo = (Vmax {g]) / 2{5}

Eq 19 Vo = Vmax/ 2

So, Km is the substrate concentration where the reaction speed is half of Vimax, = Vo = 0.5
(Vmax)

Catalytic Efficiency
Km is the affinity that an enzyme has for the substrate it is interacting with.

A high Km value indicates an enzyme with a low affinity for its substrate, and that a much
higher concentration of substrate will be needed to achieve Vmax

Another measure of enzymatic activity is the Keat.

The Keat is the measure of how many substrates an enzyme can turn into product at the

maximum speed per second. A higher kcat means the enzyme is more efficient at catalysis.

Eq 20 kcat = Vmax / [ES]

Because when [E]r = when enzyme is the limited reactant = [ES]

The final rate constant determined is the Catalytic Efficiency. It is the value or score for
enzymes for their ability to speed up reactions. It is specific to the enzyme.

This catalytic efficiency rating is;

Eqg. 21 Keat / Km

These calculations, equations, and principles are the basis of the results shown in this chapter

(174; 175).
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Aims of Chapter Four: NDM-3 Characterisation

Kinetic assays were performed for the following studies;

1.

Determine the optimised assay buffer for all further characterisation studies

2. Outline enzymatic assays best practices

ook w

Determine the keat and Km values of NDM-3+Ub for various substrates

Determine the kcat and K values of cleaved NDM-3+Ub

Determine the kcat and K values for NDM-3(NC)

Compare the above parameters to values published for NDM-1 and other NDM
variants

Carry out preliminary Kinetic assays at different pH values for four substrates with a
view to discovering the difference pH makes on enzymatic activity

Ascertain if NDM-3(NC) exhibits any lactonase activity by carrying out preliminary
kinetic assays with representative lactone substrates (154)
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4.1 The Optimisation of the Assay Buffer

Determining the conditions required for the assay buffer was an important step as the buffer
has an impact on every assay carried out. The three conditions for optimisation were HEPES

concentration, Sodium Chloride concentration, and Zinc Chloride concentration.

AAbsorbance (delta) is indicative of the change activity in these cases as it is correlated to the
rate of depletion of substrate when an assay is occurring (173), meaning that as substrate

concentration reduces due to forming into product, the change in absorbance measurements

can be utilised to determine rate of activity/rate of reaction. Enzymatic assays are a widely
used and important analytical technique that provides invaluable information about the
activity of an enzyme. This activity is either a measure of the appearance of the product that
appears, or the disappearance (depletion) of a substrate as a result of the reaction (173). In
this case it is the depletion of the substrate that is measured. The assay allows for the
measurement of the enzyme’s activity in the presence of substrates as they deplete

4.1.1 HEPES Buffer Concentration

HEPES was chosen as the buffering agent for these NDM-3 studies as it is used widely in cell
culture and is generally considered a good buffer for physiological pH ranges (47). As these
were initial assays, a starting buffer containing the HEPES concentration being tested, and

500 mM NaCl and 0.1 mM ZnCl> was used. NaCl (500 mM) was used as a starting point for
these assays as this was the dialysis buffer concentration of NaCl. ZnCl (0.1 Mm) was used
initially for this test as a starting point.

Table of data for HEPES in Assay Buffer

Hepes Concentration (mM) | AAbsorbance 1 | AAbsorbance 2 | AAbsorbance 3 | AAbsorbance 4| AAbsorbance Mean n SD | RSD (%) | RSD (%)
0 0.3414 0.346 0.3229 0.3135 0331 4 0.01533| 1.53298] 1.5
50 0.2364 0.1872 0.1848 0.1924 0.200 4 0.02434( 2.43409| 24
100 0.1432 0.1031 0.1318 0.1372 0.129 4 0.01777| 1.77708] 1.8
150 0.1763 0.1742 0.1828 0.1631 0.174 4 0.0082( 0.81963| 0.8
200 0.0054 0.0007 0.0008 N/A 0.002 3 0.00269| 0.26851] 0.3

Table 4a. Data measured for HEPES assay buffer experiments
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Figure 4a. Graph plotting HEPES concentration vs mean of delta absorbance

59



Chapter 4 — Enzymatic characterisation of NDM-3 resistance to B-lactam antibiotics

Conclusion

It was determined that 50 mM HEPES was the optimal concentration to use during the kinetic
assays. All assays were run in triplicate. As evident from the data in table 4a and the graph in
figure 4a, the best activity was seen for preliminary NDM-3(NC) enzyme assays against
ampicillin when HEPES 50 mM was in use. This concentration was then used for the
following optimisation tests for NaCl and ZnCl..

4.1.2 NaCl Buffer Concentration

NaCl was the chosen salt for the assay buffer. Salt can affect the activity of enzymes, as well
as the folding, conformation, and the stability of enzymes. NaCl is one of the most commonly
used salts as it is relatively inexpensive and Na* and CI- are compatible ions. When salt
concentration is too high or too low it can cause denaturation of an enzyme or lower
enzymatic activities (176). Finding the optimum concentration of NaCl is therefore of high
import. Based on 4.1.1 50 mM HEPES was used, the NaCl concentration being tested, and
0.1 mM ZnCl; using NDM-3(NC) against ampicillin to ascertain the best NaCl concentration
in the assay buffer.

Table of data for NaCl in Assay Buffer - Optimisation of NaCl

NaCl Concentration (mM)| AAbsorbance 1 | AAbsorbance 2 | AAbsorbance 3 | AAbsorbance Mean n SD RSD (%) | RSD (%)

0 0.1581 0.1258 0.144 0.143 3 0.016193 | 1.619331 1.6

50 0.1928 0.1838 0.1789 0.185 3 0.00705 | 0.705006 0.7

100 0.1562 0.1563 0.1566 0.156 3 0.000208 | 0.020817 0.0

200 0.1504 0.1436 0.1328 0.142 3 0.008875 | 0.887543 0.9

500 0.1028 0.1027 0.1028 0.103 3 5.77E-05 | 0.005774 0.0

700 0.1217 0.0884 0.0893 0.100 3 0.018971 | 1.897129 1.9

1000 0.0867 0.0774 0.0632 0.076 3 0.011835 | 1.183484 1.2

Table 4b. Data measured for NaCl Assay Buffer experiments
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Mean

0.200

0.180 A

0.160 ’/\\

0.140

0.120 \

0.100 \ .
0.080 \

0.060
0.040
0.020

0 .000 T T T T T 1
0 200 400 600 800 1000 1200

NaCl Concentration (mM)

Mean AAbsorbance

Figure 4b. Graph plotting NaCl concentration vs mean of delta absorbance

60



Chapter 4 — Enzymatic characterisation of NDM-3 resistance to B-lactam antibiotics

Conclusion

As evident from table 4b and figure 4b, the activity assays showed the highest activity in
NaCl concentrations of 50 mM. This 50 mM NaCl along with 50mM HEPES was deemed the
optimal concentrations to use during the kinetic assays. These concentrations were used for
the determination of optimal ZnCl, concentration as described in the next section.

4.1.3 Zinc Chloride Buffer Concentration

This final part of the assay buffer study was conducted to find the optimal concentration of
ZnCl; in the assay buffer. It was also to determine if the enzyme needed to have metal ions
available in abundance when interacting with the different substrates. As seen in section 4.1.1
and 4.1.2 above, the optimal concentrations of NaCl was 50 mM and the optimal
concentration of HEPES was 50mM HEPES. Buffers made of these concentrations and ZnCl;
concentrations being tested were made up.

Table of data for ZnCl; in Assay Buffer - Optimisation of ZnCl;

ZnCl, (uM) AAbsorbance 1 | AAbsorbance 2 |AAbsorbance 3| AAbsorbance Mean n sD RSD (%) | RSD (%)
0 0.1506 0.1313 0.1393 0.140 3 0.009697 | 0.969691 1.0
100 0.0837 0.0756 0.066 0.075 3 0.008861 | 0.886059 0.9
150 0.0651 0.054 0.062 0.060 3 0.005727 | 0.572742 0.6
200 0.0532 0.0482 0.0415 0.048 3 0.005871 [ 0.587055 0.6
500 0.0337 0.0416 0.04 0.038 3 0.004177 | 0.417652 0.4
700 0.0079 0.0052 0.0069 0.007 3 0.001365 | 0.136504| 0.1

Table 4c. Data measured for Zinc Chloride Assay Buffer experiments

ZnCl, (uM) vs Mean AAbsorbance
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Figure 4c. Graph plotting Zinc Chloride concentration vs mean of delta absorbance

Conclusion
As seen from table 4c and figure 4c, it was determined that 0 uM ZnCl> was the best
concentration to use during the kinetic assays. It was evident that the assays worked
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considerably better without ZnCl,. It is possible perhaps that the ZnCl> molecules were
interfering in some way, or perhaps restricting access of the substrate to enzyme.

Optimisation of Assay Buffer — Conclusion

From the evidence presented above a 50 mM HEPES, 50 mM NaCl, and 0 mM ZnCl, was
determined to be the optimal assay buffer for all of the following enzymatic assays for NDM-
3. The solution, heretofore called ‘Assay Buffer,” was prepared and used for all of the
following enzymatic assays for NDM-3 (both NDM-3+Ub cleaved or uncleaved, and NDM-
3(NQC)).
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4.2 Enzymatic Assays for NDM-3

Assays were carried out as per methodologies section 3.2. The optimised assay buffer
determined in section 4.1 was used for all future enzymatic assays.

General Assay Practices for NDM-3 Enzymatic Assays (153)

The lowest amount of NDM-3(NC) and NDM-3+Ub enzyme were used during these assays,
for two reasons;

1. To ensure consistency in enzyme concentrations of a stable protein.

2. To conserve the protein due to the difficult nature of expression and purification of
NDM-3. Conservation was important as it had proven difficult to express, purify, and
isolate active enzyme.

Provisional assays were done with both NDM-3 enzymes (NDM-3+Ub, and NDM-3(NC))
and each substrate initially to determine their general range of activity and to find the lowest
amount of enzyme that could be used for successful assays while conserving enzyme as
stated above.

4.3 NDM-3+Ub — k¢t and Ki, values

As outlined in chapter 3 — Expression and Purification of NDM-3; NDM-3+Ub was
expressed as a ubiquitin-histidine fusion protein. In order to compare activities of NDM-3
with and without the ubiquitin tag (i.e. cleaved and uncleaved), kinetic assays were carried
out on the uncleaved enzyme against ampicillin, penicillinG, imipenem, meropenem, and
cefoxitin. All assays in this section were carried out at pH 7.5. The results are reported below
in figure 4d showing the concentration of the substrate vs the rate of reaction per second of
the enzyme in the presence of said substrate. The kcat values represent the turnover rate per
second of substrate molecules by the enzyme. Kn is the concentration of substrate where half
of Vmax is achieved. The kcat and K principles and values can be determined using the
equations at the beginning of this chapter.
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Figure 4d. Graphs showing the rate of reaction per second of NDM-3+Ub vs ampicillin, penicillinG, imipenem, meropenem, and cefoxitin.
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4.3.1 NDM-3+UDb vs Representative Substrates

As shown above in the graphs (figure 4d), NDM-3+Ub enzyme was assayed against
ampicillin, penicillinG, imipenem, meropenem, and cefoxitin. The concentrations tested for
each substrate were dependent on the preliminary assays done for each as outlined in 4.2.
PenicillinG was assayed at varying concentrations from 50 uM to 800 pM, and ampicillin
from 100 pM to 1000 uM. For both substrates 700 uM exhibited the greatest activity from
NDM-3+Ub. NDM-3+Ub was then assayed against imipenem and meropenem from the
carbapenem family of antibiotics. Imipenem was tested between 20 uM and 350 uM, and its
highest activity was shown to be 300 uM. Meropenem was tested between 50 UM and 1500
MM, with 1000 uM showing the highest activity.

Finally, NDM-3+Ub was assayed against cefoxitin at varying concentrations from 20 uM to
250 uM. As shown above NDM-3+Ub activity against cefoxitin is highest at 250 puM.

4.3.2 Table of Results for NDM-3+UDb against p-lactam antibiotics

Keat (s1) Km (UM) Keat (51)/Km (UM)
Ampicillin 22 3 8.54
PenicillinG 62 186 0.33
Imipenem 3 67 0.04
Meropenem 9 9 0.94
Cefoxitin 1 107 0.01

Table 4d. Summary of results for NDM-3+Ub vs various substrates experiments at pH 7.5

Evident from table 4d above, NDM-3+Ub uncleaved exhibited activity against all five -
lactam antibiotics at pH 7.5 to varying degrees. The Vmax values and Kn, values are taken
directly from the graph and accompanying equation where the data were fit with the
Michaelis-Menten model. The kcat values represent the turnover rate per second of substrate
molecules by the enzyme. PenicillinG activity against NDM-3+Ub is considerably higher
than that of even its closest analogue, ampicillin, with ampicillin having almost one third of
the activity.

As can also be seen, the binding affinity between ampicillin and NDM-3+Ub was the highest
(lowest Kn, value), while meropenem showed high binding affinity too. Interestingly when
comparing the ‘catalytic efficiency’ rates or scores (kcat/Km) ampicillin scores highest,
followed by meropenem, penicillinG, imipenem, and finally cefoxitin. Despite penicillinG
showing a stronger Kcat value to all the other substrates, its high Kn value, and therefore low
affinity for the enzyme means its catalytic efficiency rating is lower than ampicillin and
meropenem in this instance.
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4.4 Cleaved NDM-3+UDb

While cleavage conditions of NDM-3+Ub were determined and optimised as outlined in
section 3.9, no enzymatic assay data was obtained on the cleaved enzyme. The cleaved
enzyme was isolated as shown in the SDS Page Gels in Figure 3i, but no activity was
measured on numerous assay occasions testing the cleaved NDM-3+Ub enzyme, at wide
ranges of cleaved NDM-3+Ub and substrate concentrations. Unfortunately, none of the five
substrates tested for the uncleaved enzyme as per section 4.3 and additional substrates such as
cephalothin showed activity and therefore, no activity data are available for this cleaved
enzyme.

Following these results, at this point the decision was made to order a new construct without
the ubiquitin tag attached to aid research of activity of NDM-3. This new construct (denoted
NDM-3(NC)) also contained the hexa-histidine tag in order to aid in one step purification as
before, and the purification process was completed as outlined in section 2.2 and 3.4. The
conditions of optimising this process were also outlined in chapter 3. The intended
comparison was between the cleaved and uncleaved NDM-3+Ub construct. Due to the lack of
activity of the cleaved enzyme, it was decided to change the comparison study to compare the
uncleaved NDM-3+Ub enzyme with the NDM-3(NC) enzyme and see the difference in
activities. The same substrates were used in order to make a direct comparison. For the sake
of clarity between the experiments using uncleaved NDM-3+Ub and the newer construct of
NDM-3, the latter was denoted NDM-3(NC).
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4.5 Activity Assays of NDM-3(NC)

Following on from Section 4.4, the enzymatic assays were carried out for NDM-3(NC)
against ampicillin, penicillinG, imipenem, meropenem, cefoxitin, and cephalothin in this
case. All assays were carried out at room temperature and at pH 7.5 and using the assay
buffer as determined in section 4.1. These data were also used in section 4.7 for the pH
profile experiments.

4.5.1 NDM-3(NC) vs Representative Substrates

In this section the NDM-3(NC) enzyme was assayed against ampicillin, penicillinG,
imipenem, meropenem, cefoxitin, and cephalothin (see figure 4e). Ampicillin was assayed at
increasing concentrations from 100 uM to 1500 uM and NDM-3(NC) activity was highest in
the presence of 1000 uM of ampicillin. NDM-3(NC) enzyme was assayed against penicillinG
at increasing concentrations from 100 uM to 1250 puM and again activity was highest in the
presence of 1000 uM of penicillinG. Both substrates highest activity at 1000 uM is
interesting as for NDM-3+UD the highest activity was the same between the two substrates,
but was lower at 700 pM.

NDM-3(NC) enzyme was then assayed against imipenem from 50 uM to 480 uM and
activity can be seen to be highest at 450 uM of imipenem. Against meropenem, activity was
measured from 50 uM to 1500 uM and activity was highest in the presence of 1500 uM of
meropenem. Above this concentration of meropenem however, no activity was measured for
NDM-3(NC).

When assayed against cefoxitin at increasing concentrations from 20 uM to 200 uM and
NDM-3(NC) activity was highest in the presence of 200 puM of cefoxitin. NDM-3(NC) was
inactive at concentrations above 200 uM of cefoxitin. Finally, when assayed against
cephalothin at increasing concentrations from 5 pM to 200 uM activity was highest in the
presence of 150 uM of cephalothin.
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4.5.2 Table of Results for NDM-3(NC) against p-lactam antibiotics

Keat (1) Km (UM) Keat (S1)/Km (UM)
Ampicillin 47 56 0.85
PenicillinG 38 206 0.18
Imipenem 9 960 0.01
Meropenem 17 585 0.03
Cefoxitin 2 14 0.11
Cephalothin 17 16 1.08

Table 4e Summary of results for NDM-3(NC) vs various substrates experiments at pH 7.5

As can be seen from table 4e, the summary table of results for NDM-3(NC) vs various -
lactam antibiotics, activity was present for all five substrates at pH 7.5. The K and Kcat
numbers were calculated from the plots above, and the equations given within the plot and at
the beginning of this chapter. The ket Values shown above represent the turnover rate per
second of substrate molecules by the enzyme, NDM-3(NC) while the K value represents the
binding affinity of the enzyme for the substrate.

Contrastingly to uncleaved NDM-3+Ub before, ampicillin has a higher rate of activity than
penicillinG does for NDM-3(NC). Also determined is that the binding affinity between
ampicillin, cefoxitin, and cephalothin is lower (and therefore better binding affinity), with
meropenem having a very high Kn value for NDM-3(NC), different to its lower one for
NDM-3+Ub.

Evident from these results are that ampicillin and penicillinG elicit the highest activity, with
ampicillins binding affinity being much better than penicillinG’s in this case. As can be
clearly seen, NDM-3(NC) alone had higher kcat values for the majority of the substrates, with
penicillinG being the one notable exception.

For NDM-3(NC) the catalytic efficiency ‘ratings’ are in the following order;
Cephalothin, ampicillin, penicillinG, cefoxitin, meropenem, and imipenem.
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4.5.3 Comparison of NDM-3+Ub and NDM-3(NC) activities against five
representatives from the g-lactam antibiotic families

Substrate Enzyme kcat (s1) Km (uM) kcat (s1)/Km (UM)
Ampicillin | NDM-3+Ub 22 3 8.54
NDM-3(NC) 47 56 0.85
PenicillinG | NDM-3+Ub 62 186 0.33
NDM-3(NC) 38 206 0.18
Imipenem | NDM-3+Ub 3 67 0.04
NDM-3(NC) 9 960 0.01
Meropenem | NDM-3+Ub 9 9 0.94
NDM-3(NC) 17 585 0.03
Cefoxitin NDM-3+Ub 1 107 0.01
NDM-3(NC) 2 14 0.11

Table 4f. Table of Kcat, Km, and Keat / Km values for NDM-3+Ub and NDM-3(NC) for
comparison of results.

What can be seen from summary table 4f, is that NDM-3(NC) has higher K values to NDM-
3+Ub for all substrates with the exception of cefoxitin. The affinity of NDM-3+UDb is higher
than the construct without the ubiquitin tag. What this tells us is that the ubiquitin tag makes
this construct (NDM-3+UDb) less active generally, but actually increases the affinity the
substrates have for the enzyme, therefore increasing the ‘catalytic efficiency’ number. It is
worth noting that the ubiquitin tag must be altering the conformation of the enzyme
significantly and allowing a different or improved access for the substrate and enzyme to
bind. However, despite aiding in access it seems to hinder the activity of the enzyme too. In
this instance, NDM-3(NC) construct that does not contain the ubiquitin tag seems to be better
than the construct with the ubiquitin tag(NDM-3+UDb), as it is a truer representation of the
enzymatic ability of the enzyme.

For NDM-3(NC) the catalytic efficiency ‘ratings’ are in the following order;
Cephalothin*, ampicillin, penicillinG, cefoxitin, meropenem, and imipenem.

For NDM-3+UD, it was;
Ampicillin, meropenem, penicillinG, imipenem, and cefoxitin.
*Not tested for NDM-3+Ub
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From this information we can ascertain that imipenem is not a substrate that is catalysed as
readily by NDM-3 as others in general, and that ampicillin and penicillinG appear to deplete
faster and bind better to the enzyme. Meropenem seems to have undergone the greatest
change between the two enzymes, ranking second for NDM-3+UDb, to second last for NDM-
3(NC). This all appears to be as a result of a much higher Kn, value for the latter.

71



Chapter 4 — Enzymatic characterisation of NDM-3 resistance to B-lactam antibiotics

4.6 Comparison of NDM-3(NC) to NDM-1, NDM-4, NDM-8, NDM-14

NDM-3 keat () Km (uM) keat (s3)/Km (uM) Substrate NDM-1
47.32 55.52 0.85 Ampicillin
37.83 205.92 0.18 Penicillin
9.14 959.51 0.01 Imipenem
17.43 584.76 0.03 Meropenem
1.54 13.70 0.11 Cefoxitin
NDM-4 kcat (st Km (UM kcat (s1)/Km (UM Substrate Km (UM NDM-14
Ampicillin
Penicillin
Imipenem
Meropenem
Cefoxitin
Ampicillin
Penicillin
Imipenem
Meropenem
Cefoxitin

Table 4g. Comparison of NDM-3(NC) to NDM-1 (177), NDM-4 (161), NDM-8 (162), and NDM-14 (177)
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4.6.1 NDM-3(NC) vs NDM-1; Enzymatic assays comparison

As can be determined from the table 4g above, NDM-3(NC) has lower affinity (higher K,
values) and lower turnover rates (Kcat) than the other NDM mutants. This could be attributed
to the position of the substitution which as described in Chapter 2 and 3 that it is on the
surface of the protein, at residue 95. As can be seen from table 4g, NDM-3(NC) has weaker
activity rates than NDM-1 for all antibiotic substrates when data were available for NDM-1.
No data were available for NDM-1 activity against cefoxitin, but the activity for NDM-3(NC)
for that substrate was very low. There is sufficient evidence that NDM-3(NC), similar to
NDM-1, appears to hydrolyse all B-lactam antibiotics. NDM-3(NC) had lower Kca: values
than NDM-1 for all substrates tested, and had higher Kn, values (and therefore lower affinity)
for all excepting ampicillin. This suggest that the substitution on the surface of the protein,
from aspartic acid to asparagine (Asp to Asn) aids in some way for the ampicillin substrate
binding to the active site of NDM-3(NC). Perhaps it can be attributed to the change in charge,
from negatively charged to uncharged/neutral at pH 7.0. Overall, however, due to the lower
kcat numbers for NDM-3(NC) - between 16% and 26% activity of NDM-1 was measured - the
catalytic efficiency of NDM-1 is far superior than NDM-3(NC). The substitution location is
not in the active site nor is it involved in the active site area so the decrease of activity for a
single amino acid substitution indicates that there is much about these enzymes and their
mechanisms of action that we do not yet know.

4.6.2 NDM-1, NDM-3, NDM-4, NDM-8, and NDM-14 comparisons
Generally NDM-1 shows the greatest activity in the hydrolysis of B-lactam antibiotics than
NDM-3(NC), NDM-4, NDM-8, and NDM-14. The few exceptions are NDM-8’s higher
carbapenemase activity, and NDM-14’s higher activity against penicillin. The increased
NDM-8 imipenem and meropenem activity is again perhaps attributable to the substitutions
of two amino acids, at position 130 and 154 from Asp to Gly and Met to Leu respectively.
Like NDM-3, these residues are not present in the two important loops — L3 and L10 —
further suggesting that unknown to us as yet residues must indirectly affect the binding site or
the binding affinity the enzyme has with the antibiotic not in the active site. For these
substitutions, at pH 7.0; at 130 there is a negatively charged aspartic acid replaced by a
neutrally charged glycine, and at 154 there is an uncharged methionine residue replaced by a
positively charged leucine residue. Interestingly the same replacement occurs in NDM-4 at
154 only (not at 130 too) and the increased carbapenemase activity is not evident.

For NDM-14’s increased activity against penicillin, its residue substitution occurs at 130 and
is the same as NDM-8. It appears that the substitution at 154 alone does not increase enzyme
activity against carbapenems or penicillin (such as NDM-4 mentioned above). However, a
substitution at residue 130 alone shows increased penicillin activity for NDM-14, and when
aided by the substitution of 154 in NDM-8 appears to lead to increased carbapenem activity.

This is interesting due to the nature of where the substitutions lie. The substitution for all
NDM-1 mutants as listed above do not occur in the active site in either the L3, or L10 loops.
It is telling that a single substitution far enough away from the active site can impact on
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certain substrates activity so greatly. It tells us that this amino acid residue must indirectly
affect the substrate’s interaction with the active site of the enzyme.

4.6.3 Enzymatic assays comparison - Conclusion

NDM-3(NC) shows lower activity than all of the other NDM mutants listed above. This
could mean that residue 95 being substituted as outlined above makes a significant difference
to the binding and the hydrolysing activity of the enzyme for each substrate. While further
study on this area could further illuminate the reasons behind this, it is interesting to see how
one, and in some cases two, single amino acid substitutions can widely affect an enzyme’s
ability to hydrolyse B-lactam antibiotics.

It is as yet unclear which residues and residue positions play an integral role in their
enzymatic activity, but it is also clear that NDM-1 followed by NDM-8 seem to have the
highest all-around activities. NDM-1 also shows the best ‘catalytic efficiency score’ out of all
of the NDM mutants listed above, which must aid in its robust and virulent nature.
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4.7 pH profile study for NDM-3(NC)

Aim of the pH profile study

For these experiments NDM-3(NC) was used in assays against four antibiotics — ampicillin,
imipenem, meropenem, and cefoxitin. Assays were performed across a range of pH 4.5 to pH
11.0 for each substrate. The aim was to find the optimal pH range for NDM-3(NC) for the
four substrates below, and to analyse and compare the results.
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Figure 4f. Graphs showing results of NDM-3(NC) vs ampicillin at pH 6.0, 7.5, 9.0, and 11.0.
No data could be measured at pH 4.5
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4.7.1 Table of Results showing activity of NDM-3(NC) against ampicillin
substrate over range of pH values from 4.5to 11.0

Ampicillin kcat (s1) Km (uM) kcat (s1)/Km (UM)
4.5 ND ND ND
6.0 19 221 0.09
7.5 47 56 0.85
9.0 44 427 0.10
11.0 13 571 0.02

Table 4h. Summary of results for NDM-3(NC) against ampicillin at multiple pH points

As can be seen from the plots (figure 4f) and the table of results (table 4h), at pH 4.5 no data
was measured. At pH 6.0 only low activity was measured. Unsurprisingly, at physiological
pH 7.5 the highest activity was measured. This was consistent until pH 9.0 after which point
the activity dwindled. The substrate had much higher affinity (a low Km value) for the NDM-
3(NC) enzyme at pH 7.5 compared to pH 9.0, therefore the catalytic efficiency value is
highest here. At pH 9.0 the K value is much higher which means that a higher concentration
of substrate is necessary at this pH in order to achieve Vmax. At pH 11.0 the lowest
measurable activity was shown, showing the lowest affinity and turnover rate at this pH. This
physiological pH preference on the part of NDM-3 makes sense. pH 7.5 is definitely the
optimal pH point for ampicillin hydrolysis for NDM-3(NC), but between pH 7.5 and 9.0
appears to remain highly active.
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4.7.2 Imipenem
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Figure 4g. Graphs showing results of NDM-3(NC) vs imipenem at pH 6.0, and 7.5.
No data could be measured at pH 4.5, 9.0, or 11.0.

4.7.2 Table of Results showing activity of NDM-3(NC) against imipenem
Substrate over range of pH values from 4.5 to 11.0

Imipenem kcat (s1) Km (uM) kcat (s1)/Km (UM)
4.5 ND ND ND
6.0 3 147 0.00
7.5 9 960 0.01
9.0 ND ND ND
11.0 ND ND ND

Table 4i. Summary of results for NDM-3(NC) against imipenem at multiple pH points

As can be seen from the plots (figure 4g) and table 4i, at pH 4.5, 9.0, and 11.0 no data were
able to be measured. At pH 6.0 very low activity was measured. Again, unsurprisingly
physiological pH of 7.5 showed the greatest activity, specifically three times that of pH 6.0.
However, for both pH points the affinity of the substrate for the enzyme was very low, as can
be seen by the high Km value. Overall imipenem appears to be hydrolysed poorly by NDM-
3(NC) and the pH study shows a much narrower pH range of imipenem usefulness, compared
to the other substrates. The optimal range is pH 7.5, or more probably pH 7.0 to 7.5.
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4.7.3 Meropenem
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Figure 4h. Graphs showing results of NDM-3(NC) vs meropenem at pH 4.5 ,6.0, 7.5, and 9.0.
No data could be measured at pH 11.0
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4.7.3 Table of Results of activity of NDM-3(NC) against meropenem for pH
range 4.5to0 11.0

Meropenem kcat (s) Km (uM) kcat (s1)/Km (UM)
4.5 3 6979 0.00
6.0 13 1258 0.01
7.5 17 585 0.03
9.0 15 504 0.03
11.0 ND ND ND

Table 4j. Summary of results for NDM-3(NC) against meropenem at multiple pH points

As can be seen from the plots (figure 4h) and table (table 4j) data were available at pH 4.5,
6.0, 7.5, and 9.0 for meropenem. At pH 4.5 very low activity was measured which when
added to an extremely high Km value signifying very low affinity means realistically it is not
part of the optimal range of pH for meropenem and NDM-3(NC). It was noted however that
meropenem and imipenem have very different activity profiles at different pH values.
Unsurprisingly, the physiological pH of 7.5 showed the greatest activity, and pH 9.0 very
similar. The catalytic efficiency value for pH 9.0 is actually superior to pH 7.5 due to a
slightly improved Ky, value for pH 9.0. No data could be recorded at pH 11.0, but thus far
meropenem appears to have a wider optimal pH range than imipenem. Interestingly the K
values decrease rather quickly between pH 4.5 and eventually pH 9.0. This again shows the
optimal range for meropenem is pH 7.5 - 9.0.
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4.7.4 Cefoxitin
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Figure 4i. Graphs showing results of NDM-3(NC) vs cefoxitin at pH 7.5, 9.0, and 11.0

No data could be measured at pH 4.5, or 6.0
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4.7.4 Table of Results showing activity of NDM-3(NC) against cefoxitin

Substrate over range of pH values from 4.5 to 11.0

Cefoxitin kcat (s1) Km (uM) kcat (s1)/Km (UM)
4.5 ND ND ND
6.0 ND ND ND
7.5 2 14 0.11
9.0 2 56 0.03
11.0 6 266 0.02

Table 4k Summary of results for NDM-3(NC) against cefoxitin at multiple pH points.

As can be seen from the plots (figure 4i) and table (table 4k) data were available at pH 7.5,
9.0, and 11.0 for cefoxitin. For all three pH points rather low activity was measured, and
increasing Km values from pH 7.5 to pH 11.0 means that pH 7.5 is the best pH point of the
three measured. Unsurprisingly again the physiological pH of 7.5 showed the greatest

activity, while pH 9.0 had the same Keat vValue but a higher K value meaning it was not quite

as efficient at this pH point. The catalytic efficiency value for pH 7.5 is superior to pH 9.0.
which is superior to pH 11.0, but they are relatively close in values. The Ky, values for all
three are relatively low, indicating good binding between enzyme and substrate, in
comparison to values obtained for some of the other substrates. At pH 4.5 and 6.0 no data
were recorded.
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4.7.5 Overall pH ranges of the substrates; ampicillin, imipenem,

meropenem, and cefoxitin
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Figure 4j. The two graphs plot (a) pH vs log kcar and (b) pH vs log keat / Km
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4.7.5 What information this pH study can tell us

As seen in the data above and in the summary graphs in figure 4j, the optimal pH for each
substrate when interacting with NDM-3(NC) can be measured from graphing log Kcat vs pH

and log Kcat/Km Vs pH.

In this example it can be clearly seen that the optimal pH ranges for each substrate are as

follows;

Substrate Optimal pH range
Ampicillin 75-8.5
Imipenem 7.5
Meropenem 75-9.0
Cefoxitin 7.5

Table 4l. Table showing optimal pH point or range for NDM-3(NC) with each substrate.

From table 41 we can deduce that all four of the chosen substrates show some, but more
importantly, the highest activity is at physiological pH. This would contribute to the virulent
nature of NDM, as its most active form is at the neutral pH range, between 7.3 to 7.8, which

is the physiological pH range.

These plots (figure 4j) also tell us over what pH range NDM-3(NC) is capable of hydrolysing
specific B-lactam antibiotics, as well as the optimum range for its hydrolysis of each enzyme.
We learn from this that imipenem has the narrowest range of activity over pH.
It can be inferred from this that the pH range of 7.0 — 8.0 is most appropriate for NDM-3(NC)

to thrive against all of the antibiotics tested.

Meropenem and ampicillin were the widest ranging, while cefoxitin was capable of showing
activity at more pH points than imipenem but less than meropenem or ampicillin.
Interestingly, meropenem has a wider optimal pH range than ampicillin, and despite have
some activity at pH 4.5, still has the optimal activity at pH 7.5 and above.

Despite having preferred pH ranges, NDM-3(NC) shows activity over the entire range for

different substrates, which is a huge pH range of activity.
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4.8 Lactonase Experiment

As outlined in the experimental section in chapter 3, NDM-3(NC) underwent assays to test if
it had activity against lactonases. Following procedures previously determined as per Miraula
in “Promiscuous metallo-p-lactamases: MIM-1 and MIM-2 may play an essential role in
quorum sensing networks” (154). Initial assays were carried out to determine the correct
methanol percentage required for the buffer. This was carried out using 50 uM penicillin as
the enzyme has been proven to be active in the presence of penicillin. Increasing amounts of
methanol were added to each assay to see the effect it had on the enzyme activity. A
concentration of 15% methanol was found to be the optimum percentage (155; 156; 157; 158;
159; 160).

Two AHL’s were used in the experiment, namely N-(B-ketocaproyl)-L-homoserine lactone
and N-3-oxo-octanoyl-L-homoserine lactone. No activity was found for either lactone for
NDM-3(NC). Preliminary assays determined that NDM-3(NC) had no lactonase activity,
however it would be interesting in the future for other groups to test NDM-1 in the same way.
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4.9 Conclusion

NDM-3 was a sensitive and difficult enzyme to work with, giving problems during
purification and isolation of active enzyme. Once this had occurred, enzymatic assays for
both NDM-3+Ub and NDM-3(NC) were carried out.

The assay buffer used for all of the enzymatic assays was determined through optimisation
experiments outlined in section 4.1, which was 50 mM HEPES and 50 mM NacCl.

From section 4.3 to 4.5 the kcat and K values for both enzymes (NDM-3+Ub, and NDM-
3(NC)) were determined and reported. Through this process we saw that no activity could be
measured for the cleaved NDM-3+Ub construct when isolated after successful cleaving with
USP2cc protease. A new construct (NDM-3(NC)) substituted then as outlined in 4.5, and the
two sets of results were outlined at the end of section 4.5. Ultimately it has been determined
that NDM-3 (both constructs) has a wide range of hydrolytic activity for all the substrates
tested. While binding affinities and therefore catalytic efficiencies altered, the turnover
numbers were generally consistent between the two NDM-3 constructs.

In section 4.6 the results reported from section 4.5 for NDM-3(NC) were used for a
comparison with literature data available for NDM-1, NDM-4, NDM-8, and NDM-14. This
was an effort to see where NDM-3(NC) activity ranked in relation to these other mutants
which had kinetic data available. NDM-3(NC) proved to show the lowest activities of all the
mutants listed above.

From the pH profile study for NDM-3(NC) against ampicillin, imipenem, meropenem, and
cefoxitin, we can see that at physiological pH (pH 7.3 — 7.8) NDM-3(NC) has the highest
activity rates. This absolutely contributes to the virulence NDM-3(NC), and by extension
NDM-1 would have as it can flourish at physiological pH levels. Adding to this, this study
also showed the wide pH range that NDM-3(NC) can hydrolyse p-lactam antibiotics over.

No inhibitor was available for testing at the time of these experiments but future work in this

area involving potential inhibitors whether universal or specific to NDM MBLs with NDM-3
or NDM-1 would be advantageous. This is a topic and area of research where there is no end

to the amount of work to do, with the biggest task being to find an antibiotic that evades most
evolutions the enzymes could adapt and evolve to. Alternatively, finding an inhibitor, similar
to clavulanic acid for SBLs, that would inhibit or cause the mechanisms the MBLs employ to
inactivate the lactamase antibiotics to fail would be the goal. This seems to be the most viable
option but there is still much work to do before that happens.
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Thesis Conclusion

As discussed in Chapter One — ‘Introduction and research background’ the main aim of this
research work was to isolate and optimise the expression, purification, and characterisation of
novel enzyme NDM-3 and to compare it to well-known and better characterised NDM-1
enzyme. NDM-3 is currently just one of up to 15 mutants of NDM-1 which have been
discovered. The NDM-3 plasmid originally acquired was a ubiquitin-hexa histidine fusion
protein denoted NDM-3+Ub, which aided in expression and purification yields but required
the addition of a cleavage step in order to isolate the NDM-3 protein on its own. NDM-3 has
a single amino acid difference from NDM-1, and the placement of said substitution is not
directly involved with the active site or the residues around it. The native NDM-1 enzyme
along with its mutants are of high importance for further investigation by research due to
their significant impact to human health. At the time this research project began no published
papers or documents were available on NDM-3. Since completing experimental work on this
enzyme similar results were found by another group, which showed similar enzymatic
characterisation results with some of the same substrates (5).

NDM-3 was a sensitive and at times problematic enzyme to work with. It was highly
sensitive to changes in environment, including salt concentrations, imidazole concentrations,
temperature changes, and unfortunately it was common that despite having it isolated the
enzyme did not show or have any activity against any of the B-lactam antibiotics (in the case
of NDM-3+Ub only). The data shown are the result of many failed attempts to isolate a pure,
active, and (in the case of the construct with the ubiquitin tag) cleaved enzyme for NDM-
3+Ub. As the research project developed, the need for an NDM-3 construct without the
ubiquitin tag was required as no activity was shown for the cleaved enzyme, that construct
denoted NDM-3(NC). As shown in chapter three, even though the cleavage was quite clear
on the SDS gel, the enzyme was not active when assays were carried out. For this reason,
only results with NDM-3+Ub tag were available.

When the second NDM-3 construct was made available, NDM-3(NC), the same expression
and purification steps were utilised as both constructs had hexa-histidine tags attached,
allowing for a ‘one-step’ purification using IMAC (chromatography) and using imidazole as
the eluting agent. The appropriate imidazole concentrations were also a scientific discovery
due to the sensitivity of the enzyme. The maximum imidazole concentration that worked best
for my enzyme was 100 mM and this was determined to work best for my enzyme compared
to the usual/suggested higher concentrations due to precipitation issues when higher
concentrations were used (165).

The uncleaved NDM-3+Ub and NDM-3(NC) underwent similar enzymatic assay testing and
the data were fit with steady-state kinetics plot fitting. Michaelis Menten (174) equations
were used to determine the kest and K values of each construct for each substrate and a
comparison carried out between the results of each. The results were as expected mostly, in
that the NDM-3(NC), the construct without the ubiquitin tag, had higher kca: values than the
ubiquitin tagged protein, but interestingly the K values showed higher binding affinity for
the enzymes in the construct with the ubiquitin tag. This suggests perhaps a structural
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difference which allows the substrate to access the enzyme sites more easily, and yet not aid
in the rate of reaction.

The cleaved NDM-3+UDb protein never showed activity for any of the substrates that it did
when uncleaved, and indeed than the new construct did when tested afterwards. The cause for
the inactivity of the protein is unknown to the author. It was not caused by precipitation of the
protein or lack of cleavage by the protease (evidence of cleavage is in the SDS gel in chapter
3- Figure 3i).

The NDM-3(NC) underwent enzymatic assay testing and was compared to NDM-1 and other
NDM mutants where the data were publicly available. The comparison showed that NDM-
3(NC) is approximately 40% as active as NDM-1 against the substrates it has the highest
activity against, namely ampicillin and penicillinG. Other NDM mutants showed significant
increases in activity for certain antibiotics especially carbapenems. Ideally in the future
further research will be undertaken to attribute the changes in activities for substrates based
on the residue differences between all of the mutants. Currently potentially deterring this
however is the wide range of reported results for NDM-1, and of course the knowledge gap
surrounding NDM-1 in general due to it being more dissimilar to the other B1 type MBLs
than members of the groups are usually. Ideally using all the information about the mutants in
the future it will be easier to determine which residues specifically are vital for high affinity
and low Kcat numbers.

Further kinetic assays were carried out on NDM-3(NC) against one representative from each
B-lactam antibiotic family at different pH points. | chose ampicillin, imipenem, meropenem,
and cefoxitin to assess. This experiment found the rate of reaction for pH 4.5, 6.0, 7.5, 9.0,
11.0 and plotted the log of the Kcat and the Keat /Km to see what pH range suits NDM-3(NC)
best for each substrate. Generally, it was found that physiological pH range was most suited
for NDM-3(NC), between 7.0 and 8.0 (human pH levels would be 7.3 — 7.6). This further
adds to the reasons behind NDM-1’s ability to flourish in humans.

Throughout this thesis error bars or RSDs are shown. Within plots/graphs (such as
optimisation of buffers) the RSD and %RSD were calculated. For the data that were fit by
Michaelis Menten kinetics the errors are included in the graph legend, which can be found
beside each result.

The final aim of this project was to carry out initial assays to see if NDM-3(NC) had any
lactonase activity which could be the basis for future work. Unfortunately, when tested the
enzyme against two different AHLases neither showed activity against NDM-3(NC) from the
proven active NDM-3(NC) batches previously used in lactamase activity assays.

Therefore, | can conclude that all of the aims of this research project were carried out where
possible during the research time of this degree, and that hopefully the results found here
could be useful to the scientific community in the future if all NDM mutants kinetic
characterisation results are pooled together to attribute conformation and amino acid
substitutions in order to better understand the way NDM’s work. This would be done with an
aim to finding or developing an inhibitor or new type of antibiotic that these enzymes would
be unable to evolve past.
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With the work currently going on in this field I am confident that with further research it will
be possible to overcome this challenge we face. The sooner this particular enzyme is
overcome the better due to the potential it has to cause death and illness.
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