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Abstract

Metallo-B-lactamases (MBLs) are a class of Zn?* containing enzymes that hydrolyse
the B-lactam bond in B-lactam antibiotics and render them inactive. New Delhi
metallo-B-lactamase 1 (NDM-1) is particularly troubling as the gene blanpm-1 is
plasmid borne resulting in rapid widespread dissemination. With few effective
antibiotics against NDM-1 expressing bacteria, and resistance developing to those

which remain, there is an urgent need to find new MBL inhibitors.

Combining B-lactam antibiotics with B-lactamase inhibitors is considered amongst
the most reliable of strategies for tackling resistant pathogens. However, the
development of effective B-lactamase inhibitors has proved challenging. MBLs share
a conserved active site with a number of human proteins and therefore orthosteric

inhibitors often result in adverse side effects.

Affimers may represent an alternative for the selection of novel MBL inhibitors. An
Affimer that binds NDM-1 and inhibits it in a dose dependent manner was isolated,
as confirmed in B-lactamase activity assays and cell based assays in clinical strains.
Initial results indicated that Affimer 21 is an allosteric inhibitor, suggesting that it
may be highly specific for NDM-1, reducing the possibility of off-target effects. To
elucidate the binding interaction, attempts were made at obtaining a co-crystal
structure and alanine scanning mutagenesis of the two variable regions was
performed. The functional effects of the alanine substitutions on efficacy of NDM-1
inhibition were measured and the data used to guide the generation of sub-libraries
to select for improved inhibitors. However, despite stringent screening approaches,
the original Affimer has so far proven to be the the most effective inhibitor, with an

estimated 1Cso of 0.37 uM.

Further investigation into the use of Affimers as a platform for identifying novel
inhibitors effective against metallo-B-lactamases could represent a useful tool in the

ongoing battle against antibiotic resistant pathogens.
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Chapter 1

Introduction



1. Introduction

1.1 Background

Over the past seventy years the antibiotics era has been hampered by emergence of
resistance. The incidence of multi-drug resistant infections has dramatically increased
worldwide. Methicillin-resistant Staphylococcus aureus (MRSA) and more recently, New
Delhi Metallo B-lactamase 1 (NDM-1) expressing Enterobacteriaceae feature regularly
and prominently in the media. However, despite this increase in bacterial resistance,

development of new antimicrobial agents is declining (Wise et al., 2011).

The emergence and spread of antibiotic-resistant bacteria is now considered to be one
of the biggest threats to human health (World Health Organisation., 2016). Multi-drug
resistant infections currently claim at least 700,000 lives each year; and this is predicted
to rise to 10 million by 2050, taking the expected mortality rate higher than that caused

by cancer (O’Neill, 2014) (Figure 1.1).

2014 2050

B AMR

B Cancer

[ Cholera

[ Diabetes

[ Diarrhoeal disease
B Measles

] Road traffic accidents
B Tetanus

Figure 1.1: Deaths attributable to anti-microbial resistance (AMR) in 2014 and deaths
predicted in 2050 compared to other major causes of death. Data sourced from AMR
review paper (O’Neill, 2014).

Antibiotic resistance also encompasses an extensive economic cost, which is expected
to grow if resistance is not tackled. The World Bank has estimated it could cost the
world economy $1 trillion annually after 2030 (World Bank Group, 2017) and a

reduction of 2-3.5 % in Gross Domestic Product (GDP). If antimicrobial drug resistance
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is not tackled, between now and 2050 the world could expect to see a loss of between
60 and 100 trillion dollars worth of economic output - equivalent to the loss of around
one years total global output. Furthermore, in the short term it is predicted that the
world’s GDP will be 0.5 % lower by 2020 and 1.4 % by 2030, with a death-toll of more
than 100 million people (O’Neill, 2014).

In 2013, Britain’s Chief Medical Officer Dame Sally Davies issued a public warning
regarding the overuse of antibiotics and the subsequent emergence of resistance
(Walsh, 2013). She stated ‘If we don't take action, then we may all be back in an almost
19th Century environment where infections kill us as a result of routine operations. We
won't be able to do a lot of cancer treatments or organ transplants.” This warning
triggered a number of scientific reports, action plans, and pledges to reduce the use of
antibiotics by the World Health Organisation (WHO), the Farm and Agricultural
Organisation (FAOQ), and the G20 (Kirchelle, 2018). Despite this, international reduction
plans have been slow to translate and a robust way of tackling the problem has yet to

be realised.

1.2 History of antibiotics

Although antibiotics are often viewed predominately as a modern discovery, there is
evidence to suggest that they have been used in some capacity for millennia. Historical
reports suggest that ancient civilizations used naturally available treatments such as
honey, herbs, animal faeces and even the topical application of mouldy bread to treat
infections (Gould, 2016). Traces of tetracycline have been found in the bones and
enamel of skeletons from ancient Sudanese Nubia from the years 350-550 AD as well

as in femoral bones from Egypt dating back to the late Roman period (Aminov, 2010).

Although plants and other natural substances were historically used as antibiotics, the
actual “antibiotic era” did not begin until the 19%" century when Paul Ehrlich, a German
physician, discovered that certain chemicals dyes selectively stained bacterial cells
(Ehrlich, 1877). He concluded that it must be possible to find substances that kill
bacteria without harming other cells, effectively founding the concept of
chemotherapy. In 1909 he discovered that a chemical called arsphenamine was an

effective treatment for syphilis (Ehrlich, 1910). Shortly after this, in 1928, came the
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serendipitous discovery of penicillin by Alexander Fleming. Despite researchers before
him having reported similar observations regarding the antimicrobial activity of
penicillin, it was Fleming’s remarkable persistency and conviction that led to its
eventual success. He spent 12 years trying to resolve problems with purification and
stability before Oxford-based scientists Florey and Chain published work describing a
purification technique that eventually led to its commercial availability (The Nobel Prize
in Physiology or Medicine, 1945). Fleming was also one of the first people to warn about

the dangers of antibiotic resistance (New York Times, 1945).

The following 20 years became known as the ‘Golden Age’ of antibiotic discovery.
Within 10 years of the end of World War 2, a number of important antibiotics had been
discovered and developed. They became the foundation for the treatment of infectious
disease and along with the introduction of better hygiene, led to a dramatic reduction

in worldwide morbidity and mortality due to bacterial infections (Davies, 2006).

Today, antibiotics not only play a vital role in human health, they underpin the practice
of modern medicine and have played a pivotal role in achieving major advances in
medicine and surgery (Gould et al. 2013). They are critical for the prevention and
treatment of infections in patients who are receiving chemotherapy; who have chronic
diseases such as diabetes, end-stage renal disease, or rheumatoid arthritis; or who have
had complex surgeries such as organ transplants, joint replacements, or cardiac surgery.
Additionally, in less-developed countries, antibiotics dramatically reduce the morbidity
and mortality rates from infections caused by poor sanitation and living conditions

(Rossolini et al., 2014).

1.3 Gram-negative bacteria and infections

Bacteria can be broadly classified as either Gram-positive or Gram-negative, according

to their cell wall structure (Figure 1.2).
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Figure 1.2: Differences in the cell wall structure of Gram-positive and Gram-negative
bacteria. Gram-positive cell walls contain one lipid plasma membrane and a thick
peptidoglycan layer interlinked with teichoic and lipoteichoic acids. Gram-negative
bacteria have an inner and an outer membrane and only a thin layer of peptidoglycan
in the periplasmic space. The outer membrane of Gram-negative bacteria is also rich in
lipopolysaccharide (exotoxin). (Atanosova, 2010).

Gram-negative bacteria are notoriously more difficult to treat than Gram-positive
bacteria due to the low permeability barrier of a double-membrane cell envelope and
a lipopolysaccharide-rich (endotoxin) outer membrane (Zgurskaya et al, 2015). Bacteria
are genetically very versatile and are able to incorporate DNA from different species
and genera into their own genome. They evolve very quickly and are able to multiply
rapidly (Hamilton-Miller, 1990). Additionally, both Gram-positive and negative bacteria
are able to exchange genetic material via horizontal gene transfer, allowing easy

dissemination of mutations and resistant genes.

Gram-negative bacteria are responsible for a wide range of acute infections (Table 1.1).
The most common species Enterobacteriaceae and Pseudomonaceae are normally
located in the digestive tract and have relatively low virulence. However, in patients
with weakened immune systems these bacteria are capable of entering the
bloodstream and without effective treatment can lead to circulatory shock, acute

respiratory distress and multiple organ failure (Schellekens et al, 1989).
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Table 1.1: Common Gram-negative bacteria and their associated infections. Data

sourced from Peleg et al., 2010.

Gram-negative bacteria

Associated infections

Escherichia coli

Pneumonia, urinary tract infections,

blood stream infections, diarrhoea

Klebsiella pneumoniae

Pneumonia, urinary tract infections,
blood stream infections, diarrhoea,

endocarditis, meningitis

Acinetobacter baumanii

Wound infections, pneumonia, urinary
tract infections, blood stream infections,

meningitis

Pseudomonas aeruginosa

Pneumonia, blood stream infections,

urinary tract infections, cellulitis

Neisseria gonorrhoeae

Gonorrhoea

All of the Gram-negative species reported in Table 1.1 have demonstrated antibiotic

resistance (National Institute of Allergy and Infectious Diseases, 2016). One of the most

troubling is the rapid international spread of carbapenem resistant Klebsiella

pneumoniae which has mortality rates of up to 53 % (Munoz-Price, 2013).

1.4 Emergence of antibiotic resistance

Antibiotics have saved billions of lives. However, there is no doubt that the overuse and

misuse of antibiotics have had the largest impact on the evolution of resistance by

increasing selection pressure (Ventola, 2015) (Figure 1.3). By 1960 antibiotics were

being routinely used for treatment of both human and animal infections and for growth

promotion in livestock, and resistance was beginning to become apparent (Davies,

2006).
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Figure 1.3: Contribution of factors driving antibiotic resistance. A representation of
the potential contribution of factors that are thought to drive antibiotic resistance.
Evidence suggests that the misuse and overuse of antimicrobials in human and animals
has the biggest contribution to antibiotic resistance (Holmes et al, 2015).

1.4.1 Overuse and Misuse

Despite warnings about increasing resistance, antibiotics are still overprescribed
globally. In many countries, the production and prescription of antibiotics is
unregulated and results in drugs that are of variable quality, easily accessible and cheap;
promoting overuse. Increased online access has also led to a surge in the unregulated
purchasing of antibiotics, even in countries where antibiotics are currently regulated

(Michael et al, 2014).

Antibiotics are effective only against bacteria but it is often difficult to differentiate
between a bacterial and a viral infection without expensive and lengthy testing. In the
past, this has led to antibiotics being pre-emptively prescribed for infections that will
not respond to these treatments. Additionally, antibiotic dosages are designed to

eradicate an entire bacterial population and yet prescribed courses of antibiotics are
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often not completed. This can promote the incidence of surviving bacteria adapting to
low level doses of antibiotics and developing resistance (Read et al, 2014). A review by
Davies et al (2006) reported on the effects of sub-inhibitory concentrations of
antibiotics on the transcriptional profiles and phenotypes of Salmonella typhimurium,
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus. A wide range of
effects were observed including increased adhesion, increased mutational frequency
and enhanced horizontal gene transfer. Additionally, another study revealed that sub-
inhibitory concentrations of imipenem in Pseudomonas aeruginosa induces both ampC,
a gene that codes for B-lactamase; and increases the production of alginate to form

thicker and more robust biofilms (Bagge et al, 2004).

1.4.2 Agricultural use

In 1948, the scientist Thomas Jukes discovered that the addition of low levels of
tetracycline to the diets of chickens and pigs increased their growth rate, even when
they were perfectly healthy (Carpenter, 2000). Subsequently, antibiotic use in food
production began to increase and was introduced on farms, fishing fleets and
processing plants to treat and prevent disease, increase feed production, and preserve
food. Resistant bacteria and bacterial plasmids are transported on animal skin, in faeces
and contaminated water and by various mechanisms, can be transferred to humans
(Kruse et al, 1994). By 1965 the association between antibiotic use in cows and
transmission of resistant bacteria to humans, had begun to be recognised (Anderson et
al, 1965). Evidence suggests a food-borne transmission route for extended-spectrum -
lactamase and Ambler class C B-lactamase genes via handling or consumption of
contaminated meat (Voets et al, 2013). Infections with the superbug MRSA are normally
community or clinically associated. However, in 2014 the European Centre for Disease
Prevention and Control (ECDC) initiated a survey to collect data on the incidence of
livestock-associated MRSA (LA-MRSA) in humans. Although overall occurrence amongst
all types of MRSA was low (3.9 %), 17 out of 19 countries reported confirmed cases of
LA-MRSA (ECDC survey, 2017). Despite this amassing evidence, a ban on the use of
antibiotics for growth promotion in livestock in the European Union did not occur until

2006, and outside Europe such use still occurs widely (Antibiotic Research UK, 2018).



1.4.3 Failure of discovery

There have been no new classes of antibiotics discovered for treatment of Gram-
negative bacterial infections in the past 40 years. Pharmaceutical companies are no
longer investing in the discovery of new antibiotics and many major pharmaceutical
companies have abandoned the antibiotic field (Nature editorial, 2018). Increasingly
stringent regulations in clinical trials and the high costs associated with drug discovery
have meant that antibiotics are simply no longer a good economic investment for many
companies. The recruitment of patients for clinical trials can be challenging as hospitals
move quickly to contain resistant outbreaks. Antibiotics are normally used for relatively
short periods and are often curative, making them less profitable than drugs which can
be used for chronic, long-term conditions (Ventola, 2015). Additionally, there are now
many campaigns advising restraint regarding the use of antibiotics. As a result, clinicians
will often withhold new antibiotics as a reserve for more serious and difficult to treat
infections and this adds to the lack of return on investment for pharmaceutical

companies (Davies, 2006).

1.5 Mechanisms of resistance

Bacteria are remarkable in the diversity of their mechanisms for response to
environmental threats. The bacterial response to antibiotics is a prime example of
bacterial defence and adaptation. Bacteria often carry innate resistance to certain
antibiotics but are also capable of acquiring resistance through mutations and
horizontal gene transfer. Resistance to one class of antibiotics is often obtained through
multiple pathways and a single bacterial cell is able to exploit a variety of mechanisms
to survive the effect of an antibiotic. Some of these mechanisms are outlined in Figure

1.4.
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Figure 1.4: Innate and acquired antibiotic-resistance mechanisms in Gram-negative
bacteria. There are various mechanisms by which bacteria can resist antibiotics. Many
of these are mediated by genes encoded on a mobile plasmid. These mechanisms
include a modified cell wall, which inhibits antibiotic uptake; mutated porins, which
reduces the movement of drug through the cell membrane; the presence of -
lactamases in the periplasmic space, which degrades the B-lactam; increased
expression of transmembrane efflux pumps, which expels the drug from the bacterium
before it can have an effect; modification of targets, which prevent the antibiotic from
binding to its site of action and outer membrane vesicles, which provide a first line of
defence and protect neighbouring communities of bacteria. The use of antibiotics
creates a selective pressure that encourages the honing and specification of these
mechanisms. Adapted from (Sriramulu, 2013).

1.5.1 Plasmid encoded resistance

Plasmids are mobile double-stranded DNA molecules that have broad diversity due to
their ability to collect mobile genetic elements (MGEs) such as insertion sequences,
integrons and transposons which can provide selectable advantages to their hosts.
Many of the resistant mechanisms found in Gram-negative bacteria can be mediated
by plasmid encoded genes. These resistance genes can be horizontally transferred
between cells by conjugation, a very efficient method of gene transfer that has been
shown to occur most frequently in patients undergoing antibiotic treatment
(Huddleston, 2014). Plasmids that carry a number of resistance genes enable bacteria
to become resistant to multiple drugs in a single event, and can spread widely through

susceptible populations.
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New resistance elements are often acquired by mutations. Once a resistant mutant
evolves, treatment with the equivalent antibiotic will eradicate the non-mutant
population and bacteria containing the new resistance gene will predominate. Often,
the mutational change can result in decreased fitness of the cell and therefore the
mutation will only be successfully selected for in the presence of the antibiotic where it
provides a survival advantage (Munita et al, 2016). Most mutations that result in
antibiotic resistance alter antibiotic action by one of the following mechanisms, i)
modification of the target, ii) inhibition of drug uptake, iii) activation of efflux pumps or
iv) modulation of regulatory networks. Often, these mutations are expressed alongside
other resistance factors such as modifying enzymes and B-lactamases, making them

extremely difficult to treat.

In addition to these acquired resistance genes, many bacteria are naturally or
intrinsically resistant to certain classes of antimicrobials. Bacteria naturally present in
soil contain intrinsic novel antibiotic resistant elements. Research has shown that some
of these resistant genes predate the antibiotic era suggesting that antibiotic resistance
is a naturally occurring and ancient phenomenon (D’Costa et al, 2011). Another study
discovered that bacteria isolated from a cave that had been isolated for 4 million years
were highly resistant to antibiotics, with one strain showing resistance to 14
commercially available drugs (Bhullar et al, 2012). These isolates represent a reservoir
of resistance genes with the potential to be mobilised and disseminated into the wider
microbial community via plasmids or other MGE’s. Indeed, Forsberg et al, 2012
demonstrated that a number of resistance genes in a previously sensitive pathogenic

strain of E. coli were shared with soil bacteria.

1.5.2 Modified cell wall

Gram-negative bacteria are intrinsically less permeable than Gram-positive bacteria
due to their double-membrane cell envelope and liposaccharide rich outer membrane.
Lipopolysaccharides consist of an O antigen polysaccharide, core oligosaccharide and a
hydrophobic component known as lipid A. Lipid A is buried in the outer membrane and
elicits a strong inflammatory response which can lead to septic shock in the host upon
bacterial cell lysis by immune cells (Maldonado et al, 2016). Immune cells typically rely

upon detection of lipid A to target the bacteria, therefore modification of lipid A
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presents an opportunity to evade the immune system and establish an infection.
Modifications to the acylation and phosphorylation patterns of lipid A; as well as
changes to the charge of the bacterial surface, are made during and after trafficking to
the outer membrane and directly affect pathogenesis by diminishing the host
inflammatory response, altering membrane permeability and promoting resistance to

antibiotics (Needham et al, 2013).

1.5.3 Porins

Besides protecting bacteria from toxicity, the outer membrane contains channels
known as porins; outer membrane proteins (OMPs) with a beta-barrel structure that
permit the uptake of soluble molecules (Masi et al, 2013). In E. coli, hydrophilic
antibiotics are able to cross the outer membrane by diffusion through OmpC and OmpF,
the major porins. Down-regulation or replacement of porins with more selective
channels therefore limits antibiotic entry by reducing the permeability of the cell. One
study demonstrated that cells with porin alteration or loss have carbapenem resistance
even when carbapenamases are not present, indicating that they could contribute
significantly to resistance (Wozniak et al, 2012). A strain of K. pneumoniae carrying a
mutated OmpK36 porin variant also caused an outbreak in a Greek hospital in 2012
(Poulou et al, 2013). Additionally, porin loss has been associated with a significant
increase in resistance in clinical isolates of extended spectrum B-lactamase-producing
E. coliand K. pneumoniae (Baroud et al., 2013). This study also demonstrated that efflux

pump activity also plays a role in resistance to carbapenems.

1.5.4 Efflux pumps

Although bacterial membranes are generally impermeable, some toxic compounds are
still able to penetrate the cell. These toxic compounds are expelled from the cell by
transmembrane transporters known as efflux pumps. Efflux of antibiotics or toxins is
often the fastest acting bacterial stress response and owing to broad specificity for
multiple types of compounds, they contribute substantially to virulence and are often

referred to as multi-drug resistance (MDR) efflux pumps (Sun et al., 2014).

The movement of drugs against a concentration gradient requires energy. To date, six

groups of multi-drug transporters have been characterised in depth: one group which
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utilises ATP to drive efflux (the ATP binding cassette (ABC) family), and five others which
use electrochemical energy from ion gradients: the resistance-nodulation-cell division
(RND) superfamily, major facilitator superfamily (MFS), small multi-drug resistance
(SMR) family, proteobacterial antimicrobial compound efflux (PACE) family and the
multi-drug and toxin extrusion (MATE) family (Du et al, 2018). RND and MF efflux pumps
are the most common. The RND family of pumps are found extensively in Gram-
negative bacteria and are the best characterised and most clinically relevant. They are
tripartite assemblies which span both membranes and the periplasm and consist of a
cytoplasmic membrane pump, a periplasmic protein and an outer membrane protein
channel (Piddock, 2006). The AcrAB-TolC pump in E. Coli is a well-studied example and
has two distinct binding pockets that accommodate substrates with a wide variety of
sizes and properties, explaining how these pumps are able to export and provide

resistance against such a wide range of antibiotics (Nakashima et al, 2011).

The overexpression of efflux pumps in bacteria has been detected in clinical samples
since the 1900s. This is thought to occur in response to both environmental signals and
as a result of mutations in repressors and transcription factors (Blair et al, 2015). All
species of bacteria possess numerous genes that encode MDR efflux pumps, but most
concerning is that some of these genes have been shown to be mobilised to plasmids
that can be passed between bacteria by conjugative transfer. An IncHI1 plasmid isolated
from a Citrobacter freundii strain was shown to contain resistance determinants that
included genes encoding both an RND efflux pump and NDM-1 (Dolejska et al, 2013).
The plasmid also contained proteins sharing 63 - 74 % homology with proteins from 3
other bacterial species. This is further evidence to support the hypothesis that
resistance mechanisms are easily transmissible and rapidly disseminated between

clinically relevant pathogens.

In addition to protecting bacteria against toxic compounds, some of the efflux pumps
have been shown to export virulence and adhesion factors that facilitate bacterial

aggregation into biofilm communities (Soto, 2013).
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1.5.5 Biofilms

Most bacteria exist as one of two forms during growth and proliferation; either as single
planktonic cells, or attached to surfaces in the form of multicellular aggregates known
as biofilms. Acute infections normally involve planktonic bacteria and in general, are
fairly susceptible to antibiotic treatment if diagnosed quickly. However, in untreated
infections bacteria are capable of forming biofilms leading to chronic and often
untreatable infections (Bjarnsholt, 2013). Biofilm infections such as pneumonia in cystic
fibrosis patients, infections of the middle ear in patients with otitis media, chronic
wounds and infections of implants and catheters, are relatively common and

responsible for millions of deaths every year (Hall et al, 2017).

Biofilms consist of groups of cells enclosed in a self-produced extracellular matrix
composed of proteins, polysaccharides, lipids and DNA which provides structural
stability and protection to the biofilm. As biofilms, bacteria have been shown to be
substantially less sensitive to antibiotics than non-adherent, planktonic cells of
comparable density (Kirby et al, 2012). There are thought to be many reasons for this

increased resistance (Figure 1.5).
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Figure 1.5: Challenges in treating biofilm associated bacterial infections: (1) Antibiotics
may fail to penetrate beyond the surface layer of the biofilm. Outer layers of biofilm
absorb damage. (2) Bacteria in biofilms interact through quorum-sensing signals; a
signalling system that allows bacteria to communicate in polymicrobial infections.
Quorom-sensing has been linked with the regulation of biofilm growth, virulence, and
motility of bacteria. (3) Antibiotic action may be impaired in areas of waste
accumulation or altered environment. Additionally, antibiotics such as B-lactams target
rapidly dividing bacterial cells but bacteria in biofilms have a reduced growth rate. (4)
Negatively charged components in the biofilm could bind to positively charged
antibiotics (such as the aminoglycosides) and prevent their diffusion. (5) Antimicrobial
agents may be altered or destroyed by enzymes in the biofilm matrix. (6) Mutation
frequency and horizontal gene transfer are much higher in biofilms and results in
development of resistance mechanisms such as over expression of efflux pumps or up-
regulation of porin proteins. Adapted from Sherrard et al, 2014.

The efficacy of the antibiotic used is characterised by the amount that is able to reach
and act upon the desired target. The observation that sub-optimal doses of antibiotics
can act as agonists of biofilm formation was first demonstrated by Gordon Christensen
in 1988 when he found that a strain of Staphylococcus epidermidis exhibited a 65 %
increase in biofilm formation in the presence of 0.25 MIC of the antibiotic rifampin
(Schadow et al, 1988). Numerous studies have since confirmed this observation for a
wide variety of antibiotic classes and bacterial species, including the B-lactams (Kaplan,

2011). One study identified a novel regulatory mechanism in E. coli that induces biofilm



16
formation via ppGpp signalling. This report also confirmed that sub-MIC doses of
various ribosome targeting antibiotics all resulted in a strong biofilm-formation
response (Boehm et al, 2009). Additionally, sub-inhibitory doses of the B-lactam

antibiotics vancomycin and oxacillin were shown to induce biofilm formation in a

clinical strain of MRSA (Mirani et al, 2011).

As mentioned previously, the horizontal transfer of genes between bacterial species
plays a crucial role in the rapid spread of resistance elements and it has previously been
observed that blanom1 can be passed between Enterobacteriaceae species by
conjugative transfer. Recent research has also established that blanom-1 can be passed
between species of biofilm; from Enterobacteriaceae to Pseudomonas aeruginosa and
Acinetobacter baumannii, suggesting that biofilms might play a crucial role in the
interspecies spread of plasmids carrying the NDM-1 gene in natural and clinical settings

(Tanner et al, 2017).

1.5.6 Outer membrane vesicles

Outer membrane vesicles (OMVs) are spherical membrane-enclosed structures that
originate from the outer membrane of Gram-negative bacteria. They contain
cytoplasmic and periplasmic proteins, DNA, RNA, phospholipids, lipopolysaccharides
and OMPs, and play a critical role in interactions between bacteria (Jan, 2017). They
have a diverse range of functions and are involved in biofilm formation, transmission of
virulence and signalling factors, cellular communication, bacterial pathogenicity and
host infection. It has also been shown that OMVs are involved in bacterial defence
against both physical and chemical stress and can protect bacteria against several

classes of antibiotics (Kim et al, 2018).

OMVs act as a first line of defence and are able to protect bacteria in the early stages
of antibiotic attack. Circulating B-lactam antibiotics are able to penetrate the outer
membrane of OMVs where they are inactivated by transported B-lactamases
(Schwechheimer et al, 2015). This was first confirmed 2 decades ago, when enzymatic
and microscopy analysis showed that membrane vesicles isolated from 3 resistant
clinical samples contained B-lactamase (Ciofu et al, 2000). Both OXA-24 and NDM-1

have since been isolated from OMVs and shown to protect nearby populations of



17

bacteria (Rumbo et al, 2011 and Gonzalez et al, 2016). Additionally, a more recent study
by Kim et al, 2018 demonstrated that OMVs taken from B-lactam resistant strains of E.

coli could confer antibiotic resistance in non-susceptible strains.

1.5.7 Modification of target

A common mechanism of bacterial resistance is to prevent antibiotics binding by
modifying the target. These changes are either point mutations in genes encoding the
target site, enzymatic alterations of the binding site (by addition of methyl groups), or

replacement or bypass of the original target (Munita et al, 2016).

Rifampicin is a semi-synthetic rifamycin, a broad-spectrum antibiotic commonly used
to treat tuberculosis, leprosy, AlDS-associated infections and MRSA. It inhibits DNA-
dependent RNA polymerase by binding to the B subunit of the RNA polymerase
(encoded by rpoB), and blocking transcription. Studies in E. coli revealed that high level
rifampicin resistance is due to single point mutations in the rpoB gene that are expected
to alter the confirmation of the binding pocket. Substitutions at three sites in particular
confer high level resistance and accordingly were frequently associated with resistant

clinical isolates (Alifano et al, 2015).

A classic example of resistance by enzymatic modification of the target site is the
methylation of ribosomes catalysed by methyltransferases which results in resistance
to the aminoglycosides. The aminoglycoside antibiotics function by binding to the
ribosome and inhibiting protein synthesis. Eight plasmid-mediated 16S rRNA
methyltransferase genes have been identified in pathogenic bacteria worldwide and
confer high-level resistance to almost all clinically available aminoglycosides (Fritsche
et al, 2008). Additionally, these methyltransferase genes have been found in association
with NDM-1 in species of Enterobacteriaceae isolated in India and the UK and were also
found in three different plasmid backbones suggesting that they are easily transmissible

(Hidalgo et al, 2013).

Bacteria are capable of evolving new targets that have a similar function to the original
target but are not susceptible to the antibiotic molecule. Resistance to B-lactam

antibiotics in MRSA is due to expression of an extra exogenous penicillin-binding protein
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2a (PBP2a) encoded by the gene mecA, which isn’t present in other S. aureus species.
PBP2a is only mildly inhibited by B-lactam antibiotics and can therefore continue
peptidoglycan crosslinking under treatment with these drugs, when other PBPs are

inhibited (Fishovitz et al, 2014).

1.5.8 Inactivating enzymes

Antibiotics can be inactivated through the addition of chemical groups via bacterial
enzymes. These enzymes can cause antibiotic resistance by preventing the drug
molecule from binding to its intended target as a result of steric hindrance. These
enzymes form a diverse family of inactivating enzymes which can transfer various
chemical groups including phosphates, acyls, ribitoyls and nucloetidyls (Blair et al,

2014).

Aminoglycoside antibiotics such as kanamycin and streptomycin are susceptible to
modification by phosphorylating, acetylating, and nucleotidylating enzymes. These
modifications prevent the antibiotic from binding to ribosomes and interfering with
translation, a mode of action that is normally bactericidal. Many aminoglycoside-
modifying enzymes (AMEs) have broad ligand specificity and some are able to modify
more than 15 diverse aminoglycoside antibiotics (Norris et al, 2013). Worryingly, AME
encoding genes were detected in 93.1 % of clinical isolates of Enterobacteriaceae
collected from European and adjacent countries between 2014-15 (Castanheira et al,

2018).

Rifampin is a rifamycin antibiotic commonly used to treat tuberculosis and has
increasingly become a reserve antibiotic for the treatment of resistant staphylococcal
infections. Rifampin can be inactivated by glycosylation, ADP ribosylation, and
phosphorylation. These inactivating enzymes chemically modify rifampin, reducing its
affinity for the B-subunit of RNA polymerase and effectively blocking its mode of action

(Spanogiannopoulos et al, 2014).
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1.5.9 Penicillin binding protein mutations

Peptidoglycan is a three-dimensional net-like mesh that forms a key component of the
bacterial cell wall. Penicillin binding proteins (PBPs) are membrane-bound enzymes
involved in polymerisation of glycan strands and cross-linking between glycan chains in
the final stages of peptidoglycan synthesis (Figure 1.6). They are named after their
ability to bind to penicillin and are the targets of B-lactam antibiotics (Sun et al, 2014).
PBPs vary between bacterial species in terms of their number, size, amount and affinity
for B-lactam antibiotics. They can be classified into two major groups of high molecular
weight (HMW) (>60 kDa) or low molecular weight (LMW) (<49 kDa), with LMW-PBPs
serving mainly as monofunctional DD-carboxypeptidases. HMW-PBPs are divided into
subclasses; A and B, both of which have transpeptidase function and are considered to

be the main targets of B-lactam antibiotics (Bush et al, 2016).
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Figure 1.6: Mechanism of action of B-lactam antibiotics. (Top) During normal cell wall
synthesis PBPs in the cell wall catalyse cross linking between glycan strands, which
involves the removal of a terminal D-alanine residue from one of the peptidoglycan
precursors (circled). Glycosyltransferases (GT) create covalent bonds between adjacent
NAM/NAG peptide subunits creating a rigid cell wall that protects the cell from osmotic
forces that would otherwise result in cell rupture. (Bottom) The B-lactam antibiotics,
which include penicillins (Pen), cephalosporins (Ceph), monobactams (Mono) and
carbapenems (Carb), are analogues of the D-Ala-D-Ala precursor for PBP, and are able
to tightly bind to the active site and inhibit cell wall synthesis. NAG: N-
acetylglucosamine; NAM: N-acetylmuramic acid (Clarks, 2015).
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The superfamily of antibiotics known as the B-lactams are currently the most prescribed
class of antibacterial agents. In the US they account for 65 % of all prescriptions for
antibiotics and cephalosporins comprise nearly half of these prescriptions (Bush et al,
2016). B-lactams are broad-spectrum and have a core structure consisting of a 4-
member B-lactam ring. The B-lactam ring is structurally similar to the D-Ala-D-Ala
peptide sequence that is the substrate for PBPs and is able to mimic the substrate and
bind to their active site with high affinity. This inhibits PBP activity and prevents cell wall
formation leading to osmotic instability or autolysis (Figure 1.6). There are four major
B-lactam subgroups; penicillins, cephalosporins, monobactams and carbapenems

(Figure 1.7).

Carbapenems Monobactams

2
R I

H
= RL—C— NH
~ \

0 COOH 0 SO5H
Cephalosporins Penicillins
0] 0]
I I
RI—C—NH H 5 R—C—NH H S
\ > \ 3 CH,
© COOH O COOH

Figure 1.7: Chemical structures of the -lactam antibiotics. Carbapenems,
monobactams, cephalosporins and penicillins all contain a B-lactam ring which is
structurally similar to the D-Ala-D-Ala peptide sequence that is the substrate for PBPs.
R represents side chains that differ among members of the same class of beta-lactam
antibiotics, the B-lactam ring is highlighted in red.
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Resistance to B-lactam antibiotics occurs through mutational alterations in PBPs which
reduces binding of the antibiotic to the active site; or by evolving a B-lactamase activity
that degrades the antibiotic. Bacteria are capable of expressing mutated PBPs which
still have enzymatic activity for cell wall synthesis, but have reduced affinity for B-lactam
antibiotics (Kong et al, 2010). This has been shown for many PBPs and in a variety of
bacterial species. Examples of PBPs with low affinity for B-lactams have been described
for Acinetobacter baumannii (Gehrlein et al, 1991), Staphylococcus aureus (Hamilton et

al, 2017), Salmonella enterica (Sun et al, 2014) and E. coli (Hedge et al, 1985).

1.5.10 B lactamases

The inactivation of antibiotics by enzymes has been a major mechanism of resistance
since the first use of antibiotics, when penicillinase (a B-lactamase) was discovered in
1940 (Abraham et al, 1940). Many enzymes that target antibiotics have since been
discovered, some of which are able to degrade several different antibiotics within the
same class; for example, B-lactamases, which are effective against penicillins,
cephalosporins, clavams, carbapenems and monobactams. The emergence of diverse
B-lactamases, including IMP (imipenemase), VIM (Verona integron encoded metallo -
lactamase), KPC (K. pneumoniae carbapenemases), OXA (oxacillinase) and NDM
enzymes in Gram-negative bacteria such as K. pneumoniae, E. coli, P. aeruginosa and A.
baumannii, has led to the materialisation of multi-drug resistant isolates with serious

clinical implications (Blair et al, 2015).

Beta lactamases protect bacteria by hydrolysing the four-membered B-lactam ring in -
lactam antibiotics. They thereby destroy the antimicrobial activity by deactivating the
chemically reactive acylating group that modifies the active site serine side chains in
PBPs, preventing the inhibition of cell wall synthesis. There are two general chemical
mechanisms by which B-lactamases operate. Class A, C and D are serine B-lactamases
(SBLs) and hydrolyse their substrates by forming an acyl-enzyme through an active site
serine (Rotondo et al, 2017). Class B metallo B-lactamases (MBLs) require the
participation of one or two active site Zn?* ions to activate a nucleophilic water

molecule for hydrolysis of the B-lactam ring (Figure 1.8).
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Figure 1.8: Hypothesised mechanism of carbapenem hydrolysis by metallo -
lactamases. Hydrolysis involves a nucleophilic attack to the carbonyl group, amide bond
cleavage and the protonation of the nitrogen.

Until relatively recently, the SBLs were dominant in the clinic as the principle
mechanism for B-lactam antibiotic resistance and as a result, research had focussed
predominantly on developing inhibitors against this class of enzyme. There are
currently four SBL inhibitors commercially available; avibactam, clavulanate,
tazobactam and sulbactam, and a further eight in various stages of clinical development
(Docquier et al, 2018). In comparison, the MBLs have only become clinically prominent
relatively recently and there are currently no commercially available MBL inhibitors

(McGeary et al., 2017).

1.6 Metallo B-lactamases

Metallo B-lactamases (MBLs) were discovered in the mid-1960s and were initially only
detected in species with low pathogenic potential. However, since 1990 numerous
MBLs have been discovered and isolated from a wide variety of major Gram-negative
pathogens and they are now considered a major threat to global healthcare (Somboro
et al, 2018). The MBLs are characterised by their broad-spectrum substrate specificity
and are able to hydrolyse all B-lactam antibiotics, including the carbapenems; one of
the last drugs still effective against multidrug-resistant infections. These carbapenem-
resistant Enterobacteriaceae (CRE) are associated with mortality rates of up to 50 % and

have recently been identified as “critical priority pathogens” by WHO (WHO, 2017).
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MBLs are divided into 3 structural subclasses; B1, B2 and B3, defined primarily by
differences in the primary zinc coordination shell and sequence similarities, although
sequence homology is not large and ranges from 2 to 24 % (Palzkill, 2013). All MBLs
possess a distinctive aB/Ba sandwich fold and possess a shallow active-site groove
bordered by flexible loops. However, there has been some controversy regarding the
number of zinc ions required for catalysis between the subclasses. Recent evidence
suggests that for B1 and B3 subclasses, the presence of 2 zinc ions in the active site
shows positive cooperativity and that the di-zinc enzyme is the most catalytically
relevant. Paradoxically, subclass B2 enzymes are active in the mono-zinc form, but
inhibited in the presence of a second zinc ion (Karsisiotis et al, 2014). The B1 subclass
has the broadest substrate specificity and contains the largest number of clinically

significant MBLs, including the transferable IMP, VIM and NDM-type enzymes.

1.7 New Delhi Metallo B-lactamase 1 (NDM-1)

New Delhi metallo-B-lactamase 1 (NDM-1) is a class B MBL that was first discovered in
2008 from a Klebsiella pneumoniae strain isolated from a Swedish patient who had
undergone elective surgery in India (Yong et al, 2009). Molecular examination revealed
that b/laNDM-1 was found on a 180 kb plasmid alongside genes encoding CMY-4
(another B-lactamase), and genes that inactivated the antibiotics erythromycin,
ciprofloxacin, rifampicin, and chloramphenicol. Additionally, genes encoding growth
promoters and an efflux pump were observed. This isolate was resistant to all

antibiotics tested apart from fluoroquinolones and colistin.

By 2009, isolates carrying NDM-1 were the predominant carbapenem-resistant
Enterobacteriaceae in the UK and had been identified in Klebsiella, E coli, Enterobacter
and Morganella morganii species - demonstrating the capability of the NDM-1 carrying
plasmid to disseminate among strains of Enterobacteriaceae (Yong et al, 2009). Since
then, NDM-1 has become one of the most prevalent carbapenemases worldwide. NDM-
1 positive isolates have recently been reported in more than 40 countries covering all
continents except South America and at least 17 variants differing by just 1 or 2 residues
are now known (Khan, 2017). There are several proposed reasons for its rapid

dissemination:
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i) The plasmids detected in Gram-negative bacteria are easily transferrable by
horizontal transmission and are capable of rearrangement, indicating
genetic flexibility amongst bacterial populations

ii) A likely prevalence of undiagnosed asymptomatic carriers

iii) Shortage of effective antibiotics for the treatment of multi-drug resistant

NDM-1 expressing bacteria

Sequence alignments of blaNDM-1 suggest that it may have originated as a chimera
from A. baumannii. Sequences corresponding to the first six amino acids of the
aminoglycoside phosphotransferase AphA6 and the insertion sequence ISAba125, are
strongly associated with A. baumannii and are often observed upstream of the b/aNDM-
1 (Toleman et al, 2012). The NDM-1 gene is rarely chromosomally integrated and is
primarily found on various plasmids of different sizes including IncF, IncA/C, IncL/M,
IncH, IncN and IncX3 (Poirel et al, 2011). Sequence analysis of some of these plasmids
indicate that b/laNDM-1 is often associated with insertion sequences and transposons,
facilitating its dissemination by horizontal transfer. The transposon Tn3000 is reported
as being primarily responsible for the spread of NDM-1 amongst Enterobacteriaceae

(Campos et al, 2015).

There are numerous studies reporting the coexistence of NDM-1 alongside other -
lactamases including IMP-1 in Acinetobacter species (Tran et al, 2017), OXA-232 in E.
coli (Both et al, 2016), OXA-48 in K. pneumoniae (Xie et al, 2017), OXA-23 in A.
baumannii (Joshi et al, 2017) and VIM-1 in K. pneumoniae (Papagiannitsis et al, 2016).
Additionally, the co-expression of NDM-1 alongside genes for methyltransferases
conferring resistance against aminoglycosides has been observed (Rahman et al, 2015).
In the E. coli strain ST471, NDM-1 was detected alongside CTX-M-9, TEM, SHV and RmtC
(Kapmaz et al, 2016). The co-existence of NDM-1 with these other resistance elements
drastically reduces treatment options. Concerningly, emergence of strains containing
both MCR-1 and NDM-1 has resulted in isolates that are also resistant to colistin, a last
resort drug that was previously effective against strains expressing NDM-1 (Zheng et al,

2016).
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NDM-1 contains the af/Ba protein fold that is characteristic of all MBLs, in which a
central B sheet sandwich is flanked by solvent-exposed a helices (Figure 1.9). A number
of X-ray crystal structures of apo NDM-1 and NDM-1 in complex with a variety of
substrates or inhibitors and with varying occupation of the zinc binding sites have been
reported and are listed in Section 4.3, Figure 4.18. These structures combined with
molecular modelling reveal that NDM-1 has a wider and shallower binding groove than
other MBLs and is therefore able to bind a wider variety of B-lactam antibiotics (Feng
et al, 2014). Additionally, superposition of structures demonstrates a range of
conformations for the flexible loop 3 which is adjacent to the active site (Green et al,
2011). This loop is involved in substrate binding and its increased flexibility and
hydrophobicity compared to other MBLs is the proposed rationale for its broad

substrate specificity.

Figure 1.9: Structure of apo-NDM-1 (PDB: 3SPU) Cartoon of apo NDM-1 structure
showing the aB/Ba sandwich common to all MBLs (a helix blue, B sheets red).
Highlighted are the active site zinc ions (grey spheres), zinc ligands (sticks, green), and
the flexible active site loop 3 (yellow). Zinc binding site 1 is coordinated by His120,
His122 and His189. Zinc binding site 2 is coordinated by Asp124, Cys208 and
His250 (adapted from King et al, 2011).
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The active site typically contains either one or two zinc ions, with zinc binding site 1
tetrahedrally coordinated by His120, His122 and His189 and zinc binding site 2
octahedrally coordinated by Asp124, Cys208 and His250. Both zinc binding sites are
coordinated by a catalytic water/hydroxide molecule with a further two water
molecules coordinating zinc binding site 2 (Kim et al, 2013). The hydrolytic mechanism
is subtle and some details are yet to be fully elucidated. What is currently understood
is that the catalytic water/hydroxide molecule acts as a nucleophile and attacks the
carbonyl carbon (C7) which hydrolyses the amide bond. However, details regarding
substrate coordination, the identity and source of the catalytic water/hydroxide
molecule, the individual roles of the zinc ions and the protonation of nitrogen after

amide bond cleavage, are still to be explained (Zhang et al, 2018).

NDM-1 has a deeper and more open active site cavity than other B1 MBLs and structural
comparison with VIM-2 reveals that NDM-1 has more positive residues in proximity to
zinc ion 1 which are proposed to aid substrate positioning for more efficient catalysis
(Mojica et al, 2017). Other unique features that differ from other MBLs include an
unusual sequence insertion (FAAN) between residues 162 and 166, an alanine insertion
between the two His residues in the HXHXD motif common to all MBLs, and a Tyrosine
at position 242 rather than the universally conserved Tryptophan (Yong et al, 2009).
The FAAN insertion forms part of loop 8 and forms key contacts with residues in the a3
helix that suggest a role in dimerization but are distant to the active site and unlikely to
affect enzymatic activity (King et al, 2011). This study also observed the presence of a
lipidation signal peptide and reported NDM-1 protein in high percentage sucrose

fractions, suggesting its localisation to the bacterial outer membrane.

Most MBLs are soluble proteins that fold and bind zinc ions in the periplasm (Crowder
et al, 2006). In Gram-negative bacteria periplasmic zinc levels are not regulated and zinc
availability rapidly depletes during infection when the innate immune response triggers
the release of the metal chelator calprotectin from neutrophils. This metal deprivation
inhibits MBL activity and stability and research indicates that MBLs formed under these
conditions are rapidly degraded in the periplasm (Gonzalez et al, 2016). In contrast,
NDM-1 remains relatively stable under zinc deprivation when compared to levels of

VIM-2 and it has been suggested that it is protected from degradation by membrane
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anchoring. Gonzalez et al also reported the selective secretion of NDM-1 into OMVs,
further protecting NDM-1 from zinc deprivation and proteases in the extracellular
environment. As previously mentioned, NDM-1 containing OMVs are able to protect
nearby colonies of susceptible bacteria and act as vehicles for DNA and protein delivery.
The intra and inter-species horizontal transfer of plasmids carrying b/laNDM-1 via OMVs

has recently been confirmed in A. baumannii (Chatterjee et al, 2017).

1.8 Reversing resistance

1.8.1 B-lactamase inhibitors currently in clinical development

The production of B-lactamases is currently the most relevant mechanism of antibiotic
resistance in Gram-negative bacteria. To try to combat these pathogens the
pharmaceutical industry employed two strategies: a) optimising the remaining
antibiotics that are effective against B-lactam resistant bacteria and b) developing
inhibitors to be co-administered with antibiotics (Docquier et al, 2018). The discovery
of the B-lactamase inhibitor clavulanic acid, isolated from Streptomyces clavuligerus
was a significant breakthrough (Reading et al, 1977). Despite sharing the B-lactam ring
common to B-lactam antibiotics, clavulanic acid has negligible antimicrobial activity but
is a potent inhibitor of most of the B-lactamases that were circulating in the 80s. This
led to the development of the first B-lactam-B-lactamase inhibitor combination:
Augmentin or Co-Amoxiclav (amoxycillin and clavlulanic acid); effective against class A
B-lactamase producing staphylococci, E. coli, H. influenzae, M. catarrhalis and K.

pneumoniae, and is a combination that is still commonly prescribed today (NICE, 2018).

Combining B-lactam antibiotics with B-lactamase inhibitors is considered amongst the
most reliable of strategies for tackling resistant pathogens and a number of new
combinations have entered clinical development in the past decade (Table 1.2). The
combinations which have been clinically approved all show a similar spectrum of
activity in that they are all most effective against class A B-lactamases but do not inhibit
class B MBLs due to the differences underlying their mechanisms of action. Following
clinical approval, pathogens displaying resistance to these combinations began to
appear. This was well documented for SHV and TEM enzymes where mutations in the
B-lactamase genes yielded alterations in the properties of the enzymes (Mendonca et

al, 2007 and Chaibi et al, 1999).
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Table 1.2: B-lactam-B-lactamase inhibitor combinations that have reached the stage of clinical development

Antibiotic Inhibitor Inhibitor type Status Effective against Reference
Amoxicillin | Clavulanic acid Clavulanate Approved A B-lactamases Reading et al, 1977
Ceftolozane Tazobactam Penicillanic acid Approved A, Cand D B-lactamases Sorbera et al, 2014

sulfone derivative

Ceftazidine Avibactam Diazabicyclooctane Approved A, Cand D B-lactamases Levasseur et al, 2015
Ceftaroline Avibactam Diazabicyclooctane Phase 2 initiated 2017 A, Cand D B-lactamases Sader et al, 2013
Aztreonam Avibactam Diazabicyclooctane Phase 3 initiated 2018 A, Cand D B-lactamases Sader et al, 2018
Meropenem | Vaborbactam Cyclic boronic acid Approved USA A and C B-lactamases Lomovskaya et al, 2017
Imipenem- Relebactam Diazabicyclooctane Phase 3 completed 2018 A and C B-lactamases Rhee et al, 2018

Cilistatin
Meropenem Nacubactam Diazabicyclooctane | Phase 1 trials completedin | A, B, Cand D B-lactamases Monogue et al, 2018
2014 and 2017

Cefepime Zidebactam Diazabicyclooctane Phase 2 completed 2016 A, B, C and D B-lactamases Livermore et al, 2017

Cefepime AAI101 Penicillanic acid Phase 3 initiated 2018 A, Cand D B-lactamases Crandon et al, 2015

sulfone derivative

Sulbactam ETX2514 Diazabicyclooctane Phase 2 initiated 2018 A, Cand D B-lactamases Durand-Reville et al, 2017

Cefepime VNRX-5133 Cyclic boronic acid Phase 1 completed 2018 A, B, Cand D B-lactamases | VenatoRx Pharmaceuticals, 2018

* Combinations highlighted in green are effective against class B MBLs
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1.8.2 Metallo-B-lactamase inhibitors in clinical development

Of those listed in Table 1.2, only three combinations show any activity against the Class
B MBLs. Two of these; nacubactam and zidebactam, are diazabicyclooctanes; small
molecular scaffolds that mimic the B-lactam structure (Coleman, 2011). Nacubactam is
predominantly effective against class A and C B-lactamases with some minor activity
against class D enzymes. However, a reduction in MIC was also observed for 4
Enterobacteriaceae isolates co-expressing class B NDM-1 when treated with
meropenem-nacubactam compared to meropenem only (Monogue et al, 2018). It
remains unclear whether this reduction is due to effectivity against other co-expressed
lactamases or whether nacubactam is able to inhibit NDM-1 specifically. Another trial
investigating the effects of the inhibitor zidebactam in combination with cefepime also
reported some effectiveness against strains containing MBLs, although isolates
containing NDM were small in number and required further evaluation (Sader et al,
2017). The most promising B-lactam-B-lactamase inhibitor combination seems to be
cefepime-VNRX-5133, which has shown effectiveness against both SBL and MBL
containing pathogens. Cefepime MIC reductions from 8 to > 2048-fold in NDM-1
expressing Enterobacteriaceae were observed (Hamrick et al, 2018); and EDso
reductions of 5-fold in murine models infected with NDM-1 producing E. coli strains

(Weiss et al, 2018). A phase 1 clinical trial was completed earlier this year.

1.8.3 Zinc binding and zinc chelating metallo-B-lactamase inhibitors

Inhibitors that act by zinc binding or chelation are an obvious way of inhibiting metallo-
B-lactamases. Although effective, such compounds act by binding or sequestering zinc
ions in the active site, and in a human environment where approximately 10 % of
enzymes interact with zinc, are likely to be associated with cytotoxicity issues (McCall
et al., 2000). Known zinc chelators are restricted in clinical use because of these side
effects. As an example, the median lethal dose of EDTA was calculated to be 28.5 mg/kg
when administered intravenously in mice (Matsuura et al, 1993). In contrast, the
natural fungal product Aspergillomarasmine A (AMA) was better tolerated with a
median lethal dose of 159.8 mg/kg. AMA is also one of the few compounds reported to
inactivate NDM-1. AMA inhibits VIM-2 and NDM-1 (ICso in the low uM range) by
chelating both of the active site zinc ions and was able to potentiate carbapenem

activity in a murine model (King et al., 2014). Other reported zinc chelating inhibitors
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include a spiro-indoline-thiadiazole compound (Falconer et al, 2015) and the PET
imaging agents 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) (Somboro et al, 2015); all have
been shown to restore antibiotic activity in MBL expressing bacterial strains, and with

MICs lower than that reported for AMA.

Following a previous line of research which demonstrated that azolythioacetamide
scaffolds show inhibitory activity against MBLs (Yang et al, 2015), triazolylthioacetamide
scaffolds have also been explored and show potent inhibition of NDM-1 with I1Csq values
below 1 pM. Docking studies suggest that the triazole ring replaces the bridging
water/hydroxide molecule between the two active site zincions (Zhai et al, 2016). L and
D captopril isomers have a similar mechanism of inhibition. Captopril is a drug already
widely used for the treatment of hypertension. High resolution crystal structures of L
and D captopril isomers in complex with MBLs reveal that the sulphur atom of the
captopril isomers replaces the bridging water/hydroxide molecule of the dizinc cluster
(Brem et al., 2016). D-captopril was found to be the most potent inhibitor and was able

to potentiate the effects of meropenem against pathogens containing a variety of MBLs.

Mercaptoacetic acid thioester derivatives towards NDM-1, ImiS-1 and L1 have also been
reported but despite showing strong inhibition of L1, only weak inhibition was observed
for Imis-1 and NDM-1 (Liu et al., 2015). A range of bizthiazolidine inhibitors are
described (Hinchcliffe et al, 2016). Crystal structures of these isomers in complex with
MBLs of all subclasses demonstrates their versatility and indicates a wide range of
binding modes. Despite this, cross-class inhibition is mostly due to zinc binding and it is
therefore likely that affinity can be increased by introducing groups that are able to
establish H-bonds or hydrophobic interactions with the surrounding residues (Docquier

et al, 2018).

More recently, 1,2,4-triazole-3-thione compounds were identified as inhibitors of
MBLs, with five analogues showing inhibition of at least four of the clinically important
enzymes, including IMP-1, VIM-2 and NDM-1 (Sevaille et al, 2017). A derivative of
dipicolinic acid (DPA) was also recently identified by a fragment based approach and

showed inhibitory activity against these same three enzymes. Whilst DPA is a zinc
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chelator, the modified derivative acts as a metal-binding competitive inhibitor with a

10-20 fold potentiation of imipenem in Enterobacteriaceae (Chen et al, 2017).

1.8.4 Covalent metallo-B-lactamase inhibitors

There are few reported covalent inhibitors of MBLs. Covalent inhibitors are generally
disfavoured by pharmaceutical companies due to concerns over toxicity and side
effects. However, roughly 30 % of commercially available drugs are actually covalent
inhibitors and often have increased ligand efficiency and better resistance to mutations
(Singh et al, 2011). Ebselen is a selenium-containing compound that is already safely
used in human studies. Ebselen inactivates NDM-1 by forming a S-Se bond with the zinc
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binding Cys*** residue in the active site of the enzyme. However, its anti-oxidant activity

and toxicity has raised concern over its potential (Chiou et al, 2015).

The reversible covalent inhibitor 3-formylchromone inhibits NDM-1 by binding to Lys?2*
in the active site (Christopeit et al., 2016). However, this inhibitor contains an aldehyde
group which are generally avoided in drug discovery due to their increased reactivity
and susceptibility to metabolic oxidation. The already approved early B-lactam drug
Cefaclor has also been shown to irreversibly inactivate NDM-1 by binding to a different
active site Lysine (Lys?!!) (Thomas et al., 2014). Unfortunately, supratherapeutic doses
were needed to inactivate NDM-1, precluding the clinical use of this drug for NDM-1

bearing pathogens.

1.8.5 Other metallo-B-lactamase inhibitors

It remains notoriously difficult to identify potent inhibitors of the MBLs. The selection
of broad spectrum inhibitors is hampered by their diversity and the fact that the
selected inhibitor must remain inactive towards similar human proteins (Bebrone et al.,
2010). For this reason, several new strategies have recently started to be explored.
These include screening of already approved compounds for possible repositioning in
antibacterial therapy which has yielded, besides captopril, three molecules that show
inhibition of NDM-1, VIM-1 and IMP-7 with ICsos in the low uM range (Klingler et al.,
2015). However, the concentrations required to restore antibacterial activity could not
be reached in pathogenic strains. Similarly there has been much investigation into a

variety of boronic acids, some of which were already known SBL or penicillin-binding-
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protein (PBP) inhibitors. Boron compounds behave as Lewis acids, reacting with
nucleophiles to form tetrahedral covalent products that resist hydrolysis by enzymes.
Recent studies have identified cyclic boronates that show promise against SBL, MBL and
PBP enzymes. (Brem et al., 2016b). One of these compounds has already been patented
and was able to restore meropenem activity in Gram-negative strains carrying both
serine and metallo-B-lactamases. Additionally, as previously mentioned, the cyclic
boronic acid compound VNRX-5133 also shows promise against both SBL and MBL

containing strains and is currently in clinical development (Table 1.2).

Natural compounds have played an important role in the discovery of antibiotics.
Virtual molecular docking of 35 natural compounds into the active site of NDM-1
identified 2 compounds; Isomargololone and Nimbolide, with 1Cso values of 1.25 and
1.34 uM respectively (Thakur et al, 2013). Extracts from the fungus Chaetomium
funicola were found to inhibit IMP-1 and CfiA MBLs, and bind with the conserved Lys
residue (Lys8%) (Payne et al, 2002). Additionally, a recent report found that Magnolol,
a natural compound widely used in traditional Chinese medicine, inhibited NDM-1
carrying strains when combined with meropenem with an 1Cso of 6.47 pg/mL and had

little toxicity in mice, rats or dogs (Liu et al, 2018).

1.8.6 Novel biologics as metallo-B-lactamase inhibitors

Novel biologics that are able to inhibit MBLs have started to be explored and have
already had some success. Many of these biologics display affinities for their targets
which are comparable to those observed for monoclonal antibodies. However, unlike
antibodies, simple modification of the selected reagents can improve their binding to
target molecules and enhance their stability. A 10 residue DNA aptamer was developed
as an isoform-specific non-competitive inhibitor for the Bacillus cereus 5/B/6 MBL that
interferes with metal ion coordination at one of the zinc sites (Kim S K et al., 2009). The
aptamer was isolated by SELEX where target molecules are incubated with a library of
ssDNA aptamers; and the isolated aptamer showed strong affinity to its target with an
ICso of just 1.2 nM. Similarly, a camelid nanobody with a reported ICso of 10 uM was
selected by phage display as an inhibitor of VIM-4 and hypothesised to work by

interfering with the dynamic of the metal-coordinating L7 loop (Sohier et al., 2013).
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These studies demonstrate the potential of investigating novel biologics for the

isolation and selection of highly specific inhibitors.

1.9 Affimer reagents

Affinity reagents that can be generated rapidly and cost effectively represent a major
advance in the development of tools for improving understanding of biological
processes and studying protein-protein interactions, expression and localisation (Skrlec
et al, 2015). Attractive properties that differentiate most engineered scaffolds from
antibodies include a small size, high thermal stability, high solubility, a lack of cysteines
and low production costs in bacteria. Their applications range from therapy and
diagnostics to research. A large number of new scaffolds have been reported in the
past 2 decades, with some already gaining clinical approval. These include Adnectins
(Lipovsek, 2011), Anticalins (Gebauer et al, 2012), Avimers (Jeong et al, 2005), Kunitz
domains (Hosse et al., 2006), Knottins (Ackerman et al, 2014), Affibodies (Nord et al.,
1997) and DARPins (Binz et al., 2003). They have been used in diverse applications
including the treatment and diagnosis of cancer and inflammatory disorders (Mross et
al, 2013 and Jonsson et al, 2010), structural studies (Batyuk et al, 2016), imaging
applications (Terwisscha van Scheltinga et al, 2014 and Yang et al, 2014) and

intracellular targeting of protein function (Kummer et al, 2012).

Affimers are a class of small protein scaffolds that have been developed for molecular
recognition applications (Tiede et al, 2014). The scaffolds were originally termed
‘Adhirons’ but are now licensed as ‘Affimers’ by Avacta Life Sciences Ltd. There are two
Affimer scaffolds based on similar protein conformations, Type | one based on the
naturally occurring human protease inhibitor Stefin A (Woodman et al, 2005), and Type
Il based on a phytocystatin consensus sequence (Tiede et al, 2014). The Affimer scaffold
used in this study was Type Il. The consensus design strategy is centred around the
assumption that at a given position, a consensus residue contributes more to the
stability of the protein than non-conserved residues. Proteins generated through
consensus design have demonstrated increased stability in a number of studies;
including antibody CH3 domains (Demarest et al, 2004), phytase enzymes (Lehmann et
al, 2002), ankyrin repeat proteins (Binz et al, 2003) and FN3 domains (Porebski et al,

2015). The phytocystatin Affimer scaffold is based on a consensus alignment of 57
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phytocystatin sequences to create a highly stable synthetic structure with a Tm of 101
°C. The Affimer has range of attributes that make it ideal as an engineered scaffold
protein; it is small in size (~12 kDa), monomeric, lacks disulphide bonds and is easily
produced in E coli (up to 100 mg/L). Diverse libraries of up to 1.3 x 10'° have been
constructed in the scaffold by incorporating two randomised nine amino acid variable
regions (VR). The crystal structure of the Affimer has been solved (Figure 1.10) (Tiede
et al, 2014), and there are now 10 published structures of Affimer reagents in the PDB

database, both apo and in complex with its targets.

VR2

Figure 1.10: Crystal structure of the Affimer scaffold. (PDB 4N6T), 1.75 A resolution.
The Affimer consists of a single alpha helix and a four-strand anti-parallel B sheet core,
a structure which is characteristic of proteins belonging the cystatin family. The
insertion sites for library production are labelled VR1 and VR2. Residues 1-10 and 90—
92 were not visible in the structure and presumed to be disordered. VR1 is positioned
between the first and second B strands and VR2 between the third and fourth 8 strands.

Affimer reagents have been successfully utilised in a wide range of applications,
illustrating their potential for isolating novel binding molecules against a wide range of
targets. They have been shown to be useful tools in imaging (Bedford et al, 2017,
Schlichthaerle et al, 2018 and Lopata et al, 2018), biosensors (Zhurauski et al, 2018 and

Sharma et al, 2016) and immunoassays (Xie et al, 2017 and Koutsoumpeli et al, 2017).
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In addition, they have demonstrated applicability for the study of protein-protein
interactions. The HIF-1a/p300 protein—protein interaction leads to expression of
multiple genes involved in angiogenesis and proliferation in cancer. Affimers were used
to probe the interaction and identified novel binding motifs of p300 which could be
used for future inhibitor design (Kyle et al, 2015). Affimers have also been isolated
against Fc gamma receptors involved in the inflammatory response in autoimmune
diseases and were shown to selectively block IgG binding (Robinson et al, 2017).
Additionally, Affimers that bind to a range of Src-Homology 2 (SH2) domains were
identified and shown to bind specifically with minimal cross-reactivity against other Grb
family members (Tiede et al, 2017). Taken together, these studies provide evidence to
suggest that Affimer reagents may represent a novel discovery platform for the

isolation of highly selective inhibitors against MBLs.

1.10 Phage display and library generation

Over recent decades phage display as a selection-based system has become an
important source for discovering new biological drug candidates (Rahbarnia et al,
2017). Methods have been adapted for presenting large libraries of antibody fragments,
peptides and artificial binding proteins. A phage display strategy for the isolation of

highly selective Affimer reagents has been described (Tang et al, 2017).

1.10.1 Library generation

Screening to obtain binding reagents for a desired target requires large and diverse
libraries to ensure the selection of binders that have optimal binding specificity and
affinity. Oligonucleotide-directed mutagenesis is a well-established method for
completely randomising a residue at a defined location. Degenerate oligonucleotides
that incorporate mixtures of the four natural bases to randomly code for amino acids
are commercially available for the generation of diverse libraries. However, for
randomisation introduced in this manner it is almost impossible to control diversity and
this inevitably leads to bias where one combination is often more or less represented
than another (Neylon, 2004). Additionally, the incorporation of undesired amino acids
or stop codons cannot be controlled for. Bias is also introduced due to the mismatch
between the number of coding sequences per amino acid - for example, arginine is

represented by six codons, whereas histidine is only represented by two. To overcome
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this bias, trinucleotide phosphoramidites were developed which utilise codon mixtures
rather than nucleotide mixtures (Virnekas et al, 1994). This method can be used to
remove codon bias and allows for randomisation with all twenty amino acids, or a

desired subset.

All of the primers used to generate libraries in this work were produced by Ella Biotech
GmbH. Ella Biotech use the scheme developed by Kayushin et al., 1996 to generate 20
trinucleotide phosphoramidites that each correspond to one of the 20 amino acids
(excluding stop codons). These 20 trimers are chosen from a possible 64 combinations
in the randomisation scheme NNN and are selected as they are major codons in E. coli
and will not cause low transcription. Additionally, codon synthesis is relatively
challenging and these 20 selected trimers are the best in terms of quality. Quality in
terms of rate of dimer/tetramer directly influences the frameshift rate and is therefore
extremely important to create high diversity. Reaction factors for all of the trimers are
calculated and used to calculate the ratio needed to ensure equal incorporation into
the primers. It is also possible to request specific subsets of trimers and we therefore
requested the exclusion of cysteines to reduce the possibility of non-specific cross-
linking via disulphide bonds and to allow for the addition of a cysteine at a later date
for site specific labelling, if required. A lack of disulphide bonds also makes Affimers

better tolerated for use in cellular reducing environments.

1.10.2 M13 bacteriophage

The filamentous bacteriophages are viruses containing a circular single-stranded DNA
genome inside a long, thin protein capsid cylinder. Among the phage which specifically
infect E. coli, the F pilus-specific phage (M13, fd and f1) have been the most studied. As
their name suggests, they use the tip of the F conjugative pilus as a receptor and are
specific for E. coli cells containing the F episome. In this work we have used the

filamentous bacteriophage M13 (Figure 1.11).
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Figure 1.11: The M13 bacteriophage particle. M13 bacteriophage has a cylindrical
shape with an approximate length of 900 nm and a diameter of 7 nm. It encapsulates a
single-strand genome that encodes five different capsid proteins which comprise two
groups, major coat proteins (pVIII) and minor coat proteins (pVII, pIX, pVI and plll).

The phage genome is encapsulated in a flexible protein cylinder that is composed of
approximately 2700 molecules of the major coat proteins pVIIl. Each end of the phage
is constructed of two different pairs of proteins: approximately five molecules each of
plll and pVI proteins, and on the other end five molecules each of pVIl and pIX proteins.
This end contains the packaging signal and is the first part of the particle to be

assembled (Rakonjac et al, 2011).

1.10.3 M13 phage infection and life cycle
Unlike many phage, M13 phage particles do not kill the host cell during active infection.
Phage particles are continually produced and extruded through the cell membrane as

the host cell continues to grow and divide (Figure 1.12).
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Figure 1.12: Schematic of the M13 bacteriophage life cycle from cell entry to release
of progeny phage. The reproductive life cycle of M13 starts with the absorption of the
phage to the tip of the F pilus of the host E. coli. The phage is then transported to the
cell surface. The outer-membrane proteins TolQ, TolR and TolA are thought to mediate
uncoating and DNA penetration. During this process, the phage genome is injected into
the cell cytoplasm where it is replicated and repackaged as new phage particles at the
cell membrane (Smeal et al, 2017).

The M13 infection cycle begins with the interaction of the phage particle with the F
pilus of the bacterial cell, specifically mediated by plll, the viral absorption coat protein.
The phage and bacterial cell are drawn together by retraction of the pilus, to allow for
conjugation to take place. The outer membrane proteins Tol Q, R and A are thought to
mediate uncoating and DNA translocation (Click et al, 1998). Once inside the bacterial
cytoplasm, the single-stranded phage genome is converted into a double-stranded
replicative form (RF), which is further duplicated and used as the template for the
production of the 11 phage proteins. Eventually, the parental RF is also used as the
template for generating new single-stranded viral DNA via a rolling-circle mechanism
(Sidhu, 2001). Proteins pll, plV, and pX regulate the amount of RF DNA and single-

stranded DNA, which determines the rate of phage protein biosynthesis and the rate of
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phage assembly and extrusion, respectively. Dimers of protein pV bind to the newly
synthesized viral strands and prevent RF formation. This results in single-stranded viral
genome which is assembled into progeny phage particles at the membrane-bound

assembly site (Barbas et al, 2001).

1.10.4 Phage display

The virions of F1 filamentous phage are relatively easy to manipulate and have
exceptional stability compared to tailed phage such as T7 and lambda, making them
ideal for applications such as phage display. Polypeptides fused to M13 coat proteins
are displayed on the surface of phage particles. All of the phage coat proteins have been
used successfully as display platforms but plll is the most commonly used. It has the
disadvantage of having only 5 copies displayed per phage particle, but an advantage in

that chimeric plll proteins containing large inserts are well tolerated.

For phage display of Affimer scaffolds, the scaffold coding region is cloned into the
phagemid vector pBSTG1 (GenBank KJ474865), between the Nhel and Notl restriction
sites. The genome encodes a DsbA secretion signal peptide, Affimer, TAG codon, C-
terminal half of gene Il of bacteriophage M13 and a gene encoding ampicillin
resistance. The DsbA signal sequence is fused to the protein coding sequence to allow
efficient translocation to the periplasm and a C-terminal His tag has been introduced to
allow for purification by metal ion affinity columns. The resulting phagemid is termed

pBSTG-Aff (Figure 1.13).
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Figure 1.13: Schematic representation of the pBSTG1-Aff phagemid vector. Relevant
features of the construct and the coding region for the Affimer are highlighted. The
Affimer sequence is flanked by Nhel and Notl restriction sites followed by a 6 histidine
tag. The truncated plll gene helps in incorporating the fusion proteins into plll phage
coat proteins. DsbA signal sequence targets translocation of the fusion protein to the
periplasm (Tiede et al, 2014).

The suppressible amber (TAG) stop codon is included between the Affimer and plll
coding sequences. Suppressor strains of E. coli such as ER2738 have a mutation in the
tRNA anti-codon loop which reads the amber stop codon as a glutamine and allows for
translational read-through (Weigert et al, 1965). In non-suppressor strains such as
JM83, the stop codon is translated as normal and generates soluble protein fragments

which are not linked to the plll coat proteins.

The Affimer-truncated-plll fusion contains the C-terminal of plll (required for insertion
into the phage coat), but is missing the N-terminal which prevents superinfection of a
phage particle already infected with phage. This allows infection with helper phage
containing the wild-type plll. Infection of the bacteria with M13K helper phage provides
structural proteins required for replication of the genome and packaging into phage

particles (Barbas et al, 2001). Additionally, the helper phage bears a defective origin of



41

replication so that packaging of the phagemid genome is favoured over the helper
phage genome. Bacteria can be infected with the phagemid-phage mixtures and cells

selected by addition of antibiotic are those which contain the phagemid DNA.

1.10.5 Phage display screening

Binding peptides are normally isolated from recombinant-display libraries by affinity
selection experiments in which a phage is captured, by its displayed peptide, to a target
protein. This process is called screening or panning (Figure 1.14). The target protein-
phage complex is immobilised in wells or to beads to allow for removal of non-binding
phage by washing. The target-bound phage can then be eluted and amplified by
infection and growth in E coli. The resulting phage pool is enriched for phage that bind
to the desired target, this is reflected in the increased phage yield in subsequent
panning rounds. Clones can be chosen from affinity-enriched pools which have a high
yield compared to a negative control and can then be tested in an ELISA to confirm
binding to the target. DNA sequencing reveals the amino acid sequence and identifies

any consensus sequences between clones (Barbas et al, 2001).
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Figure 1.14: Phage display protocol. Immobilised target proteins are screened with the
phage library in 2-3 panning rounds. In each panning round, the phage are introduced
to the immobilised target so that binding can occur. Weak binders are removed in a
series of washes. The strongest binding phage are eluted and amplified in E coli. This
phage sample is then used in the next panning round. After several rounds of phage
display isolated phage binders from the final panning round are taken forward for
sequencing to determine variable region sequences.

Approximately thirty years after its discovery, phage display remains one of the most
widely used in vitro selection methods. Initially developed to revolutionise the
generation of therapeutic antibodies, phage display is now the first choice for screening
artificial binding proteins. Using phage display, Affimer reagents isolated against a
range of diverse molecular targets have been described (Tiede et al, 2017). However,

the ability to inhibit proteins involved in antibacterial resistance is yet to be explored.
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1.11 Objectives

Reagents that are able to detect and modulate metallo-B-lactamases are highly sought.
The aim of this project was to identify and characterise Affimer reagents capable of
inhibiting the metallo-B-lactamase NDM-1 using a range of molecular, structural,

biochemical and cellular assays.



Chapter 2

Materials and Methods
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2.1 Materials

2.1.1 Bacterial strains and cloning vectors

Escherichia coli XL1-Blue cells (Supercompetent, Agilent) (genotype: recAl endAl
gyrA96 thi-1 hdR17 supE44 relAl lac [F’ proAB laclq ZAM15 Tn10 (Tetr)]) were used for
propagation of plasmid constructs.

BL21 Star™ (DE3) E. coli expression strain (Chemically competent; Invitrogen)
(genotype: FompT hdSg (rs, mg’) galdcmrnel131 (DE3)) encoding T7 RNA polymerase
and ampicillin resistance were used for over-expression of protein from plasmid DNA.
E. coli B expression strain AVB101 (Avidity) (genotype: (hdR, lon11, sulA1) containing
the IPTG inducible birA gene to over-express biotin ligase was used to produce
biotinylated protein from biotin acceptor peptide (BAP) tagged pD861-pelB-NDM-1
plasmid DNA.

E. coli ER2738 cells (Lucigen) (genotype: [F'proA+B+ laclq A(lacZ)M15 zzf::Tn10 (tetr)]
fhuA2 ginVA(lac-proAB) thi-1A(hdS-mcrB)5) were used for the production of phage.

A clinical strain of Klebsiella pneumoniae provided by Dr A. O’Neill (School of Molecular
and Cellular Biology, University of Leeds) was used for growth inhibition studies.

Three Staphylococcus aureus strains were provided by Dr Kenneth McDowall (School of

Molecular and Cellular Biology, University of Leeds): SH1000, USA300 and UAMS-1

Cloning vectors used in this study were:

pET11a (Novagen) containing a T7 promoter, lac repressor gene and ampicillin
resistance gene.

pBSTG-Aff phagemid vector (Tiede et al., 2014; originally pDHisll)) encoding a dsbA
secretion signal, Affimer coding sequence, C-terminal coding region for domains 2 and
3 from gene Il of bacteriophage M13 and ampicillin resistance.

pD861-pelB (Atum), containing a rhaBAD promoter, pelB signal sequence and

kanamycin resistance gene.
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2.1.2 Growth media and buffer recipes

2.1.2.1 Growth media

2TY broth

Tryptone (Oxoid) (16 g/L), yeast extract (Oxoid) (10 g/L) and NaCl (Fisher Scientific) (5
g/L) were dissolved in deionized water and the solution was autoclaved at 121 °C, 15
psi for 20 min.

LB broth

LB broth powder (Invitrogen) (20 g/L) was dissolved in deionized water and the solution
was autoclaved at 121 °C, 15 psi for 20 min.

LB agar plates

LB agar powder (Invitrogen) (32 g/L) was added to deionized water and the solution was
autoclaved at 121 °C, 15 psi for 20 min. After autoclaving, the solution was cooled to
ca. 50 °C before addition of antibiotic to the appropriate concentration followed by
dispensing of approximately 25 ml per petri dish under aseptic conditions.

TYH media

Tryptone (Oxoid) (20 g/L), yeast extract (Oxoid) (10 g/L), HEPES (Sigma) (11 g/L), NaCl
(Fisher Scientific) (5 g/L) and MgSQs (Fisher Scientific) (1 g/L) were dissolved in 1 L
deionized water. The pH was adjusted to 7.3 with KOH (Fisher Scientific) and autoclaved

at 121 °C, 15 psi for 20 min.
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2.1.2.2 Buffer recipes

2x blocking buffer 10 x blocking buffer diluted 1:5 in PBS-T

4x loading buffer 200 mM Tris-HCI, pH 6.8, 20 % (v/ v) glycerol, 8 % (w/ v) SDS, 0.4 %
(w/ v) bromophenol blue, 20 % (v/ v) B-mercaptoethanol

10x Orange G loading dye 30 % glycerol, 0.2 % Orange G

Assay buffer 50 mM HEPES pH7, 20 UM ZnS0Q4, 10 pg/ml BSA

Destain H,0, methanol, and acetic acid in a ratio of 50/40/10 (v/v/v)

Elution buffer 50 mM NaH,PO4, 500 mM NacCl, 300 mM imidazole, 10 % glycerol, pH 7.4
Lysis buffer 50 mM NaH,PO4, 300 mM NacCl, 30 mM Imidazole, 10 % glycerol, pH 7.4
PBS 137 mM NaCl, 4.3 mM NazHPOs, 1.47 mM KH2POg4, 2.7 mM KCI, pH 7.4

PBS-T 1% (v/v) solution of Tween-20 in PBS

PEG-NaCl 20% (w/v) PEG 8000, 2.5 M NaCl

Periplasmic lysis buffer 100 mM Tris, 20 % sucrose, 1 mM EDTA, pH 8

SDS PAGE running buffer 25 mM Tris, 200 mM glycine, 0.1 % (w/v) SDS, pH 8.3

TE buffer 10 mM Tris, 1 mM EDTA, pH 8

Wash buffer 50 mM NaH;PQO4, 500 mM NaCl, 20 mM imidazole, pH 7.4

2.1.3 Antibiotics

Stock solutions of antibiotics were made up in deionised water, filter sterilised through
a 0.2 um syringe-end filter and stored in 1 ml aliquots at -20 °C. The final concentrations
used in cultures and agar plates are shown in Table 2.1. Carbenicillin was used in place
of ampicillin as it acts on the B-lactamase protein but is more stable, resulting in the

formation of fewer satellite colonies.

Table 2.1: Stock and working concentrations of antibiotics

Antibiotic Stock concentration Working concentration
Chloramphenicol 34 mg/ml 10 pg/ml
Carbenicillin 50 mg/ml 100 pg/ml
Tetracycline 12 mg/ml 12 pg/ml
Kanamycin 25 mg/ml 50 pg/ml
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2.2.1.1 Polymerase chain reaction (PCR)

All PCR reactions were set up in 0.2 ml tubes (Sarstedt) and thermal cycling carried out

using a G-Storm GS2 thermal cycler.

Table 2.2: Reaction components for PCRs using Phusion High-Fidelity (HF) DNA

polymerase (ThermoFisher):

Component Volume (50 pl reaction) Final concentration
5 x HF buffer 10 pl 1x
dNTP mix, 25mM 0.4l 200 uM of each
Forward primer 10 uM 4 pl 0.8 uM
Reverse primer 10 uM 4 ul 0.8 uM
Template DNA Xul 1 ng/ul
DMSO 1.5 pl 3%
Deionised water Y ul to a final volume of 25 pl
Phusion HF DNA 0.5l 0.02 U/ul
polymerase

Table 2.3: Reaction conditions for PCRs carried out using Phusion HF DNA polymerase:

Cycle step Temperature (°C) Time (s) Cycles
Initial denaturation 98 30 1
Denaturation 98 20
Annealing 54 20 30
Extension 72 15 per kb
Final extension 72 600 1
Hold

Table 2.4: Reaction components for PCRs using KOD Hot Start DNA polymerase:

Component Volume (50 pl reaction) Final concentration
10 x KOD buffer 5l 1x
dNTPs 5l 200 uM of each

Forward primer 10 uM 4 ul 0.8 uM
Reverse primer 10 uM 4 ul 0.8 uM

Template DNA X ul 10 ng

25mM MgSOa4 3 ul 1.5mM

Deionised water Y ul to a final volume of 25 pl
KOD DNA polymerase 1ul 0.02 U/pl
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Table 2.5: Reaction conditions for PCRs carried out using KOD Hot Start DNA

polymerase:
Cycle step Temperature (°C) Time (s) Cycles
Polymerase activation 95 120 1
Denaturation 95 20
Annealing 60 20 20
Extension 70 20
Final extension 70 300 1
Hold 4 oc

2.2.1.2 Splice overlap extension (SOE)

All SOE reactions were set up in 0.2 ml tubes (Sarstedt) and thermal cycling carried out

using a G-Storm GS2 thermal cycler. Equimolar quantities of the two DNA fragments to

be spliced were added to a total DNA concentration of 40 ng/ pl.

Table 2.6: Reaction components for SOE using Phusion HF DNA polymerase:

Component Volume (25 pl reaction) Final concentration

5 x HF buffer 5l 1x
dNTP mix, 25 mM 0.2l 200 uM of each
Fragment 1 DNA X ul* 500 ng
Fragment 2 DNA Y pl* 500 ng

DMSO 0.75 pl 3%
Deionised water Zul to final volume of 25 pl
Phusion HF DNA polymerase 0.25 pl 0.02 U/pl

*To give a 1:1 molar ratio of fragment 1 : fragment 2 DNA

Table 2.7: Reaction conditions for SOE carried out using Phusion HF DNA polymerase:

Cycle step Temperature (°C) Time (s) Cycles
Initial denaturation 98 30 1
Denaturation 98 20
Annealing 54 20 10
Extension 72 120
Final extension 72 600 1
Hold 4 oc
Addition of 0.02 U/ul Phusion DNA polymerase
Initial denaturation 98 30 1
Denaturation 98 20
Annealing 54 20 10
Extension 72 120
Final extension 72 600 1
Hold 4 oc
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2.2.1.3 Final amplification of the SOE product
All final amplification reactions were set up in 0.2 ml tubes (Sarstedt) and thermal

cycling carried out using a G-Storm GS2 thermal cycler.

Table 2.8: Reaction components for final amplification reaction carried out using KOD

Hot Start DNA polymerase (Millipore):

Component Volume (25 pl reaction) Final concentration
10 x KOD buffer 2.5ul 1x
dNTP mix 2.5 ul 200 uM of each
Forward primer 10 uM 2l 0.8 uM
Reverse primer 10 uM 2l 0.8 uM
SOE product 5 ul X ng
25mM MgSO4 1.5l 1.5mM

Deionised water ol to a final volume of 25 pl

KOD DNA polymerase 0.5ul 0.02 U/pl

Table 2.9: Reaction conditions for final amplification reactions carried out using KOD

Hot Start DNA polymerase:
Cycle step Temperature (°C) Time (s) Cycles

Initial denaturation 95 120 1
Denaturation 95 20

Annealing 54 20 5
Extension 72 20

Final extension 72 600 1
Hold 4 oc

2.2.1.4 BAP tag cloning
A Biotin Acceptor Peptide (BAP) sequence of G-L-N-D-I-F-E-A-Q-K-I-E-W-H-E was added
after the pelB signal sequence at the N-terminus of pD861-pelB-NDM-1 to allow for

biotinylation. An inverse PCR mutagenesis method was used as shown in Figure 2.1.
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Parental sequence
. .GCAATGCATATG. .
A MHM

/Finalcjnstruct\

. .GCAATGGGTCTGAACGATATCTTCGAAGCCCAAAARATCGAATGGCACGAACATATG. .
AM G L N D | F E A Q K | E W H E HM
(BAP tag sequence)

/\ 18bp match to
parental sequence

Forward primer
.+ .GCAATGGGTCTGAACGATATCTTCGAAGCCCARAAANTCGAATG 5'CGATATCTTCGAAGCCCAAAAANTCGAATGGCACGAACATATG...3"

AM g L N D | F E A Q K | E D | F E A O K 1 E W H E HM
reverse complement l 18bp match to
parental sequence
Reverse primer 1 Primers overlap by 30bp
5’ CATTCGATTTTTTGGGCTTCGAAGATATCGTTCAGACCCATTGC... 3'

Figure 2.1: Design of primers for BAP tag insertion using the inverse PCR mutagenesis
method. Full primer sequences listed below.

The following primers were designed and synthesised (Sigma):

5" CGATATCTTCGAAGCCCAAAAAATCGAATGGCACGAACATATGGAAATCCGTCCG 3’ and

5 CATTCGATTTTTTGGGCTTCGAAGATATCGTTCAGACCCATTGCCATGGCTGGTTG 3’ (BAP

tag coding sequence is underlined). PCR reactions were set up using KOD Hot Start DNA
polymerase (Millipore) as described in Section 2.1.1.1, but with 50 pl reaction volumes
and longer annealing and extension times of 60 seconds and 4 min per cycle,
respectively (Table 2.4 and 2.5). The DNA product was Dpnl (NEB) digested to ensure
the original template DNA was destroyed and cleaned up using a NucleoSpin® Gel and
PCR clean-up kit (Machery Nagel) (Section 2.2.1.15). Supercompetent XL1-Blue cells
were transformed with the DNA (Section 2.2.1.11) and a single colony picked and used
to inoculate 5 ml of 2TY broth containing 50 pg/ml kanamycin and grown overnight at
37 °C, 230 rpm. Plasmid purification was carried out using QlAprep Spin Miniprep
(Qiagen) according to the manufacturer’s instructions (Section 2.2.1.13). DNA was
eluted in 50 pl of nuclease free HO and sent for sequencing to confirm BAP tag
inclusion (Section 2.2.1.17). BL21 Star™ (DE3) or AVB101 cells were then transformed

with the DNA for protein production (Section 2.2.3.2)
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2.2.1.5 Construction of Aff21AVR1 and Aff21AVR2 mutants
Affimer 21 constructs consisting of either variable region 1 (Aff21AVR2) or variable
region 2 (Aff21AVR1) were created to determine whether one or both of the VRs were
responsible for activity of the Affimer. Aff21AVR2 and Aff21AVR1 were created by
amplifying DNA for each respective variable region from the pBSTG-Aff phagemid
vector and SOEing with amplified DNA from a wild type (WT) Affimer scaffold with

variable regions containing 2 or 3 Alanine residues (Figure 2.2).

PCR
i PS
Affimer 21 L VR1 — VR2
A— O—
P2 P6
WT Affimer 2. [ —— AAA LI AAE
— —
P8 P4

Final SOE products

Aff21AVR2 Aff21VR1 ¢== SOE == | _ ___ AAE

Aff21AVRLT | e AAA G O — Aff21VR2

Figure 2.2: Generation of Aff21AVR1 and Aff21AVR2 DNA: Schematic showing the
strategy for creating Aff21AVR1 and Aff21AVR2 DNA. Template DNA was pBSTG-Aff
phagemid vector containing the Affimer 21 sequence and wild-type (WT) Affimer.
Primers are listed in Table 2.10. VR1: variable region 1 and VR2: variable region 2.

Affimer 21 variable region DNA was amplified by PCR from the pBSTG-Aff phagemid
vector using primers P1 and P2 (for VR1), and P5 and P6 (for VR2) (primer sequences
listed in Table 2.10). Variable region DNA from the WT Affimer scaffold was amplified
using primers P3 and P4 (empty VR1), and P7 and P8 (empty VR2).
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Table 2.10: Primers for construction of Aff21AVR1 and Aff21AVR2 mutants

Construct Vector Primer Sequence
P1 Forward 5’ TTCTGGCGTTTTCTGCGTCTGC 3’
Aff21AVR2 | pBSTG-Aff
P2 Reverse 5" CACCGTCTTTAGCTTCCAGG 3’
P3 Forward 5° CCTGGAAGCTAAAGACGGTG 3’
Aff21AVR2 | WT-Aff
P4 Reverse 5" GTCAGGAAACAGCTATGACC 3’
P5 Forward 5° CCTGGAAGCTAAAGACGGTG 3’

Aff21AVR1 | pBSTG-Aff
P6 Reverse 5" TACCCTAGTGGTGATGATGGTGATGC 3’

P7 5" AGTAAAACGACGGCCAGTG 3’
Aff21AVR1 | WT-Aff
P8 5" CACCGTCTTTAGCTTCCAGG 3’

The respective DNA segments were then separated on agarose gels (Section 2.2.1.7),
gel purified (Section 2.2.1.14), recombined in an SOE reaction (Section 2.2.1.2) and the
final products amplified using primers P1 and P4 for Aff21AVR2, and primers P7 and P6
for Aff21AVR1 (Section 2.2.1.3). DNA was then digested with Nhel-HF™ and Not/-HF™
(NEB) (Section 2.2.1.8) and ligated into similarly digested pET11a vector. XL1-Blue cells
were then transformed with the DNA (Section 2.2.1.11), grown up and miniprepped
(Section 2.2.1.13) before being sequenced (2.2.1.17) to confirm the correct insert. BL21
star™ (DE3) cells were then transformed with the DNA (Section 2.2.1.11) and protein

produced as described in Section 2.2.3.2..

2.2.1.6 Alanine scanning mutagenesis

Systematic alanine-scanning by Quikchange-based mutagenesis was performed on the
two variable regions of Affimer 21. Mutations were introduced using the mutant
primers listed in Table 2.11 and pET11la vector containing Affimer 21 sequence as
template. PCR reactions were established using KOD Hot Start DNA Polymerase Kit
(Millipore) as described in Section 2.2.1.1. The mutated products were digested for 1 h
at 37°C with the restriction enzyme Dpnl (New England Biolabs) to eliminate the original
methylated template and to increase mutation efficiency. Supercompetent XL1-Blue
cells were transformed with the digested products, plasmid DNA was purified from
transformant colonies, and the presence of the mutation was confirmed by DNA

sequence analysis (Section 2.2.1.17). For protein production, BL21 star™ (DE3) cells
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were transformed with plasmid DNA and protein produced as described in Section

2.2.3.2.

Table 2.11: Complementary primer pairs (F and R) for generation of site-directed

mutants (codon altered is highlighted in red)

Primer Sequence 5' to 3' Generated mutation
Affimer 21 1.1F GTTAAAGCGAAAGAACAGGCTITACAAAGTTTGGACTCCG G1l.1A
Affimer 21 1.1R CGGAGTCCAAACTTTGTAAGCCTGTTCTTTCGCTTTAAC G1l.1A
Affimer 21 1.2F GTTAAAGCGAAAGAACAGGGTGCTAAAGTTTGGACTCCGTACGG Y1.2A
Affimer 21 1.2R CCGTACGGAGTCCAAACTTTAGCACCCTGTTCTTTCGCTTTAAC Y1.2A
Affimer 21 1.3F GCGAAAGAACAGGGTTACGCIGTTTGGACTCCGTACGG K1.3A
Affimer 21 1.3R CCGTACGGAGTCCAAACAGCGTAACCCTGTTCTTTCGC K1.3A
Affimer 21 1.4F GCGAAAGAACAGGGTTACAAAGCITGGACTCCGTAC V1.4A
Affimer 21 1.4R GTACGGAGTCCAAGCTTTGTAACCCTGTTCTTTCGC V1.4A
Affimer 21 1.5F GAAAGAACAGGGTTACAAAGTTGCTACTCCGTACGGTACCATGTAC W1.5A
Affimer 21 1.5R GTACATGGTACCGTACGGAGTAGCAACTTTGTAACCCTGTTCTTTC W1.5A
Affimer 21 1.6F CAGGGTTACAAAGTTTGGGCTCCGTACGGTACCATGTAC T1.6A
Affimer 21 1.6R GTACATGGTACCGTACGGAGCCCAAACTTTGTAACCCTG T1.6A
Affimer 21 1.7F GTTACAAAGTTTGGACTGCITACGGTACCATGTACTACC P1.7A
Affimer 21 1.7R GGTAGTACATGGTACCGTAAGCAGTCCAAACTTTGTAAC P1.7A
Affimer 21 1.8F GGTTACAAAGTTTGGACTCCGGCTGGTACCATGTACTACCTG Y1.8A
Affimer 21 1.8R CAGGTAGTACATGGTACCAGCCGGAGTCCAAACTTTGTAACC Y1.8A
Affimer 21 1.9F CAAAGTTTGGACTCCGTACGCTACCATGTACTACCTGAC G1.9A
Affimer 21 1.9R GTCAGGTAGTACATGGTAGCGTACGGAGTCCAAACTTTG G1.9A
Affimer 21 2.1F GCGAAAGTTTGGGTTAAGGCTCATTGGGATAACGGCGGC T2.1A
Affimer 21 2.1R GCCGCCGTTATCCCAATGAGCCTTAACCCAAACTTTCGC T2.1A
Affimer 21 2.2F GAAAGTTTGGGTTAAGACCGCITGGGATAACGGCGGCCTG H2.2A
Affimer 21 2.2R CAGGCCGCCGTTATCCCAAGCGGTCTTAACCCAAACTTTC H2.2A
Affimer 21 2.3F GTTTGGGTTAAGACCCATGCTGATAACGGCGGCCTGAGAAAC W2.3A
Affimer 21 2.3R GTTTCTCAGGCCGCCGTTATCAGCATGGGTCTTAACCCAAAC W2.3A
Affimer 21 2.4F GGGTTAAGACCCATTGGGCTAACGGCGGCCTGAGAAAC D2.4A
Affimer 21 2.4R GTTTCTCAGGCCGCCGTTAGCCCAATGGGTCTTAACCC D2.4A
Affimer 21 2.5F GTTAAGACCCATTGGGATGCTGGCGGCCTGAGAAACTTC N2.5A
Affimer 21 2.5R GAAGTTTCTCAGGCCGCCAGCATCCCAATGGGTCTTAAC N2.5A
Affimer 21 2.6F GTTAAGACCCATTGGGATAACGCTGGCCTGAGAAACTTCAAA G2.6A
Affimer 21 2.6R TTTGAAGTTTCTCAGGCCAGCGTTATCCCAATGGGTCTTAAC G2.6A
Affimer 21 2.7F CATTGGGATAACGGCGCTCTGAGAAACTTCAAAG G2.7A
Affimer 21 2.7R CTTTGAAGTTTCTCAGAGCGCCGTTATCCCAATG G2.7A
Affimer 21 2.8F CCCATTGGGATAACGGCGGCGLTAGAAACTTCAAAGAACTG L2.8A
Affimer 21 2.8R CAGTTCTTTGAAGTTTCTAGCGCCGCCGTTATCCCAATGGG L2.8A
Affimer 21 2.9F GGGATAACGGCGGCCTGGCTAACTTCAAAGAACTGCAGGAG R2.9A
Affimer 21 2.9R CTCCTGCAGTTCTTTGAAGTTAGCCAGGCCGCCGTTATCCC R2.9A

2.2.1.7 Agarose gel electrophoresis

DNA samples were mixed with 1x DNA loading buffer [30 % (v/v) glycerol, 0.25 % (w/v)
Orange G] and 3 ul of each sample was loaded onto a 0.8 or 2 % (w/v) agarose gel made
up in 1x TAE buffer (1 mM EDTA, 20 mM glacial acetic acid, 40 mM Tris base) and
containing 1x SYBRsafe DNA gel stain (Invitrogen). A 3 ul aliquot of MassRuler DNA

Ladder Mix (ThermoFisher) was also loaded. Gels were run in a RunOne Electrophoresis
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Cell (EmbiTec) at 50 V for 40 min and bands were visualised under UV using a Amersham

Imager 600 (GE Healthcare).

2.2.1.8 Restriction digests

Restriction digests were carried out according to the manufacturer’s instructions (New
England Biolabs) in a total volume of 50 pl. Each digestion reaction contained 20 U of
each restriction enzyme, 1 ug DNA, 1x CutSmart Buffer and nuclease free dH,O added
to 50 ul. Reactions were incubated for >4 h at 37 °C. DNA fragments were analysed on
either 0.8 % (plasmid) or 2% w/v (insert) agarose gels and then excised and purified

from the gel where required (Section 2.2.1.14).

2.2.1.9 Dephosphorylation

Dephosphorylation of digested plasmid removes the 5’ phosphate and prevents self-
ligation. (Sambrook et al., 1989). Dephosphorylation was carried out by adding 0.1 U/
il Antarctic Phosphatase and 1x Antarctic Phosphatase Reaction Buffer (New England
Biolabs) to the completed restriction digestion reaction (Section 2.2.1.8) and incubating

at 37 °C for 15 min.

2.2.1.10 Ligations

Ligation of plasmid and insert was carried out using T4 DNA ligase from either NEB or
Roche. Digested insert DNA was combined with similarly digested and
dephosphorylated plasmid in either 10 pl or 100 ul reaction volumes containing 1x T4
DNA ligase buffer, 1x T4 DNA ligase (400 units per 10 pl reaction volume), 10 ng/ul
plasmid DNA, deionized water and varying amounts of insert DNA to give a range of
molar ratios (a 4:1 molar ratio of insert to plasmid was found to be the most effective
and was generally used). Reactions were incubated overnight at either room

temperature (NEB ligase) or 4 °C (Roche ligase).

2.2.1.11 Transformation of E. coli by heat shock

A 10 pl (Supercompetent XL1-Blue) or 50 ul (BL21 Star™ DE3) aliquot of competent cells
(Section 2.1.1) was thawed on ice for 10 min before addition of 10-50 ng plasmid DNA
ina 1-5 pl volume. The mixture was gently mixed and incubated on ice for 30 min before

being transferred to a 42 °C water bath for 45 seconds. The tube was then transferred
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immediately to ice for a minimum of 2 min before addition of 190 ul (for
Supercompetent XL1-Blue cells) or 450 pl (for BL21 Star™ DE3 cells) of SOC media. The
culture was then incubated in a shaking incubator at 37 °C with shaking at 230 rpm to
permit recovery. After 1 h, a 100 ul aliquot was plated onto an agar plate containing the

appropriate antibiotic, inverted and incubated at 37 °C overnight.

2.2.1.12 Transformation of E. coli by electroporation

A 250 pl aliquot of electrocompetent ER2738 cells (Section 2.1.1) was defrosted on ice
for 10 min and then added to 400 ng DNA in a chilled microcentrifuge tube and gently
mixed by tapping the tube. The mixture was then transferred to a chilled, sterile
electroporation cuvette with a 0.2 cm gap (BioRad), being careful not introduce air
bubbles. The samples were electroporated in a MicroPulser Electroporator (BioRad) at
2.5 V. the cuvette was washed with 3x 1 ml SOC media (Invitrogen) and the cells
transferred to a 50 ml Falcon tube containing a further 12 ml SOC media (Sigma). The
15 ml culture was splitinto 2 x 7.5 ml in 50 ml Falcon tubes and incubated at 37 °C, 230
rpm for 45 min to permit recovery and production of the antibiotic resistance protein.
Cell samples (10 ul) were plated out at a range of dilutions (1:10 - 1:100,000) onto 245
x 245 mm bio-assay agar plates containing the appropriate antibiotic to allow for
estimation of the library size. The plates were inverted and incubated at 37 °C
overnight. The remaining cells were added to 250 ml of pre-warmed LB-carb media in
a 2 L flask and incubated at 37 °C, 230 rpm until an ODsoo of 0.6 measured on a
spectrophotometer (Jenway). The culture was then inoculated with 10 pl M13K07
helper phage (titre ca. 10''/ml) at 25 °C, 90 rpm for 1 h. Kanamycin (60 pg/ml) was
added to select for cells that had successfully been infected by the M13K07 helper
phage and the culture was incubated at 25 °C, 170 rpm overnight. Phage were
precipitated with 6% polyethylene glycol 8000 and 0.5 M NaCl and incubated overnight
at 4 °C. The following day the mixture was centrifuged at 4816 xg for 30 minutes to
pellet the phage and the pellet resuspended in 320 pl TE buffer. The phage were then
centrifuged again at 16,000 xg for 10 min and the supernatant mixed with 40% glycerol

for storage.
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2.2.1.13 Purification of DNA from E. coli by mini or maxiprep

Single colonies containing the plasmid of interest were used to inoculate an appropriate
volume of 2TY broth containing selective antibiotic and grown overnight at 37 °C, 230
rom. Plasmid purification was carried out using QlAprep Spin Miniprep or HiSpeed
Plasmid Maxiprep kit (Qiagen) according to the manufacturer’s instructions. DNA was

eluted in an appropriate volume of nuclease free H,O and stored at -20 °C.

2.2.1.14 Purification of DNA from an agarose gel

The DNA sample was first separated by agarose gel electrophoresis and visualised using
a Amersham Imager 600 (GE Healthcare) (Section 2.2.1.7). Bands of interest were
excised using a sterile scalpel and placed in a 1.5 ml microcentrifuge tube. Extraction of
the DNA was performed using a NucleoSpin® Gel and PCR clean-up kit (Machery Nagel)
according to the manufacturer’s instructions. DNA was eluted in an appropriate volume

(normally 50 ul) of nuclease free H,O and stored at -20 °C.

2.2.1.15 Purification of PCR products

A NucleoSpin® Gel and PCR clean-up kit (Machery Nagel) was used to purify DNA
products following PCR, SOEing or ligation in which the removal of reaction components
was required for the highest efficiency of downstream processes, such as digestion or
transformation. DNA was purified according to the manufacturer’s instructions but

eluted in nuclease free H.0 and stored at -20 °C.

2.2.1.16 Measuring DNA concentration

DNA concentration was determined using a Nanodrop-lite spectrophotometer
(ThermoScientific). The spectrophotometer was blanked using the same buffer as that
of the DNA sample. A 2 pl aliquot of the DNA solution was then applied to the sample
pedestal and the concentration determined from the A.so reading according to the
rearranged Beer-Lambert equation: C = A.g/l where C is the nucleic acid concentration
in ng/ul, Ais the absorbance in AU, ¢ is the wavelength dependent extinction coefficient

(50 (ng-cm/ul) and | is the path length in cm.



58

2.2.1.17 DNA sequencing
Purified DNA was diluted to 100 ng/ul and DNA sequencing carried out by GeneWiz
using the primers listed in Table 2.12. Results were analysed using MacVector version

13.5.2.

Table 2.12: Sequencing primers

Primer
Plasmid Name Sequence
position
pET11a T7F Forward 5'TAATACGACTCACTATAGGG 3’
pBSTG-Aff M13R Reverse 5" CAGGAAACAGCTATGAC 3’
pD861-pelB | pD861-NDM-1 Forward 5’ GACTGGTCGTAGAGACCATG 3’

2.2.2 Phage display techniques

2.2.2.1 Biotinylation of target proteins with EZ-Link® NHS-SS-Biotin

To biotinylate target protein, EZ-Link® NHS-SS-Biotin (ThermoScientific) was
equilibrated to room temperature and diluted to 5 mg/ml in DMSO immediately before
use. NH-SS-biotin was added at a 20-fold molar excess to 1 mg/ml protein in a total
volume of 100 ul PBS and incubated at room temperature for 1 h. Excess biotin was
removed using Zeba™ Spin Desalting Columns, 7K MWCO (ThermoScientific) according
to the manufacturer’s instructions. Samples were mixed with an equal volume of 80 %

(v/v) glycerol and stored at -20 °C.

2.2.2.2 ELISA to confirm biotinylation

Biotinylated target were added as a range of dilutions (1, 0.1, 0.01 pl) to Nunc-
Immuno™ MaxiSorp™ Strips (ThermoScientific) containing 50 pl PBS and incubated
overnight at 4 °C. Wells were washed 3 times with 300 ul PBST on a HydroFlex plate
washer (TECAN) and blocked with 250 pl 10x blocking buffer (Sigma) and incubated for
3 hat 37 °C. The wells were washed 3 times with PBST on a plate washer and incubated
with High Sensitivity Streptavidin-HRP (ThermoScientific) diluted 1:1000 in 2x blocking
buffer (10x blocking buffer diluted in PBST) for 1 h at room temperature on a VIBRAMAX
100 shaking platform (Heidolph). Wells were washed 6 times with 300 pl PBST on a
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plate washer and incubated with SeramunBlau® fast TMB/substrate solution (Seramun)
and allowed to develop for 3 min at room temperature. Absorbance was recorded at
620 nm using a Multiskan Ascent 96/384 Plate Reader (MTX Lab Systems Inc).

Absorbance was read again at 6 min developing time.

2.2.2.3 Phage display for biotinylated targets

Phage display screening was carried out using Protein LoBind Tubes (Eppendorf) unless
otherwise stated. Targets were biotinylated using EZ-Link NH-SS-Biotin
(ThermoScientific), as described in Section 2.2.2.1. Biotinylation was confirmed using

High Sensitivity Streptavidin-HRP (ThermoScientific) (Section 2.2.2.2).

2.2.2.3.1 First panning round

ER2738 E coli cells were grown overnight on LB agar with 12 pg/ml tetracycline at 37
°C. A single colony was used to inoculate 5 ml of 2TY media with 12 pug/ml tetracycline
and the culture grown overnight at 37 °C, 230 rpm. Streptavidin coated (HBC) 8-well
strips (ThermoScientific) were blocked using 2x blocking buffer at 37 °C overnight, with
four wells per target. Wells were washed once with 300 pl PBST on a TECAN HydroFlex
plate washer and 100 pl 2x blocking buffer added to the wells. The phage library was
pre-panned three times against the streptavidin coated plates: 5 ul of the phage library
was added to the first pre-pan well and incubated for 1 h at room temperature on a
Heidolph VIBRAMAX 100 shaker. Blocking buffer was removed from the second pre-pan
well and the phage-containing supernatant from the first pre-pan well transferred to
the second and incubated for 1 h at room temperature with shaking. This was repeated
for the third pre-pan well. During the pre-panning steps, biotinylated target (diluted 1:6
in 2x blocking buffer) was added to the panning well for 2 h at room temperature on a
vibrating platform shaker and then washed 6 times with 300 pl PBST. Pre-panned phage
was transferred into the well containing immobilised target and incubated at room

temperature for 2 h with shaking at 400 rpm.

Meanwhile, fresh cultures of ER2738 cells were set up (8 ml per target) by diluting the
overnight culture 1:15 and incubating for 1 h at 37 °C, 230 rpm to give an Aeoo of 0.6 at
the time of phage infection. The panning well was washed 27 times with PBST on a plate

washer and the phage eluted and used to infect ER2738 cells. Phage were eluted in 100
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ul 0.2 M glycine, pH 2.2 for 10 min at room temperature followed by neutralisation with
15 pul 1 M Tris-HCI, pH 9.1 before addition to the prepared 8 ml of ER2738 cells.
Remaining phage were eluted in 100 pl 100 mM triethylamine (Sigma) for 6 min at room
temperature and neutralised with 50 ul 1 M Tris-HCI, pH 7 before addition to the same
aliquot of ER2738 cells. The cells were incubated at 37 °C for 1 h and were mixed gently

at least once during the incubation.

Phage infected ER2738 cells (1 pl) were plated onto LB agar carbenicillin plates. The
remaining cells were centrifuged for 5 min at 3,000 xg, resuspended in a smaller volume
and plated onto LB agar carbenicillin plates. Plates were inverted and incubated at 37
°C overnight. The following day, the number of colonies on the plate with the 1 pl
inoculation were counted and this number multiplied by 8000 to determine the number
of cells per 8ml. The cells were then scraped from both plates using 2TY media with
carbenicillin (100 pug/ml) and transferred to a 50 ml Falcon tube. The Agoo of a 1:10
dilution was measured and used to calculate the dilution factor for a fresh 8 ml culture
with an Asgo of 0.2 (log phase). The cells were then diluted as calculated into 2TY with
carbenicillin (100 pg/ml) and grown for 1 h at 37 °C, 230 rpm. A 0.32 ul aliquot of
M13K07 helper phage (titre ca. 10*/ml) was added and the cells incubated for 30 min
at 37 °C, 90 rpm before the addition of 400 pg kanamycin and incubation overnight at
25°C, 170 rpm.

Cells were harvested by centrifugation at 3,500 xg for 10 min and the phage-containing
supernatant transferred to fresh Falcon tubes. The required volume (125 pl per target)
of phage-containing supernatant was removed for use in the second panning round. A
2 ml aliquot of PEG-NaCl was added to the remaining supernatant to precipitate the
phage and incubated overnight at 4 °C. Phage were pelleted by centrifugation at 4,816
xg for 30 min and the supernatant discarded. The pellet was resuspended in 320 pl TE
buffer transferred to microcentrifuge tubes and centrifuged at 16,000 xg for ten min.
The supernatant was removed and diluted at 1:1 ratio with 40 % glycerol (made up in

water) and stored at -80 °C.
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2.2.2.3.2 Second panning round

ER2738 cells were grown overnight in 5 ml 2TY media with 12 pug/ml tetracycline at 37
°C, 230 rpm. Streptavidin beads (20 pl per target) (Dynabeads® MyOne™ Streptavidin
T1, 10 mg/ml), were blocked with 100 ul 2x blocking buffer and incubated overnight at
room temperature on a Stuart SB2 fixed speed rotator at 20 rpm. Plates for the
KingFisher Flex robotic platform (ThermoScientific) were blocked at 37 °C for 2 h;
panning wells were blocked with 1 ml 2x blocking buffer in a deep 96 well plate
(ThermoScientific) and elution wells were blocked with 300 ul 2x blocking buffer in two
KingFisher (200 ul) 96 well plates (ThermoScientific). Sufficient wells in 4x deep 96 well

plates were prepared with 950 ul 2x blocking buffer directly before use.

Pre-panning of phage was carried out using pre-blocked streptavidin coated beads. The
pre-blocked streptavidin beads were centrifuged at 800 xg for 1 minute and
immobilised on a magnet before removing the 2x blocking buffer. The beads were
resuspended in 2x blocking buffer, 100 pl per 20 ul beads. A 125 ul aliquot of phage-
containing supernatant from the first panning round was mixed with 125 pl 2x blocking
buffer (or 5 ul purified phage with 245 pl 2x blocking buffer) and added to 25 ul pre-
blocked streptavidin beads and incubated for 1 h at RT on the rotator. The beads were
centrifuged at 800 xg for 1 minute and placed on a magnet. The supernatant containing
the phage was transferred to a fresh tube and another 25 ul pre-blocked streptavidin
beads were added and incubated for 1 h at room temperature on the rotator. During
the pre-pans, the biotinylated target protein was incubated with 50 pl pre-blocked
streptavidin beads and mixed for 2 h at room temperature on the rotator. Immediately
before use, the 2x blocking buffer was removed from the deep 96-well plate used for
panning and the two (200 ul) 96-well plates used for elution. Glycine, 100 pl of 0.2 M,
pH 2.2, was aliquoted per target into the pre-blocked wells of one elution plate and 100
ul 1.4 % triethylamine aliquoted per target into the pre-blocked wells of the second
elution plate. The tubes containing the streptavidin beads and biotinylated target were
centrifuged at 800 xg for 1 min, immobilised on a magnet and washed with 2x blocking
buffer; repeating three times. The tubes containing the pre-panned phage were
centrifuged at 800 xg for 1 min, immobilised on a magnet and the supernatant removed
and mixed with the target protein bound to streptavidin beads. The beads were

resuspended and transferred to the pre-blocked wells of the deep 96-well plate.
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The KingFisher Flex protocol ‘Phage_display_pH_elution” was selected (Table 2.13) and
the plates placed into the machine in the appropriate order. 1 h before elution of phage,
a fresh 8 ml culture of ER2738 cells was setup from the overnight culture as previously
described (Section 2.2.2.3.1) and grown at 37 °C, 230 rpm. Phage were eluted, added

to the culture of ER2738 cells and plated out as described for the first panning round.

Table 2.13: KingFisher Flex 'Phage_display_pH_elution' protocol

Protocol Step Plate Vo(l:lr)ne Settings
Tipcomb 96 DW tip comb
Pick-Up: KingFisher 96 KF
Tipcomb plate
Collect Beads | Plate: Binding Collect count 1
Microtiter DW 96 Collect time (s) 1
plate
Binding Plate: Binding 300 Beginning of Step
Microtiter DW 96 Release beads [hh:mm:ss]:
plate 00:00:00
Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:00:10
Speed: fast
End of step
Collect beads, count: 5
Collect time (s): 30
Wash 1 Plate: Wash 1 950 Beginning of Step
Microtiter DW 96 Release beads [hh:mm:ss]:
plate 00:00:00
Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:01:00
Speed: slow
End of step
Collect beads, count: 5
Collect time (s): 30
Wash 2 Plate: Wash 2 950 Beginning of Step
Microtiter DW 96 Release beads [hh:mm:ss]:
plate 00:00:00
Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:01:00
Speed: slow
End of step
Collect beads, count: 5
Collect time (s): 30
Wash 3 Plate: Wash 3 950 Beginning of Step
Microtiter DW 96 Release beads [hh:mm:ss]:
plate 00:00:00
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Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:01:00
Speed: slow

End of step

Collect beads, count: 5

Collect time (s): 30

Wash 4 Plate: Wash 4 950 Beginning of Step
Microtiter DW 96 Release beads [hh:mm:ss]:
plate 00:00:00

Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:01:00
Speed: slow

End of step

Collect beads, count: 5

Collect time (s): 30

pH Elution Plate: pH elution 100 Beginning of Step
KingFisher 96 KF Release beads [hh:mm:ss]:
plate 00:00:00

Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:07:30
Speed: slow
Postmix[hh:mm:ss]: 00:00:05
Speed: Bottom mix

End of step

Collect beads, count: 5

Collect time (s): 30

Triethylamine | Plate: Triethylamine | 100 Beginning of Step
Elution KingFisher 96 KF Release beads [hh:mm:ss]:
plate 00:00:00

Mixing/Heating Parameters
Mix time [hh:mm:ss]: 00:03:30
Speed: slow
Postmix[hh:mm:ss]: 00:00:05
Speed: Bottom mix

End of step

Collect beads, count: 5

Collect time (s): 30

Leave: 96 DW tip comb
Tipcomb

2.2.2.3.3 Third panning round

The third panning round used NeutrAvidin coated high binding capacity strips
(ThermoScientific) in place of the Streptavidin coated high binding capacity strips, as
previously described for the first panning round. A 200 pl aliquot of phage containing

supernatant or 8 ul of purified phage from the second pan was used. Phage were eluted
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from wells containing target protein and empty control wells and plated at a range of

dilutions to compare the level of amplification in the target wells.

2.2.2.4 Phage display for non-biotinylated targets
Phage display screening against large, unbiotinylated targets such as bacterial cells and
spores was carried out in Protein LoBind Eppendorf tubes (Eppendorf), using

centrifugation steps (2 min at 12,000 xg) to separate target from unbound phage.

2.2.2.4.1 Isolation of Affimer proteins against individual strains of S. aureus biofilm

Three strains of Staphylococcus aureus were used: SH1000, USA300 and UAMS-1.

ER2738 E. coli cells were grown overnight on LB agar with 12 ug/ml tetracycline at 37
°C. A single colony was used to inoculate 5 ml of 2TY media with 12 pg/ml tetracycline

and the culture grown overnight at 37 °C, 230 rpm.

To isolate Affimer proteins specific to each individual S. aureus biofilm strain, an aliquot
of naive phage library was pre-panned 4 times against a combination of cells grown as
biofilms from the other two strains: 20 ul of the phage library was added to a tube
containing 1200 ul PBS and a 1:1 mixture of the 2 non-target strains and incubated for
1 h at room temperature on a Stuart SB2 fixed speed rotator. The mixture was
centrifuged for 2 min at 12,000 xg in a Genfuge 24D centrifuge (Progen) and the
supernatant containing the unbound phage was transferred to a second tube
containing a 1:1 mix of the 2 non-target strains and incubated for 1 h at room
temperature on a Stuart SB2 fixed speed rotator. This was repeated for a third and
fourth pre-pan. During the pre-panning steps, fresh cultures of ER2738 cells were set
up (8 ml per target) by diluting the overnight culture 1:15 and incubating for 1 h at 37

°C, 230 rpm to give an Aggo of 0.6 at time of infection.

The pre-panned phage were incubated with the target strain for 2 h at room
temperature on a rotator. The cells were pelleted at 12000 xg for 2 min, washed with
300 pl PBS to remove unbound phage and transferred to a fresh tube. This was repeated
for 5 washes. Bound phage were eluted with 200 pl 0.2 M Glycine (pH 2.2) for 10 min,
neutralised with 30 ul 1 M Tris-HCI (pH 9.1), further eluted with 200 pl of 100 mM
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triethylamine (Sigma-Aldrich, St Louis, USA) for 6 min, and neutralised with 100 ul 1 M
Tris—HCI (pH 7). Eluted phage were used to infect the pre-prepared ER2738 cells for 1 h
at 37 °C and plated onto LB agar plates containing 100 pug/ml carbenicillin and grown
overnight at 37 °C. Colonies were scraped into 7 ml of 2TY medium with 100 pg/ml
carbenicillin. Absorbance was measured at 600 nm and the cells diluted to Asoo 0.2 in
an 8 ml culture. Cells were plated and phage were generated and precipitated as
described in Section 2.2.2.3.1. This was repeated for two further panning rounds.
During the final pan, the pre-panned phage were splitinto 4x 300 ul and incubated with
either target strain, a negative control (magnetic beads) or controls (biofilm cells from
the other two non-target strains) for 2 h at room temperature on a rotator. The bound
phage were eluted and plated as before and the number of phage-infected colonies on

each plate was recorded.

2.2.2.4.2 Isolation of Affimer proteins that bind S. aureus biofilm but not planktonic
cells of the same strain

ER2738 E. coli cells were grown overnight on LB agar with 12 ug/ml tetracycline at 37
°C. A single colony was used to inoculate 5 ml of 2TY media with 12 pg/ml tetracycline

and the culture grown overnight at 37 °C, 230 rpm.

To isolate Affimer proteins specific to biofilm-grown cells of each individual S. aureus
strain, an aliquot of naive phage library was pre-panned 4 times against planktonically
grown cells of the target strain: 20 pl of the phage library was added to a tube
containing 1200 pl PBS and planktonically grown cells of the target strain and incubated
for 1 h at room temperature on a Stuart SB2 fixed speed rotator. The mixture was
centrifuged for 2 min at 12,000 xg in a Genfuge 24D centrifuge (Progen) and the
supernatant containing the unbound phage was transferred to a second tube
containing planktonically grown cells of the target strain and incubated for 1 h at room
temperature on a Stuart SB2 fixed speed rotator. This was repeated for a third and
fourth pre-pan. During the pre-panning steps, fresh cultures of ER2738 cells were set
up (8 ml per target) by diluting the overnight culture 1:15 and incubating for 1 h at 37

°C, 230 rpm to give an Agoo of 0.6 at time of infection.
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The pre-panned phage was then incubated with biofilm-grown cells of the target strain
for 2 h at room temperature on a rotator. The cells were pelleted at 12000 xg for 2 min,
washed with 300 pl PBS to remove unbound phage and transferred to a fresh tube. This
was repeated for 5 washes. Bound phage were eluted with 200 ul 0.2 M glycine (pH 2.2)
for 10 min, neutralised with 30 pul 1 M Tris-HCI (pH 9.1), further eluted with 200 pl of
100 mM triethylamine (Sigma-Aldrich, St Louis, USA) for 6 min, and neutralised with
100 pl 1 M Tris—HCI (pH 7). Eluted phage were used to infect the pre-prepared ER2738
cells for 1 h at 37 °C and plated onto LB agar plates containing 100 pg/ml carbenicillin
and grown overnight at 37 °C. Colonies were scraped into 7 ml of 2TY medium with 100
ug/ml carbenicillin. Absorbance was measured at 600 nm and the cells diluted to Asoo
0.2 in an 8 ml culture. Cells were plated and phage was generated and precipitated as
described in Section 2.2.2.3.1. This was repeated for 2 further panning rounds. During
the final pan, the pre-panned phage were split into 3x 400 pl and incubated with either
biofilm-grown cells of the target strain, a negative control (magnetic beads) or controls
(planktonically-grown cells from the target strain) for 2 h at room temperature on a
rotator. The bound phage were eluted and plated as before and the number of phage-
infected colonies on each plate was recorded. This protocol was used for each of the

three strains of S. aureus: SH1000, USA300 and UAMS-1.

2.2.2.5 Phage display with competition

For a more stringent screening using the affinity-matured focused phage library, the
screens were carried out as described in Section 2.2.2.3.1 but with the following
adjustments:

The focused phage library (5 ul) was pre-panned 3 times as before but in a volume of
200 ul 2x blocking buffer. BAP-tagged and biotinylated NDM-1 was bound to 9 x
Streptavidin-Coated (HBC) strips (ThermoScientific) for 2 h, then pre-panned phage was
split and 100 ul added to the well containing the immobilised target and 100 ul added
to an empty control well for 10 min with shaking. Any unbound phage were then
removed by washing 27x in PBST and 1 well was eluted (Day 1). 100 ul of 2x blocking
buffer and 50 pg un-biotinylated NDM-1 added to all remaining wells to act as
competition. On each consecutive day, all panning wells were washed 27 times with
300 pul PBST on a plate washer and fresh un-biotinylated NDM-1 was added to all except

one well. This well was eluted and used to re-infect ER2738 cells as described
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previously. An extra elution step was then performed using 200 ul of 0.1 mg/mL bovine
trypsin in 1x TBS elution buffer (1x TBS and 20 mM CaCly) for 5 minutes and used to

infect a separate aliquot of ER2738 cells.

2.2.2.6 Phage ELISA

Phage ELISA was performed on randomly selected clones to confirm binding to the
target. Streptavidin (Molecular Probes) was diluted to 5 pg/ml in PBS and 50 pl added
to each well of a F96 Maxisorp Nunc-Immuno plate (ThermoScientific) and incubated
for at least 4 h at room temperature or 4 °C overnight. Strep-coated ELISA plates were

stored at 4 °C for up to a week.

200 pl 2TY media containing 100 pg/ml carbenicillin was aliquoted into the appropriate
number of wells in a 96-well V-bottom deep-well plate (Greiner). Individual colonies
from the panning round were used to inoculate wells and incubated overnight at 37 °C,
1050 rpm in an incubating microplate shaker (Heidolf Incubator 1000 and Titramax
1000). The next day, 200 pl 2TY media with 100 pg/ml carbenicillin was aliquoted into
a new 96-well V-bottom deep-well plate and 25 ul of the overnight culture transferred
into the corresponding well and incubated for 1 h at 37 °C, 1050 rpm. M13K07 helper
phage (titre ca.10**/ml) was diluted 1/1000 in 2TY with 100 pg/ml carbenicillin and 10
ul added per well and incubated for 30 min at room temperature, 450 rpm. Kanamycin
(25 mg/ml) was diluted 1/20 in 2TY media with 100 pg/ml carbenicillin and 10 pl added
per well and incubated overnight at room temperature, 750 rpm. Phage was harvested
by centrifugation at 3500 xg for 10 min and phage containing supernatant transferred

directly to a prepared ELISA plate for binding to immobilised target protein.

The pre-prepared streptavidin plates were blocked with 200 ul 2x blocking buffer and
the plates incubated overnight at 37 °C. The following day the wells were washed once
with 300 pl PBST on a TECAN HydroFlex plate washer. Biotinylated target protein was
diluted 1/100-1000 in 2x blocking buffer and 50 ul added per well and control wells
treated with 50 pl 2 x blocking buffer. The plates were incubated for 1 h at room
temperature on a vibrating platform shaker (Heidolph VIBRAMAX 100). Wells were
washed once with 300 ul PBST on a plate washer and 10ul 10x blocking buffer aliquoted

per well. A 40 pl aliquot of the prepared phage-containing supernatant was added to
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the target-containing well and a corresponding control well and incubated at room
temperature for 1 h on a vibrating platform shaker. Each well was washed once with
PBST on a plate washer and 50 pl of a 1/1000 dilution of anti-Fd-Bacteriophage-HRP
antibody (Seramun Diagnostica) was added before incubation for 1 h at room
temperature with shaking. Wells were washed 10 times with PBST on a plate washer
and 50 pl of SeramunBlau® fast TMB/substrate solution (Seramun) added and allowed
to develop for 3 min. Tetramethylbenzidine (TMB) is a substrate for HRP and develops
a water-soluble blue reaction product that can be read spectrophotometrically at 620
nm. Absorbance per well was measured at 620 nm using a Multiskan Ascent 96/384

Plate Reader (MTX Lab Systems Inc). An additional reading was taken after 6 min.

2.2.3 Protein production and purification

2.2.3.1 Subcloning into pET11a plasmid
Affimer coding sequences were sub-cloned from the pBSTG-Affimer phagemid vector

into a pET11a-derived vector for production of Affimer proteins.

Supercompetent XL1-Blue cells were transformed with pET11a plasmid DNA by heat
shock (Section 2.2.1.11) and single colonies were picked into media, grown overnight
and maxiprepped as described in Section 2.2.1.13. The high fidelity restriction enzymes
Nhel-HF and Not/-HF (NEB) were used to digest pET11a plasmid as per Section 2.2.1.8.
Dephosphorylation (2.2.1.9), gel separation (2.2.1.7) and purification (2.2.1.14) were

carried out as described previously. The digested vector was stored at -20°C.

The Affimer DNA sequence was amplified from the pBSTG phagemid vector by PCR
using Phusion polymerase (Section 2.2.1.1) and the primers listed in Table 2.14. The
primer pBSTG-Aff reverse (+ cysteine) was used to add a cysteine to an Affimer that
might require downstream labelling by biotinylation with EZ-Link® NH-SS-Biotin
(Section 2.2.2.1).
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Table 2.14: PCR primer sequences

Primer Sequence

pBSTG-Aff forward | 5’ - ATGGCTAGCAACTCCCTGGAAATCGAAG

pBSTG-Aff reverse | 5 - TACCCTAGTGGTGATGATGGTGATGC

pBSTG-Aff reverse | 5’ - TTACTAATGCGGCCGCACAAGCGTCACCAACCGGTTTG

(+ cysteine)

*His-tag is underlined, cysteine is in bold

After amplification, the reaction mixture was incubated with Dpnl/ enzyme (NEB) at 37
°C for 1 h and purified using a NucleoSpin Gel and PCR Clean-up kit (Machery-Nagel)
(Section 2.2.1.15). The PCR-amplified Affimer sequence was digested with Nhel and
Notl restriction enzymes (2.2.1.8), purified again (2.2.1.15) and stored at -20 °C. The
Nhel-Notl digested inserts were ligated into the similarly digested pET11a vector using
T4 DNA ligase (NEB) (Section 2.2.1.10). A negative control without insert DNA was also
set up. Supercompetent XL1-Blue E. coli cells were transformed with the pET11a vectors
containing ligated inserts (2.2.1.11) and plated onto LB plates containing 100 pg/ml
carbenicillin. Plates were incubated at 37 °C overnight. Plasmid DNA was extracted from
single colonies (Section 2.2.1.13) and DNA sequenced to confirm the correct insert

(2.2.1.17).

2.2.3.2 Protein production

2.2.3.2.1 Production in BL21 Star (DE3) cells

BL21 Star (DE3) cells were transformed with pET11a-Affimer or pD861-NDM-1 plasmid
DNA (Section 2.2.1.11) for production of protein. Single colonies were picked and used
to inoculate 5 ml selective LB medium (Invitrogen) and grown overnight at 37 °C, 230
rpm. The following day, overnight cultures were inoculated into a larger culture volume
of selective LB medium at a 1:100 dilution. Cultures were grown to an ODego of 0.8 at
37 °C, 230 rpm and induced with a final concentration of either 0.5 mM IPTG (for
pET11a-Affimer) or 0.2 % w/v L-rhamnose (pD861-NDM-1) and cultured overnight at 25
°C, 150 rpm. Cells were harvested by centrifugation at 4000 xg for 20 min in a Heraeus

Multifuge X3R centrifuge (ThermoScientific).
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2.2.3.2.2 Production of biotinylated NDM-1 in AVB101 cells

AVB101 cells were transformed with pD861 plasmid DNA encoding BAP-tagged NDM-1
(Section 2.2.1.11) for production of biotinylated protein. Single colonies were picked
and used to inoculate 10 ml TYH media (Section 2.1.2) supplemented with 10 pug/ml
chloramphenicol and 50 pg/ml of kanamycin. Cultures were grown overnight at 37 °C,
230 rpm. The following day, overnight cultures were inoculated into a larger culture
volume of TYH media containing 50 pug/ml kanamycin and 0.5 % sterile glucose, at a
1:200 dilution. Cultures were incubated at 37 °C, 230 rpm until they reached an ODeoo
of 0.7. A5 mM d-biotin (Invitrogen) solution was prepared in 10 mM pre-warmed bicine
buffer (pH 8.3) (Sigma) and filter sterilised. The biotin solution was added to the culture
at a final concentration of 50 uM and the culture induced with 1.5 mM IPTG and 0.2 %
w/v L-rhamnose and incubated overnight at 25 °C, 150 rpm. Cells were harvested by
centrifugation at 4000 xg for 20 min in a Heraeus Multifuge X3R centrifuge

(ThermoScientific).

2.2.3.3 Protein purification

2.2.3.3.1 Purification of Affimer proteins

Following protein production and cell harvesting (Section 2.2.3.2.1), cell pellets were
resuspended at 1:50 of the original culture volume in lysis buffer supplemented with
1% v/v Triton X-100 (Sigma), 100 pg/ml Lysozyme, 10 U/ml Benzonase Nuclease
(Novagen) and 1x Halt Protease Inhibitor Cocktail EDTA-free (ThermoScientific), and
incubated for 20 min on a SB2 rotator (Stuart) at room temperature. A 20 minute
incubation at 50 °C denatured non-specific proteins and lysates were centrifuged at
either 16,000 xg for 20 min in a Genfuge 24D centrifuge (Progen) (for small culture
volumes); or (for larger volumes), centrifuged at 4816 xg for 20 min followed by
isolation of the supernatant and a further centrifugation step at 12,000 xg for 20 min in
a Heraeus Multifuge X3R centrifuge (ThermoScientific). A sample of the supernatant
was kept for SDS-PAGE analysis and the remainder was added to an appropriate volume
of washed Amintra Ni?*NTA resin (Expedeon) and incubated for 1-2 h on a SB2 rotator
(Stuart) at room temperature. The mixture was then added to a disposable
polypropylene column containing a porous polyethylene disc (ThermoScientific) and

the flow through (containing unbound protein) kept for SDS PAGE analysis. The NiZ*NTA
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resin was then washed with wash buffer (50 mM NaH;PQO4, 500 mM NaCl, 30 mM
Imidazole, pH 7.4) until the flow through measured less than 0.09 mg/ml of protein as
measured on a Nanodrop Lite Spectrophotometer (Section 2.2.3.5.1). A sample of the
final wash flow through was kept for SDS PAGE analysis. The His-tagged Affimer was
eluted from the resin by incubation with 100-500 pl elution buffer (50 mM NaH;POa,
500 mM NaCl, 300 mM Imidazole, 10% glycerol, pH 7.4), for 5 min. Elution steps were
repeated until no more protein was eluted (as measured on a Nanodrop Lite
Spectrophotometer), and analysed by SDS-PAGE with Coomassie staining to assess

purity as described in Section 2.2.3.5.2.

2.2.3.3.2 Purification of NDM-1

Following protein production and cell harvesting (Section 2.2.3.2.2), cell pellets were
very gently resuspended at 1:10 volume of the original culture volume in chilled
periplasmic lysis buffer (100 mM Tris, 20% sucrose, 1 mM EDTA, pH 8) and incubated
on a tube roller (StarLabs) for 10 min at 4 °C. Lysates were centrifuged at 4000 xg for 20
min in a Heraeus Multifuge X3R centrifuge (ThermoScientific) and the supernatant
removed and kept for SDS-PAGE analysis. Pellets were gently resuspended in 20 ml of
chilled 5 mM MgSOs and incubated on a tube roller (StarLabs) at 4 °C for 30 min before
being centrifuged again at 10,000 xg for 20 min in a Heraeus Multifuge X3R centrifuge.
The supernatant (periplasmic fraction) was added to an appropriate volume of washed
Amintra Ni**NTA resin (Expedeon) (typically 1 ml slurry per 400 ml culture) and
incubated for 1-2 h on a tube roller at 4 °C. The mixture was then added to a disposable
polypropylene column containing a porous polyethylene disc (ThermoScientific) and
the flow through (containing unbound protein) kept for SDS-PAGE analysis. The Ni2*NTA
resin was then washed with wash buffer (50 mM NaH;PQO4, 500 mM NaCl, 30 mM
Imidazole, pH 7.4) until the flow through measured less than 0.09 mg/ml of protein as
measured on a Nanodrop Lite Spectrophotometer (Section 2.2.3.5.1). A sample of the
final wash flow through was kept for SDS PAGE analysis. The His-tagged NDM-1 was
eluted from the resin by incubation with 100-500 pl elution buffer (50 mM NaH;POa,
500 mM NaCl, 300 mM Imidazole, 10% glycerol, pH 7.4), for 5 min. Elution steps were
repeated until no more protein was eluted (as measured on a Nanodrop Lite
Spectrophotometer), and analysed on a SDS PAGE gel with Coomassie staining to assess

purity as described in Section 2.2.3.5.2.



72

2.2.3.3.3 Dialysis of purified protein

Proteins were buffer exchanged into 1x PBS (137 mM NacCl, 10 mM Phosphate, 2.7 mM
KCl, pH 7.4) + 10% (Affimer proteins) or 40% (NDM-1) of glycerol, by dialysis. Slide-A-
Lyzer dialysis cassettes (ThermoScientific) with a MWCO of 7000 K and a volume
capacity of either 0.5 or 3 ml were hydrated in the dialysis buffer by immersion for 5
min. Protein was loaded into a syringe with mixing needle (Terumo) attached and
injected into the cassette via one of the syringe ports. Air was removed from the
cassette and the cassette attached to a buoy before being floated in 5 L of dialysis buffer
for 2 h at room temperature with stirring. The buffer was replaced with fresh buffer and
the protein dialysed for a further 2 h before the buffer being replaced again and
dialysed overnight at 4 °C. To remove the dialysed protein, a small amount of air was

injected into the cassette followed by withdrawal of the sample into a fresh syringe.

2.2.3.4 Protein analysis

2.2.3.4.1 Protein concentration

Protein concentration was determined using a Nanodrop-lite spectrophotometer
(ThermoScientific). The spectrophotometer was blanked using the same buffer as that
of the protein sample. A 2 ul aliquot of the protein solution was then applied to the
Nanodrop sample pedestal and the Azso was recorded. The extinction coefficient and
absorbance 0.1 % for each protein was determined from the amino acid sequence using
ExPASy ProtParam. The extinction coefficient indicates how much light a protein
absorbs at a given wavelength. From the molar extinction coefficient of tyrosine,
tryptophan and cysteine at a given wavelength, the extinction coefficient of the native
protein in water can be computed using the equation:

g(Prot) = (No.Tyrosine * £Tyrosine) + (No.Tryptophan * €Tryptophan) + (No.Cysteine *
eCysteine)

The absorbance (optical density) can be then be calculated using the formula:
Absorb(Prot) = ¢(Prot) / Molecular weight.

The concentration of the sample was then determined according to the Beer-Lambert
equation when solved for concentration: C = A /¢.l where C is the concentration, A is
the absorbance in AU, ¢ is the extinction coefficient and | is the path length in cm.

Calculations using the extinction coefficient (Mcm™) yielded the molar concentration
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of the protein solution. Replacing & with the absorbance 0.1 % (= 1 mg/ml) yielded the

concentration of protein in mg/ml.

2.2.3.4.2 SDS PAGE gel electrophoresis

Protein samples were separated according to their mobility through a SDS-
polyacrylamide gel by electrophoresis. Samples were mixed with 4 x loading buffer and
heated at 95 °C for 5 min. Using a Bio-Rad mini-PROTEAN casting system a 15 %
resolving gel (15 % (v/v) acrylamide (Severn Biotech Ltd), 375 mM Tris, pH 8.8, 0.1 %
(w/v) SDS, 0.15 % (w/v) ammonium persulfate (APS), 0.04 % (v/v) NN N’ N’ tetramethyl-
ethylenediamine (TEMED)) was poured between casting plates and allowed to
polymerise for 1 h overlaid with isopropanol to ensure a flat interface. Isopropanol was
removed and a stacking gel (5 % (v/v) acrylamide, 125 mM Tris pH 6.8, 0.1 % (w/v) SDS,
0.1 % (w/v) APS, 0.1 % (v/v) TEMED) poured before addition of a 10 or 15 well comb to
create sample wells. Protein samples and PageRuler™ Prestained Protein Ladder
(ThermoScientific) were loaded and gels electrophoresed at 170 V in SDS PAGE running
buffer for 1 h.

2.2.3.4.3 Coomassie Blue staining of SDS PAGE gels

To visualise total protein, SDS PAGE gels were stained with Coomassie Blue stain (45 %
(v/v) methanol, 7 % (v/v) acetic acid, 0.25 % (w/v) Coomassie Brilliant Blue R-250
(Fluka)) for 1 h before applying destain (25 % (v/v) methanol, 7.5 % (v/v) acetic acid)

overnight. Gels were imaged using an Amersham Imager 600 (GE Healthcare).

2.2.3.4.4 Western blot analysis of SDS PAGE gels

Proteins were transferred from SDS-PAGE gels onto a mini format PVDF membrane with
0.2 um pore size (Bio-Rad) using a Trans-Blot Turbo transfer system (Bio-Rad) according
to the manufacturer’s instructions. Transferred membranes were incubated in 3 %
(w/v) BSA in TBS-T (500 mM NaCl, 20 mM Tris-base, 0.1 % (v/v) Tween-20) for 1 h at
room temperature or 4 °C overnight. Membranes were then washed in TBS-T at room
temperature for 5 min, three times, followed by incubation with primary antibody
diluted in TBS-T + 3 % BSA for a minimum of 1 h and washed again for three five minute
intervals. The membrane was then incubated in secondary antibody diluted in TBS-T for

a minimum of 1 h before being washed for three five minute intervals. Membranes
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were incubated for 5 min with 3 ml Luminata Forte Western HRP Substrate (Millipore)

and visualised using chemiluminescence on an Amersham Imager 600 (GE Healthcare).

2.2.3.4.5 Competition ELISA

Streptavidin (Molecular Probes) was diluted to 5 pg/ml in PBS and 50 ul added to each
well of a F96 Maxisorp Nunc-Immuno plate (ThermoScientific) and incubated for at least
4 h at room temperature or 4 °C overnight. Streptavidin-coated ELISA plates were

stored at 4 °C for up to a week.

The pre-prepared streptavidin plates were blocked with 200 ul 2x blocking buffer and
the plates incubated overnight at 37 °C. The following day the wells were washed once
with 300 pl PBST on a TECAN HydroFlex plate washer. Biotinylated target protein was
diluted 1/100 in 2x blocking buffer and 50 pl added per well and the ‘no target’ control
well treated with 50 pl 2 x blocking buffer. The plates were incubated for 1 h at room
temperature on a vibrating platform shaker (Heidolph VIBRAMAX 100). Wells were
washed three times with 300 ul PBST on a plate washer. Solutions of different
concentrations of Diclofenac (DCF) (not biotinylated) in PBST were prepared from a 10
mM stock solution of diclofenac sodium (Sigma) to give final concentrations ranging
from 16 nM to 16 uM. The DCF solutions were mixed with DCF-Affimer (final
concentration of 0.2 ug/ml) and incubated for 30 minutes. Then, 50 pl per well of each
Affimer:DCF mixture were added into the plate wells and 50 ul of 2 x blocking buffer
was added to the ‘no Affimer’ control well and all wells were incubated at room
temperature for 1 h on a vibrating platform shaker. Each well was washed three times
with PBST on a plate washer. Subsequently, HRP conjugated anti-6x His tag antibody (1
ug/mL in 2x blocking buffer) was added (50 uL/well) and incubated for 1 hour at room
temperature with shaking. Wells were washed 10 times with PBST on a plate washer
and 50 pl of SeramunBlau® fast TMB/substrate solution (Seramun) added and allowed
to develop for 3 min. Absorbance per well was measured at 620 nm using a Multiskan

Ascent 96/384 Plate Reader (MTX Lab Systems Inc).
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2.2.4 Library generation

2.2.4.1 Generation of focused phage libraries

Two phage libraries were generated. Library 1 involved the randomisation of residues
in VR1 of Affimer 21 that were shown to be essential for inhibition of NDM-1 activity.
Library 2 involved the randomisation of residues in VR1 that had been shown not to be
essential for inhibition of NDM-1 activity. Supercompetent XL1-Blue cells were
transformed with pBSTG-Aff phagemid vector DNA by heat shock (Section 2.2.1.11) and
single colonies were picked into media, grown overnight and DNA maxiprep prepared
as described in Section 2.2.1.13. The high fidelity restriction enzymes Nhel-HF and Pstl-
HF (NEB) were used to digest 20 ug pBSTG-Aff phagemid vector as per Section 2.2.1.8.
Dephosphorylation (2.2.1.9), agarose gel separation (2.2.1.7) and purification (2.2.1.14)

were carried out as described previously. The digested vector was stored at -20 °C.

Library insert DNA was constructed by SOE of two PCR products (fragments) that were
amplified from the pBSTG-Aff phagemid vector containing the Affimer 21 sequence
(Figure 2.3).

Primer P1 e

Fragment 1 == Primer P2
1. PCR .
Primer P3  =————
VR1 I | VR2
Fragment 2 e Primer P4
2. SOE PCR
Wi | | wee
Fragment 1 Fragment 2
) Primer P1 l
3. Final — VR1 | | VR2
amplification —

Primer P4

Figure 2.3: Generation of library insert DNA: Schematic showing the strategy for
creating library insert DNA. Template DNA was pBSTG-Aff phagemid vector containing
the Affimer 21 sequence. Primers are listed in Table 2.15. VR1: variable region 1 and
VR2: variable region 2.
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The first PCR product extended from the dsbA signal coding sequence up to the first
variable loop and the second PCR product introduced the two nine amino acid variable
regions of the Affimer 21 sequence, whilst randomizing the residues in variable region
1 (VR1). Primers were designed as shown in Table 2.15 and sent to Ella Biotech for

synthesis.

Table 2.15: Library generation primers

Library 1 Name Sequence

Fragment 1 For P1 5 TTCTGGCGTTTTCTGCGTC 3’

Fragment 1 Rev P2 5 TGTTCTTTCGCTTTAACAAC 3’

Fragment 2 For P3 5’GTTGTTAAAGCGAAAGAACAGGGTNNNNNNGTTNNNN

NNNNNTACGGTACCATGTACTACCTG 3’ *

Fragment 2 Rev P4 5" GTCACCAACCGGTTTGAACTC ¥

Library 2 Name Sequence

Fragment 2 For P3 5'GTTGTTAAAGCGAAAGAACAGNNNTACAAANNNTGGAC

TCCGNNNNNNACCATGTACTACCTGACC-3' *

* The coding sequence for variable region 1 is underscored, overlapping primer
sequence regions are in bold.

Primers P1, P2 and P4 were the same for generation of both libraries. Primer P3
introduced the degenerate positions (NNN) as trimers representing a single codon for
each of the 19 amino acids excluding cysteines and stop codons (Kayushin et al., 1996).
Eight PCR reactions for each fragment were carried out using Phusion HF polymerase
as describedin Section 2.2.1.1. PCR products for each fragment were pooled, separated
on an agarose gel (2.2.1.7), purified by gel extraction (2.2.1.14) and combined in 10
cycles of SOE PCR (2.2.1.2) followed by a final amplification using primers P1 and P4 and
KOD Hot Start DNA Polymerase Kit (2.2.1.3). SOE efficiency was confirmed by analysis
on an agarose gel. DNA product was digested with Nhel and Pstl (2.2.1.8) gel extracted
and cloned into the similarly digested pBSTG-Aff phagemid (2.2.1.10). The pBSTG-
library DNA was then purified (2.2.1.15), electroporated into ER2738 cells and phage
were generated (2.2.1.12). The phage library was snap frozen in liquid nitrogen and

stored at -80 °C.
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2.2.4.2 Estimation of phage library titre by spectrophotometer

The phage library was diluted 1:20 and 1:50 in TE buffer and loaded into High Precision
Cell quartz cuvettes (Hellma Analytics), alongside a blank consisting of TE buffer only. A
Genova spectrophotometer (Jenway) was blanked against the TE buffer and
measurements of the 1:20 and 1:50 phage dilutions made at Azeg (the wavelength at
which absorbance for filamentous phage is at a maximum). This was repeated to obtain
a baseline measurement at Aszo. At the wavelength Asyo there is little light absorption
from phage chromophores, so deducting this crudely corrects for light scattering from
phage particles and non-phage particulate contaminants. The Ae9 measurements were
corrected for the baseline (As20) measurements (Aze9 - A320) and the virion concentration
(in phage particles/ml) was calculated for the 1:20 and 1:50 phage library dilutions:
phage particles/ml = (corrected Az x 6 x 10%®) / number of nucleotides in the phage

genome (Barbas et al., 2001).

2.2.4.3 Estimation of phage library titre by plating out
ER2738 cells were grown overnight on an LB agar plate containing 12 ug/ml tetracycline
and used to inoculate 5—-10 ml of LB/tet media (Invitrogen). The culture was incubated

with shaking for 4-8 h to mid-log phase (ODgoo ~ 0.5).

Serial dilutions of the phage library were prepared at 103, 10%, 10°, 10° and 107 in 1 ml
of LB media, a fresh pipette tip was used for each dilution. When the ER2738 culture
reached mid-log phase, 200 ul was dispensed into microcentrifuge tubes, one for each
phage dilution. To carry out infection, 10 pl of each phage dilution was added to each
tube, mixed briefly, and incubated at room temperature for 5 min. The phage-infected
cells were then plated onto LB agar plates containing 100 ug/ml carbenicillin, inverted
and incubated at 37 °C overnight. The LB agar plates were pre-warmed for at least 1 h
at 37°C before use. The following day, colonies on each plate were counted and
multiplied by the dilution factor for that plate to get the phage titre in colony forming

units (cfu) per volume.
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2.2.5 Enzyme assays

2.2.5.1 B-Lactamase activity assays

NDM-1 activity was quantified by spectrophotometric measurement of nitrocefin
hydrolysis at 482 nm and at 25 °C on a Tecan Spark® microplate reader (Tecan Trading
AG) and readings for each well were taken every 12 secs for 15 min. All dilutions were
made up in assay buffer containing 50 mM HEPES buffer pH 7, 20 uM ZnSOs4 and 10
ug/ml bovine serum albumin (Sigma) in a final volume of 150 pl in a 96 well Nunc®
Microwell plate (ThermoScientific). Reactions included 100 nM NDM-1, 10 uM
clavulanic acid, either 200 or 500 nM of Affimer and 65 uM nitrocefin (Millipore); which
was added immediately prior to spectrophotometric measurement. Controls included
an EDTA control (5 mM EDTA, 100 nM NDM-1, 65 uM nitrocefin), a no Affimer control
(100 nM NDM-1, 65 uM nitrocefin, 50 pl assay buffer) and a no NDM-1 control (200 or
500 nM Affimer, 65 uM nitrocefin, 50 pl assay buffer). All reactions and controls were
set upin triplicate on each plate. Initial rates were calculated from the first 250 seconds

during which the rates were constant.

ICso values were determined after a 5 minute pre-incubation of NDM-1 enzyme with
Affimer. Final concentrations of NDM-1 in the assays was 100 nM. Affimer was tested
at a range of concentrations between 10 nM to 3 UM made up in assay buffer. Reactions
also included 65 pM nitrocefin and 10 pM clavulanic acid with controls as described
previously. Initial rates of nitrocefin hydrolysis were determined during the first 250

seconds of the reaction during which the rates were constant.

All data were processed using GraphPad Prism 7 (GraphPad Software Inc.).
Measurements were normalised to the mean of the EDTA control wells and converted
to concentration in uM using Beer-Lambert’s Law: C = A /e.l where C is the
concentration, A is the absorbance value, € is the extinction coefficient and | is the path
length in cm (0.473764). Linear regression analysis was performed (y = mx + c where y
is concentration, x is time, mis the slope of the fitted line and c is the intercept) and the
mean and standard error values were calculated from the slopes of the graph. The rates

in UM/s were then plotted and ICso values determined.
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2.2.5.2 Kinetic analysis

The hydrolysis of a range of concentrations of nitrocefin, from 0.4 to 4 uM, by 30 nM
NDM1 was followed by measuring the formation of product at 486 nm in a UV-2401PC
UV-Vis spectrophotometer (Shimadzu) at 25 °C for two min. This was performed both
in the presence and absence of 10 nM Affimer 21. The initial rate of the reaction was
recorded and absorbance units were converted to concentration units using the
extinction coefficient of Nitrocefin (20500 M'cm™) and Beer Lambert’s Law (described

above), and then multiplied by 10° to convert the units to uM per second.

Kinetic parameters were determined by fitting the plot of rate against substrate
concentration to the Michaelis-Menten equation using non-linear regression: Rate =
(Vmax[S]) / (Km+ [S]) where Vmax (UM/s) is the maximum rate of the enzyme, [S] (mM) is
the substrate concentration and Ky (mM) is the Michaelis constant (the [S] at half Vmax)
and gives an indication of the affinity of the enzyme for the substrate. The turnover

number, ket (s ) was determined by dividing Vimax by the enzyme concentration (uM).

Mechanism of inhibition was visualised using a Lineweaver-Burk (double reciprocal)
plot, which plots the reciprocal of substrate concentration vs. the reciprocal of enzyme
velocity: 1/rate = (1 / Vimax) + (Km/ Vmax [S]).

All assays were performed in assay buffer. Data was processed using OriginPro 8.6

software.

2.2.6 Cell assays

2.2.6.1 Minimum inhibitory concentration (MIC)

A clinical strain of Klebsiella pneumoniae constitutively expressing NDM-1 was used.
Measurement of MIC was performed in 96-well microtitre plates in a volume of 200 pul
per well. Serial dilutions of meropenem (Sigma) were made in Mueller Hinton broth
(MHB) (Sigma) at 10x final concentration. Bacteria were prepared from an overnight
culture and diluted in MHB to an ODeoo of 0.001, equivalent to a CFU of 2 x 10° (Lorian,
2005). Diluted culture (180 pl) was placed in each well and supplemented with 20 pl of
meropenem to give final concentrations ranging from 1 ug/mlto 128 pg/ml. Three

technical repeats of each condition were performed. The microtitre plate was sealed
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with a plate sealer and lid, followed by sealing with parafilm to ensure no evaporation.
The plate was then incubated on an orbital rotator at 300 rpm, 37 °C for 18 h. The MIC

of the antibiotic was determined as the lowest concentration that did not show growth.

2.2.6.2 Cell growth assay

A clinical strain of Klebsiella pneumoniae constitutively expressing NDM-1 was used.
Assays were performed aerobically at 37 °C in a 96-well microtitre plate in a FLUOstar
Omega dual orbital shaker. Cell density was quantitatively assessed by means of
measuring absorbance at ODgoo every 5 min for 20 h. LB media (2 ml) was inoculated
with either K. pneumoniae or E. coli BL21 (DE3) star cells and grown overnight at 37 °C,
230 rpm. Overnight cultures were then diluted 50-fold in LB media and density adjusted
to fall between ODeoo 0.08 and 0.1. Diluted cultures were diluted again 1:50 in LB and
then 180 ul was added to 9 ml for a final dilution of 2500-fold. Diluted cells (33 ul) were
added to each well. Meropenem was added to give a final concentration of 6 ug/ml and
Affimer 21 was dosed at final concentrations ranging from 1 pug/ml to 10 pug/ml. The
final reaction volume of each well was 100 pl. Multiple controls were used; no
antibiotics to assess cell viabilities; and LB only to confirm aseptic technique. Both cell
lines with meropenem and without Affimer 21 were used to give a survival reference

point and to test the potency of meropenem.

2.2.6.3 U-2 OS cell toxicity assay

Human osteosarcoma (U-2 OS) cells (ATCC) were cultured in DMEM media (Sigma)
supplemented with 10 % FBS (Gibco) and 1 % pen-strep for 72 h in Costar® TC-treated
24-well plates (Corning). DMEM was replaced with Affimer 21 at final concentrations of
0.1, 1, 10 and 100 pg/ml or yeast-sumo Affimer at 100 ug/ml. Cells were incubated at
37 °C for 24 h and then washed in 500 pl PBS. Trypsin (200 ul) was added and incubated
for 5 min at 37 °C. Cells were then diluted to a final volume of 1 ml with 800 pul DMEM
+ 10 % FBS broth. A Muse® cell counter was used to determine total cell count and %

viability.
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2.2.7 Complex formation and crystallization trials

2.2.7.1 Complex formation

Affimer 21 production (Section 2.2.3.2.1) was scaled up to 3 L of culture volume and
NDM-1 production (Section 2.2.3.2.2) was scaled up to 8 L of culture volume. Affimer
21 protein was added in excess to Amintra Ni>*NTA resin (Expedeon) and purified as
described in Section 2.2.3.4.1 but not eluted from the resin. NDM-1 protein was purified
as per Section 2.2.3.4.2 and the periplasmic fraction was mixed with the Affimer-bound
resin and incubated at 4 °C overnight on a Tube Roller (StarLabs). The resin was then
added to a fresh polypropylene column (ThermoScientific) and washed and eluted as
described previously. The protein sample was then immediately applied to a HiPrep™

16/60 Sephacryl S-100 HR column and purified by size exclusion chromatography.

2.2.7.2 Size exclusion chromatography

Size exclusion chromatography (SEC) was performed on a HiPrep™ 16/60 Sephacryl S-
100 HR column attached to an Akta Explorer system. The column was flushed with de-
gassed pure water to remove the storage ethanol (20 %) and equilibrated with de-
gassed buffer (20 mM HEPEs, 150 mM NacCl, pH7). A 2 ml aliquot of protein sample was
loaded onto the column using a 2 ml injection loop. Absorbance of the protein sample
was measured at 280 nM at a flow rate of 0.5 ml/min and 2 ml fractions were collected.
Upon completion, the column was washed with de-gassed pure water and stored in 20
% ethanol. The collected protein fractions were separated and analysed by SDS-PAGE

(Section 2.2.3.5.2).

2.2.7.3 Concentration of protein

Protein was concentrated using Vivaspin® 5000 MWCO centrifugal concentrators
(Sartorius) by centrifugation at 4000 xg in a Heraeus Multifuge X3R centrifuge
(ThermoScientific) until the desired concentration was reached. Concentration of

protein was monitored and measured using a Nanodrop lite spectrophotometer.

2.2.7.4 Crystallization trials
Crystallization trials were set up with the NDM-1 : Affimer 21 protein complex purified

by Ni>*NTA and SEC as described in Section 2.2.7.1. Protein was concentrated in
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Vivaspin® 5000 MWCO centrifugal concentrators (Sartorius) up to concentrations
varying between 3 and 40 mg/ml. Initial screens were set up using the commercially
available screens JCSG Core Suites |, 11, lll, and IV (Qiagen). Trials were set up on 96 well
3-drop plates (Molecular Dimensions) using a NT8® Drop Setter robotics system
(Formulatrix). Protein was mixed at 1:1, 2:1 and 1:2 ratios with mother solution in each
of the three drops to a total volume of 0.2 ul. Plates were sealed with VIEWseal pressure
adhesive seals stored at 20 °C on a Sonicc Rl 1000 Crystal Detector (Formulatrix) for

imaging over a 34-day period.

2.2.7.5 Crystallisation optimisation

Conditions that looked promising from the initial commercial screens were optimised
and a 96-well deep well plate (Greiner) of buffer conditions that centred on the
variation of precipitant and pH was created using a Formulator® Screen Builder
(Formulatrix). A 96 well 3-drop plate of crystallisation trials was then set up using these

optimised conditions with Affimer 21 : NDM-1 complex protein, as before.



Chapter 3

Hitting difficult targets: proof of concept
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Note

My initial PhD project was titled ‘synthetic approaches to developing novel biosensors
for rapid, in-field detection of yellow wheat rust, Puccinia striiformis’. However, due to
an unforeseen shortage in the availability of yellow rust fungal spores, | was not able to
attempt an Affimer screen to isolate binders to these targets. Therefore the work
carried out during the first year of my PhD and the subsequent results described in this
section focussed upon exploring the capability of isolating Affimers that bind to a range
of unusual or difficult to target molecules. After this year it was decided that | should
focus on a new PhD project in order to obtain enough results to complete my PhD and
| therefore started working on a project entitled ‘modulation of metallo-B-lactamase

activity using Affimers’, for which the main part of this thesis is focussed upon.
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Affimers have been successfully selected against more than 300 protein targets but the
potential for identifying binding reagents against more ‘difficult’ targets has not yet
been fully explored. To examine the potential and flexibility of Affimer technology, the
libraries were screened against a) individual fluorescent proteins, b) a small molecule
and c) prokaryotic biofilms. Here we present results demonstrating the ability to
generate and exploit binding reagents against such targets. The potential to isolate
binding reagents that recognise difficult targets offers new scope for the development

of tools to understand biological function and for detection and diagnostic applications.

3.1 Isolation of Affimer reagents against individual fluorescent proteins
for imaging applications

Imaging techniques are rapidly evolving and researchers are continuously searching for
more accurate methods of labelling cellular components to achieve maximum
resolution. Traditional immunostaining techniques often rely upon antibodies which
can be larger than the protein of interest, limiting localisation accuracy by placing the
dye or fluorophore further away from the intended target. This distance is known as
the linkage-error and can be as much as 25 nm for primary-secondary antibody
complexes, a distance which is not only often outside of the resolution limit of the

instrument, but which causes low labelling density by steric hindrance (Fornasiero et al,

2015).

Single molecule localisation microscopy (SMLM) techniques such as photoactivation
localization microscopy (PALM) and stochastic optical reconstruction microscopy
(STORM) rely upon the presentation of bright fluorophores close to the target without
adding substantial background. While PALM relies on genetically encoded fluorescent
proteins, STORM uses organic dyes to give better localisation precision as they emit
greater numbers of photons and are therefore brighter (Moerner, 2012). However,
delivery to the target still requires conjugation to antibodies, displacing the dye with
linkage errors of approximately 10 nm (Ries et al, 2012). Such limitations have resulted
in the development of smaller probes that can be utilised to improve the staining

precision of biological samples.
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The small size of novel affinity reagents makes them an attractive alternative to
antibodies for use in imaging technologies. They are able to penetrate tissues and
access tightly packed subcellular spaces more readily than antibodies and are often
better tolerated in the cytosol, enabling live cell imaging. SMLM techniques have begun
to explore the use of nanobodies as one such alternative. The nanobody is derived from
a single antigen binding variable domain (VHH region) found in cameloids and can be
cloned in phage display vectors for the selection of binders (Hamers-Casterman et al,
1993). In 2012 it was demonstrated that nanobodies targeting GFP can be used to
deliver bright organic flurophores to GFP-tagged proteins, providing a significant
improvement in the localisation precision of super-resolution microscopy when
compared to traditional staining techniques (Ries et al, 2012). Nanobodies have also
been fused to fluorescent proteins and endogenously expressed for visualising antigens
in live cells (Rothbauer et al, 2006); and used in DNA-PAINT (DNA-points accumulation
in nanoscale topography) (Agasti et al, 2017). In parallel, nanobodies that bind to GFP
were explored as possible tools for the purification and cellular engineering of
fluorescent protein fusions (Kubala et al, 2010). Additionally, these GFP-nanobodies
have been shown to be capable of isolating GFP-tagged proteins from cell extracts and

redirecting them to alternative cellular locations (Rothbauer et al, 2008).

DNA and RNA aptamers are single-stranded lengths of oligonucleotides ranging from
15 to 100 nucleotides (Ellington et al, 1990). The nucleotide sequence of the aptamer
is responsible for the 3D structure that establishes specific binding to a target molecule.
Similarly to nanobodies, aptamers have also demonstrated improved precision
obtained in super-resolution microscopy and single molecular localisation microscopy
when compared to antibodies (Opazo et al, 2012 and Gomes de Castro, 2017). RNA
aptamers that bind GFP, YFP and CFP (Fluorescent Protein-Binding Aptamers; FPBA)
with low nanomolar affinity for the detection and localization of RNA and other
biological molecules in living cells have also previously been described (Shui et al, 2012).
It is expected that these FPBAs could also be used for tracking cellular molecules by
tethering them to FPs through heterovalent aptamers, where one arm binds the FP and
the others the target. Additionally, the ability of FPBAs to alter the fluorescence of

target FPs could be utilized in quantitative detectors for target molecules.
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Succeeding the work carried out in this project, Affimer reagents have been successfully
exploited for use in a number of imaging applications including in vivo imaging of
tumours, affinity fluorescence in fixed cells and as probes for imaging tubulin and a
receptor tyrosine kinase in super resolution microscopy (Tiede et al, 2017).
Interestingly, the Affimers against tubulin were shown to target interphase
microtubules in a similar way to antibodies, but they also labelled the cytokinetic
furrow, which is inaccessible to antibodies. Even more recently, Affimer reagents that
target F-actin for imaging applications have been described (Lopata et al. 2018). The
isolated Affimer reagents were able to image F-actin in both fixed and live cells. These
results suggest that Affimer reagents are able to selectively bind structures of F-actin
with only small differences, a property that makes them ideal for imaging proteins with
high homology. Furthermore, actin-specific Affimers were also used in DNA-PAINT
imaging (Schlichthaerle et al, 2018). The Affimers were labelled with single DNA strands
at a C-terminal cysteine to achieve quantitative, site specific labelling and were shown

to give comparable results to the commonly used labelling molecule phalloidin.

Additionally, highly specific Affimer reagents that are able to distinguish between
proteins of high homology have previously been reported. Using negative selection
techniques, Affimer reagents that are able to differentiate between different isoforms
of SUMO were isolated (Tang et al, 2017), and another study identified Affimer reagents
that bind specifically to Fc gamma receptors (FcyRs) that share 98 % homology
(Robinson et al, 2018). One Affimer demonstrated direct competition for the Fc binding
site whilst another was shown to act through allosteric modulation. The Affimer that
acted via direct competition was able to discriminate between FcyRlIlla and FcyRlIlIb due

to subtle differences in amino acid composition at just two positions.

Accurate staining procedures and the size of affinity tools used are highly important in
super-resolution microscopy. The small size of Affimer proteins (12 kDa, ~2 nm), similar
to that of nanobodies (13 kDa, ~3 nm) and aptamers (15 kDa, ~4 nm), and the ability
to specifically introduce a cysteine for addition of biotin or a fluorophore, makes them
good alternatives as reagents for use in imaging applications. Affimer reagents that
selectively bind individual fluorescent markers could represent alternatives for use in

detection, imaging and purification of fluorescent protein fusions.
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3.1.1 Results

Fluorescent proteins (FPs) have revolutionized cell biology and biochemistry by
providing easy to use genetically encodable FP tags. Much research has been focussed
on identifying and developing FPs with novel characteristics and enhanced properties
for visualising the structure and dynamic processes of living cells and organisms
(Rodriguez et al, 2017). The green fluorescent protein (GFP) from the jellyfish Aequorea
victoria and its homologs are extensively used as genetically encodable fluorescent
protein tags and enhanced GFP (eGFP) is now one of the most widely used commercial
probes. GFP has been engineered to produce a vast number of other variants including
the widely used cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). As

a result, eGFP, CFP and YFP sequences share some homology (Figure 3.1).

CLUSTAL 0O(1.2.4) multiple sequence alignment

eGFP ---MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVP 57

YFP MRGSGSSGALLFHGKIPYVVEMEGNVDGHTFSIRGKGYGDASVGKVDAQFICTTGDVPVP 60

CFP ----MSGGEELFAGIVPVLIELDGDVHGHKFSVRGEGEGDADYGKLEIKFICTTGKLPVP 56
* Kk kk Kk gk sakssksk kk _kks kek kkk kkg skkkkkk shkk

eGFP WPTLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEG 117

YFP WSTLVTTLTYGAQCFAKYGPEL--KDFYKSCMPDGYVQERTITFEGDGNFKTRAEVTFEN 118

CFP WPTLVTTLAWGIQCFARYPEHMKMNDFFKSAMPEGYIQERTIHFQDDGKYKTRGEVKFEG 116
* kkkkkggek kkkgek 3 skkagkk kkgkkgkhkkhkk kg Kkkggkkk kk _kk,

eGFP DTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIED--G 175

YFP GSVYNRVKLNGQGFKKDGHVLGKNLEFNFTPHCLYIWGDQANHGLKSAFKICHEITGSKG 178

CFP DTLVNRVELKGEGFKEDGNILGHKLEYSAISDNVYIMPDKANNGLEANFKIRHNIEG--G 174
ss kkgaksk _ kkskkgakksaskksg skk kg sakss  kkk kek *

eGFP SVQLADHYQQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMD 235
YFP DFIVADHTQMNTPIGGGPVHVPEYHHMSYHVKLSKDVTDHRDNMSLKETVRAVDCRKTYL 238
CFP GVQLADHYQTNVPLGDGPVLIPINHYLSCQSAISKDRNEARDHMVLLESFSAYCHTHGMD 234

ekkk Kk k _kek kkk o% Kook o ek k% e kkek * % * .
. e e e . .. . . . .

€GFP ELYK---m-mmemee e e e e e 239
YFP = e
CFP ELYRSGLRSRAQASNSAVDGTAGPGSTGSR 264

Figure 3.1: Alignment of protein sequences for eGFP, CFP and YFP. The protein
sequences for eGFP (RayBioTech), CFP (BioVision) and YFP (BioVision) were aligned
using the UniProt alignment tool (The UniProt Consortium, 2017). Percentage
homology between each pair of fluorescent proteins was calculated: eGFP and CFP =70
%, YFP and CFP = 48 % and eGFP and YFP = 51 %.
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To determine whether Affimer reagents could be isolated that are capable of binding
specifically to individual FPs, a phage display screen was carried out using biotinylated
eGFP, CFP and YFP proteins (Section 2.2.2.3). To isolate Affimers that bind specifically
to each FP, the naive phage library was pre-panned against a combination of the other
two FPs. After three rounds of panning, ninety-six colonies were picked from each plate
and a phage ELISA was carried out to check binding to the biotinylated targets (Section
2.2.2.6). From these, sixteen clones were chosen as showing potential binding. The
binding of the sixteen pre-selected clones was confirmed in a second phage ELISA
against each of the biotinylated fluorescent proteins. Each clone was also checked for
non-specific binding against a negative control (wells with no target present).
Absorbance readings were recorded at 620 nm on a MultiSkan Ascent plate reader

(Figure 3.2).
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Al + - + - A2 + - - -
B1 + + + + B2 - + - -
c1 + - - - c2 + + - -
D1 + + + + D2 - + - +
El + + - - E2 - + - -
F1 - - + - F2 - - + +
G1 + - - - G2 + - - -
H1 - - - - H2 - - + -

Figure 3.2: Phage ELISA results for Affimer reagents selected against individual
fluorescent proteins (FPs). (a) 16 pre-selected colonies (Al to H2) were tested in a
phage ELISA. Each colony represented one Affimer and was tested for binding against
each FP or an empty control well. Phage binding was detected with anti-Fd
bacteriophage-HRP antibody and visualised on addition of TMB. Absorbance at 620nm
was measured for each well. (b) Photograph of the phage ELISA plate. Binders Al to H2
were tested against each FP and an empty control well. (c) Summary table of isolated
Affimer binding to FP targets: + indicates binding, - indicates binding of less than 0.1 as
measured by absorbance at 620 nm. Green shading indicates the Affimer binders which
had the highest absorbance values for each of the three FPs and were therefore taken
forward for sequencing analysis

Out of the sixteen clones, eight displayed binding to one specific fluorescent protein,
two showed binding to both eGFP and CFP and six showed either low level binding to
all targets or displayed non-specific binding to the negative control. Affimer binders
which had the highest absorbance for each FP were sequenced (Section 2.2.1.17) (Table
3.1).
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Table 3.1: Variable region sequences for Affimer reagents selected against FPs

Affimer | Specific for Variable region 1 Variable region 2
C1 CFP QYTIYKWQQS KGTSFRVLD
F1 YFP FWEPNYYNT NDFMTQPYY
B2 eGFP WQQRMFE'SDE IDYFMKKRK

The three selected Affimers were then sub-cloned from the phagemid vector into a
pET11a plasmid for production and purification to allow for future characterisation
(Section 2.2.3). The Affimers were subcloned with and without cysteine for possible
future downstream labelling. An SDS PAGE gel confirmed the presence of the purified

Affimers at ~12 kDa (Figure 3.3).

B2* a1 F1 F1* c* B2
KDa (GFP)  (CFP) (YFP)  (YFP) (CFP) (GFP)

-

Figure 3.3: Purification of isolated Affimers that bind to FPs. Purified and dialysed
Affimer proteins produced from pET11a vector. * indicates the addition of a cysteine.
The proteins were purified from bacterial cell lysate using nickel ion affinity
chromatography. Proteins were analysed by SDS-PAGE and Coomassie blue staining to
confirm purity. The Affimers visualised at 12 kDa as indicated by the arrow.

The purified FP Affimer binders were dialysed into 1x PBS + 10 % v/v glycerol and stored
at -80 °C (Section 2.2.3.4.3).
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3.2 Identifying Affimer reagents that bind small molecules

The isolation of reagents that bind to small organic compounds is technically
challenging. Small molecules do not display innate immunogenicity and suitable binding
sites are often limited. Phage display has proven to be a useful tool in both drug
discovery and environmental sciences for the selection of reagents that bind to small
molecules (Takakusagi et al, 2010). Phage display is able to detect proteins expressed
at low levels and allows identification of the binding site on target proteins; limitations
that are difficult to overcome using transcriptomic and proteomic investigation. Large
numbers of potential binders can also be screened simultaneously. These advantages
make phage display particularly useful for applications such as ecotoxicology, where
identification of novel binders against small molecules can be used to detect low levels

of toxicological targets, both in humans, and the environment (Van Dorst et al, 2012).

Anticalins are a class of novel biologics derived from human lipocalins; low molecular
weight proteins found in blood plasma (Pieris Pharmaceuticals Inc.). They have a simple,
compact fold dominated by a central B-barrel, supporting four structurally variable
loops that form a binding pocket of variable size and shape. Natural lipocalins play a
role in the complexation of small molecules for various physiological roles and
Anticalins maintain a similar predominant specificity for small molecules (Schiefner et
al, 2015). Indeed, Anticalin proteins have been used for targeting a number of high-
profile targets in human diseases (e.g. HER2, VEGF, Interleukins, Hepcidin), several of
which are now in clinical development (Rothe et al, 2018). Affimers have also recently
been reported that bind to the small molecule, 2,4,6-trinitrotoluene (TNT) (Tiede et al,
2017). These studies demonstrate the potential for using novel non-antibody scaffolds

for the detection of small molecules.

Recent increases in the world’s population and subsequent urbanisation has magnified
the effects of agricultural and economic activities on the ecosystem (United Nations,
2018). The impact of population increase on the environment takes two major forms:
a) an increase in consumption of resources such as land, food, water, air, fossil fuels
and minerals and b) an increase in waste products such as air and water pollutants,
toxic materials and greenhouse gases (Dovers et al, 2015). Pharmaceuticals and

personal care products (PCPs) are commonly used in many fields including medicine,
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industry, livestock farming, aquaculture and daily life. In addition, a rise in the incidence
of diseases associated with urbanisation such as diabetes, obesity and mental illnesses
along with an increasingly aging population have led to a huge proliferation in the use
of pharmaceuticals (Redshaw et al, 2013). These increases in consumption coupled with
inadequate waste removal systems have meant that PCPs and pharmaceuticals are now

ubiquitous in the environment (Wang et al, 2016).

The non-steroidal anti-inflammatory drug Diclofenac (2-[(2,6-dichlorophenyl)
amino]benzeneacetic acid) (DCF) is widely used in both human and animal health care
(Figure 3.4).

Cl

NH
Cl OH

O

Figure 3.4: Chemical structure of Diclofenac. Molecular Weight: 296.14864 g/mol,
Chemical classification: Non-steroidal anti-inflammatory compound.

Diclofenac contamination is frequently detected in sewage treatment plants, rivers,
lakes and marine waters and research has shown that DCF and its metabolites are
difficult to remove during biological wastewater treatment (Vieno et al, 2014). Removal
efficiency of DCF varies greatly between laboratory, pilot and full-scale plants with
efficiency values of < 5-40 % (Rigobello et al, 2013). Increased efficiency would
invariably include the addition of an additional purification stage to the treatment
process; especially designed to remove micro-pollutants. Ozonation (as used in the
treatment of drinking water) and the use of activated carbon are technologies that have
been developed as advanced water treatment options but often result in by-products
of DCF which have not yet been studied for toxicity (Oulton et al, 2010). The use of
micro-organisms such as bacteria and algae has also been explored. These have several
advantages in that they are capable of removing nitrates and phosphates to meet safety
requirements, and that wastewater naturally provides a stable nutrient source for these

organisms (Escapa et al, 2016). However, further research is still required to fully
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understand the effects of several biotransformation products and abiotic nitro-
products on the environment (Vieno et al, 2014). The use of a bacterial consortium was
able to remove 56 % of DCF and were resistant to most antibiotics and heavy metals

commonly found in wastewater (Aissaoui et al, 2017).

There are growing concerns in regard to the persistence of DCF; the drug has been
shown to have acute toxic effects in bacteria, algae and invertebrates (Ferrari et al, 2003
and Bonnefille et al, 2018) and was responsible for the near extinction of three species
of vulture in India (Oaks et al, 2004). Diclofenac was extensively used in this area as a
veterinary drug to treat inflammation or other symptoms of disease in cattle. Due to
the social and legal need for environmental assessment and monitoring, ecotoxicology
faces pressure to produce cost effective, sensitive and reliable tools to detect early
impacts before the ecosystem is irreversibly damaged (Feito et al, 2012). To date,
several methods for detecting DCF have been reported. These include potentiometry,
capillary electrophoresis, HPLC, HPLC-MS, spectrophotometry, spectrofluorometry and
gas chromatography (Yilmaz et al, 2015). However, these methods are time-consuming
and require sophisticated and expensive instrumentation. Several methods for the
rapid determination of DCF in biological samples have been reported, but little other
research reported for the quantitative determination of DCF in water supplies. An
aptamer-based electrochemical biosensor has recently been developed for the
detection and quantification of DCF (Azadbakht et al, 2018). However, the sensitivity of

this method is still to be tested for the detection of DCF in the aquatic environment.

Currently there is a shortage of rapid and cost-effective methods for the monitoring of
DCF contamination. Electrochemical methods such as biosensors have fast responses,
excellent sensitivity and simple operation and could help address some of these
challenges. Knowledge relating to the factors involved in urban pollution is essential to
support well-informed decision making for developing effective approaches to combat
environmental contamination. An Affimer-based biosensor that could detect DCF in the
aquatic environment could provide a useful tool in monitoring and quantifying the
active compound in water supplies. Furthermore, an Affimer that selectively binds DCF
could represent a novel extraction method for improving the capture and removal

efficiency of DCF molecules at treatment plants.



95
3.2.1 Results

A phage display screen was carried out using biotinylated DCF (provided by Dr Robin
Bon, University of Leeds). Following three rounds of panning, forty-eight colonies were
randomly selected from the test plate and a phage ELISA was carried out to check
binding to the biotinylated target (Figure 3.5). Figure 3.5a shows the 96 well ELISA plate,
wherein the binding of the forty-eight selected clones was checked against biotinylated
DCF (well Al to H6) and against a negative control (wells with no target present) from
well A7 to H12. The absorbance readings were read at 620 nm on a MultiSkan Ascent

plate reader (Figure 3.5b).

® Diclofenac = Control

12

1

L

12345678 9101112131415161718192021222324252627282930313233343536373839404142434445464748

Affimer

Absorbance A620

Figure 3.5: Phage ELISA results for Affimer reagents selected against Diclofenac (DCF).
(a) Following three rounds of phage display against DCF, 48 colonies were tested in a
phage ELISA. Each colony represented one Affimer and was tested for binding against
Diclofenac or an empty control well. Phage binding was detected with anti-Fd
bacteriophage-HRP antibody and visualised on addition of TMB. (b) Absorbance at 620
nm was measured for each well.
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All of the forty-eight clones displayed a high level of Affimer-target binding with very
low levels of binding in the negative control wells. Sequencing and protein alignment in
MacVector revealed that all forty-eight clones had identical sequences in both loops of

the Affimer scaffold (Section 2.2.1.17) (Table 3.2).

Table 3.2: Variable region sequences for Affimer reagents selected against FPs

Variable region 1 | Variable region 2 No. of sequencing appearances

TSMAYMQWG EEAVYMGWL 48

The selected Affimer was then subcloned from the phagemid vector into a pET11a
plasmid for production and purification to allow for future characterisation (Section
2.2.3). The Affimer was subcloned with and without cysteine for possible future
downstream labelling. An SDS PAGE gel confirmed the presence of the purified Affimer

at ~12 kDa (Figure 3.6).
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Figure 3.6: Purification of isolated Affimer that binds to Diclofenac. Purified and
dialysed Affimer proteins produced from pET11a vector. * indicates the addition of a
cysteine. The proteins were purified from bacterial cell lysate using nickel ion affinity
chromatography. Proteins were analysed by SDS-PAGE and Coomassie blue staining to
confirm purity. The Affimers visualised at 12 kDa as indicated by the arrow.

The purified FP Affimer binders were dialysed into 1x PBS + 10 % v/v glycerol (Section
2.2.3.4.3).
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The potential of the DCF-Affimer to be used in a competition ELISA was evaluated.
Competition ELISAs are able to quantify the concentration of an antigen in a sample by
essentially measuring the interference. Free-DCF competes with the immobilised DCF
for Affimer binding. Consequently, the number of Affimers bound to the immobilised
DCF decreases with increasing concentration of free-DCF. The higher the free Diclofenac
concentration, the weaker the output signal, indicating that the signal output inversely
correlates with the amount of Diclofenac in the sample. Following washing, only those
Affimers bound to surface-DCF remain in the plate wells to be detected by the HRP-
conjugated antibody. This format is commonly used for small sized antigens that usually

have limited epitopes (Lisitsyn et al, 2014).

Prior to testing the DCF-Affimer in a competition ELISA, the concentration of Affimer
required for these assays was determined. A gradient of concentrations of DCF-Affimer
were tested against immobilised DCF in an ELISA in order to determine a concentration
of Affimer that gives a strong absorbance measurement but which does not fully
saturate the target. Any excess Affimer in the assay could bind to the free-DCF and
prevent it from competing with immobilised DCF. Initially concentrations of DCF-

Affimer ranging from 0.1 to 10 ug/mL were tested (Figure 3.7).
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Figure 3.7: Direct ELISA using a gradient of concentrations of DCF Affimer.
Concentrations of DCF-Affimer ranging from 0.1 to 10 pg/ml were introduced to
immobilised DCF. Bound Affimer was detected using Anti-6x His Tag antibody
conjugated with HRP and visualised upon addition of TMB (a) ELISA plate wells showing
the TMB colour product (each triplicate of wells corresponds to different concentration
of Affimer, including negative controls) (b) Average absorbance measured at 620 nm
plotted against Affimer concentration in pg/ml.

From this initial ELISA it was evident that a concentration of 1 pug/ml DCF-Affimer or
greater was fully saturating the immobilised DCF. To obtain a more accurate estimate
the ELISA was repeated using concentrations of Affimer between 0.1 and 0.5 pg/ml

(Figure 3.8).
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Figure 3.8: Direct ELISA using a gradient of concentrations of DCF Affimer.
Concentrations of DCF-Affimer ranging from 0.1 to 0.5 pg/ml were introduced to
immobilised DCF. Bound Affimer was detected using Anti-6x His Tag antibody
conjugated with HRP and visualised upon addition of TMB (a) ELISA plate wells showing
the TMB colour product (each triplicate of wells corresponds to a different
concentration of Affimer, including negative controls) (b) Average absorbance
measured at 620 nm was plotted against Affimer concentration in ug/ml.

A concentration of 0.2 ug/ml DCF-Affimer was selected as the concentration that gives
a good visible signal without fully saturating the target and was used for all subsequent

ELISA experiments.
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Once the concentration of Affimer to be used had been determined, a DCF-Affimer
competition ELISA was performed in collaboration with a visiting PhD student, Eleni
Koutsoumpeli, from the University of York (Figure 3.9) (Section 2.2.3.5.5). DCF-Affimer
was used at the pre-determined concentration of 0.2 pg/mL (equivalent to 15.8 nM),
while the free-DCF solution concentrations ranged from 16 nM (1:1 molar ratio of
Affimer to DCF) to 16 uM (1:1000 ratio). The absorbance readings were read at 620 nm

on a MultiSkan Ascent plate reader.
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Figure 3.9: Competition Diclofenac (DCF)-Affimer ELISA: DCF-Affimer concentration
was 0.2 ug/mL (equivalent to 15.8 nM) whilst free DCF solution concentrations ranged
from 16 nM to 16 uM. Affimer bound to immobilised DCF was detected using Anti-6x
His Tag antibody conjugated with HRP and visualised upon addition of TMB (a) ELISA
plate wells showing the TMB colour product (each triplicate of wells corresponds to
different concentration of free-DCF, including negative controls) (b) Absorbance
measured at 620 nm plotted as a function of the logarithm of DCF concentration (red
line shows 4PL curve fitting).
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At higher free-DCF concentrations the measured absorbance signal was decreased,
showing that the free-DCF exhibited considerable competition with the immobilised
DCF for binding with the Affimer. The response was plotted against the logarithm of
DCF concentration and the data were fitted using a four parameter logistic (4PL) curve,
which is the curve typically used for concentration-response data in competition assays:
Y = bottom + (top - bottom) / (1 + 10 ((Log!C50-X) * Slope))
where Y is response, X is the free-DCF concentration, bottom is response at infinite free
DCF concentration, top is response when the free DCF is absent and slope refers to the
steepness of the curve. The ICso (inhibitory concentration) is the concentration of
competitor causing 50 % inhibition of binding (50 % inhibition of DCF-Affimer binding
to immobilised DCF due to free-DCF). The curve was shown to be a good model of the

experimental data (R? = 0.941) and yielded an ICso of 0.36 pM.

3.3 Affimers against prokaryotic biofilms as potential diagnostic tools for

infective endocarditis

Infective endocarditis (IE) is an infection of the inner lining of the heart and heart valves,
most commonly caused by Staphylococcus aureus. Although incidence is rare, it is
associated with high morbidity and mortality (Hoerr et al, 2018). With an increasingly
aging population there has been an increase in cardiac associated conditions such as
symptomatic bradycardia and degenerative heart valve disease including aortic stenosis
and mitral regurgitation. Subsequently the number of invasive procedures such as
pacemaker implantation and valve replacement have also increased (Thuny et al, 2012).
Staphylococcus aureus are capable of forming biofilms on these cardiovascular
prostheses, complicating the diagnosis and treatment of infective endocarditis. Bacteria
that grow as biofilms are far more resistant (100 to 1000 times) to antimicrobial agents
than their planktonic counterparts, often necessitating surgical intervention; this

prolongs hospitalisation and increases the risk of recurrent infections (Ceri et al, 2009).

The poor outcome of patients acquiring IE is partly due to the non-specific clinical
presentation and a lack of biomarkers resulting in a shortage of diagnostic methods for
detecting the disease (Habib et al, 2015). The Duke criteria are the current standard for

diagnosis of IE and are based on clinical presentation/symptoms, laboratory
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parameters, imaging, and microbiology (Li et al, 2000). Microbiological culture is
considered the most sensitive and reliable for diagnosis, but these tests are time
consuming, require trained technicians and are not suitable for bedside use.
Additionally, possible infections are often pre-treated with antibiotics before
confirmation of a diagnosis which hampers results (Hoerr et al, 2018). Rapid detection
and identification of the causative pathogen is required for timely and targeted therapy.
There is a subsequent need for culture-free diagnostic assays that can be carried out

rapidly, and maintain a high degree of sensitivity and specificity.

A number of biosensors have been developed to try and fulfil this requirement.
Examples include those that utilise MEMS (Micro Electro Mechanical Systems) (Ceylan
Koydemir et al, 2011) and SPR (surface plasmon resonance) (Tawil et al, 2013). One
study reported the development of a biosensor called LPG-ISAM (long period grating —
ionic self-assembled multilayer) (Bandara et al, 2015). The LPG-ISAM consists of an
ISAM deposited on the surface of an optical fibre which can be conjugated to
monoclonal antibodies that bind to methicillin-resistant S. aureus strains (MRSA). When
binding occurs there is a change in the emitted light. The LPG-ISAM biosensor can
provide results in 1 hour. However, this device relies upon the production of expensive
monoclonal antibodies and the optical fibre and functional coating need replacing after
each use; adding to the production costs and making it unsuitable for high-throughput

testing.

Biosensors that incorporate engineered biorecognition elements are able to recognise
bacteria but have higher stability than enzymes or antibodies (Hoyos-Nogues et al,
2018). A DNA aptamer-based detection system that recognises live MRSA cells has been
developed (Turek et al, 2013). Aptamers that bind to MRSA cells are selected by SELEX
and then conjugated to gold nanoparticles. MRSA cells are added and unbound
nanoparticles removed. MRSA cells that are bound to the aptamers are then visualised
using transmission electron microscopy. Although two of the selected aptamers bound
selectively to strains of MRSA and did not bind to E. faecalis, they were not able to
differentiate between strains of MRSA. In addition, the use of transmission electron

microscopes makes this a costly method of analysis.
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Hospital-acquired and community-acquired Staphylococcus aureus infections have
different spectrums of antimicrobial susceptibility and therefore early detection of the
specific strain could provide healthcare professionals with vital information as to the
most efficient antimicrobial treatments for effective eradication and to the known risk
factors associated with the infecting strain. Additionally, rapid results could lead to
earlier isolation of infected patients and therefore lower rates of transmission. In this
regard, biosensors are now being investigated as attractive alternatives to traditional
methods for detecting pathogens. An Affimer-based biosensor that could detect
Staphylococcus aureus infections and differentiate between strains could allow for the
early detection and treatment of infective endocarditis, reducing morbidity and

mortality rates and allowing faster control actions in healthcare units.

3.3.1 Results

A modified phage display screen was carried out using the phage display method for
non-biotinylated targets as described previously (Section 2.2.2.4.1.1). Three strains of
Staphylococcus aureus were used (provided by Dr Kenneth McDowall, University of
Leeds): SH1000, USA300 and UAMS-1 (Table 3.3). The three strains were grown as

biofilms by PhD student Fayez Alsulaimani, University of Leeds.

Table 3.3: Staphylococcus aureus strains used in this study

Strain Description
S. aureus SH1000 S. aureus 8325-4 lineage with functional rsbU
S. aureus UAMS-1 oxacillin-susceptible clinical isolate
S. aureus USA300 methicillin-resistant S. aureus

To isolate Affimers that bind specifically to biofilms of each individual strain, naive
phage library was pre-panned against a mixed combination of biofilm from the other
two strains. Three rounds of panning were carried out. On the final pan, the pre-panned
phage was split and panned against biofilm from the target strain, a negative control
(magnetic beads) and controls (biofilm from the other two strains). The number of

phage-infected colonies on each plate was recorded (Figure 3.10).
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Figure 3.10: Numbers of phage infected colonies after panning to isolate Affimers that
bind specifically to individual strains of S. aureus. Following three panning rounds,
eluted phage were incubated with ER2738 cells and plated onto LB carb agar plates.
The following day, the number of colonies on each agar plate were counted and
recorded for each strain of biofilm. Isolated phage were also split and panned against
magnetic beads (negative) and the other two strains (controls).

A ~1.5 to 3-fold increase in the number of colonies on the strain specific plates
compared to the control plates was observed and suggested that some of the selected
Affimers might be strain specific. Additionally, low levels of non-specific binding to
magnetic beads was observed. Further study of these isolated Affimers was carried out
by PhD student Fayez Alsulaimani, University of Leeds. Binding of the isolated Affimer
proteins to the three strains of Staphylococcus aureus was confirmed by ELISA and the

results are summarised in Figure 3.11.
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Affimer SH1000 UAMS-1 USA300
UAMS-1_1 NS ++ 4
SH1000_2 NS + +
SH1000_10 + +++ +
UAMS-1_11 NS +++ +
SH1000_27 NS NS NS
SH1000_30 +++ NS NS
SH1000_31 +H+ e +H+
USA300_49 +++ +++ +++
USA300_50 NS +++ 4
USA300_51 NS NS .
USA300_65 + 4 .
Anti-Actin NS NS NS

Figure 3.11: ELISA screen to confirm Affimer binding to S. aureus strains.

+=P<0.01, ++ = P<0.001, +++ = P<0.0001, ++++ = P<0.00001, NS = non-significant.

P value for screening ELISA results was calculated based on S. aureus biofilm specific
Affimers compared to non-biofilm specific anti-Actin Affimer. This was done in
triplicates and also done blind. (carried out by PhD student Fayez Alsulaimani,
University of Leeds)

Affimer reagents that bound specifically to SH1000 and USA300 were identified
(SH1000_30 and USA300_51). However, Affimers raised against UAMS-1 also displayed
binding to USA300 (UAMS-1_1 and UAMS-1_11). Several Affimers bound to all three S.

aureus strains.

To isolate Affimers that bind specifically to cells grown as biofilms of each individual
strain, but not to planktonic cells of that strain, a phage display screen was performed
(Section 2.2.2.4.1.2). Negative selection was performed by pre-panning the naive phage
library against planktonic cells. Following the final pan, the pre-panned phage was split
and panned against biofilm cells from the target strain, a negative control (magnetic
beads) and controls (planktonic cells of the same strain as the target). Eluted phage
were incubated with ER2738 cells and plated onto LB carb plates. The number of phage-

infected colonies on each plate was recorded (Figure 3.12).
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Figure 3.12: Numbers of phage infected colonies after panning to isolate Affimers that
bind specifically to S. aureus cells grown as biofilms. Following three panning rounds,
eluted phage were incubated with ER2738 cells and plated onto LB carb agar plates.
The following day, the number of colonies on each agar plate were counted and
recorded for each strain of biofilm. Isolated phage were also split and panned against
magnetic beads (negative) and planktonic cells from the same strain (control).

A~2-fold increase in the number of colonies on the UAMS-1 and USA300 biofilm specific
plates compared to the corresponding planktonic control plates suggests that some of
these Affimers may bind specifically to cells grown as biofilms. Fewer colonies were
observed for the SH1000 strain but there was a small increase compared to the negative
and control plate. Additionally, relatively low levels of non-specific binding to magnetic

beads was observed.
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3.4 Chapter summary and future work

Isolation of Affimer reagents against individual fluorescent proteins for
imaging applications

One significant advantage of phage display screening is the ability to isolate highly
specific binding reagents through counter-screening against homologous target
molecules (Tang et al, 2017). Using this technique in combination with the Affimer
library, we were able to isolate binders that bind specifically to eGFP, CFP or YFP. Two
of the selected Affimers bound to both eGFP and CFP but did not bind to YFP. As eGFP
and CFP were shown to be 70 % homologous this was not unsurprising and might
suggest a common binding site. This ability to isolate Affimers that are able to
differentiate between highly homologous targets was recently demonstrated in a study
that identified Affimer reagents that bind specifically to Fc gamma receptors that share
98 % homology (FcyRs) (Robinson et al, 2018). Although YFP does share slightly less
homology with CFP and eGFP, the sequences of all three are still markedly similar,
suggesting that the Affimer we have isolated as a YFP-specific binder may bind at a
divergent site to that of the other two proteins. Alternatively, YFP may have a different
structural conformation wherein a possible common binding site of the other two
proteins is not accessible to the Affimer. As has been demonstrated in other Affimer
studies, X-ray crystallography could also be performed in order to determine the
binding sites of the Affimers to all three fluorescent proteins to help elucidate the

mechanisms of specificity (Hughes et al, 2017 and Robinson et al, 2018).

These results provide further evidence of the ability to isolate Affimer reagents capable
of differentiating between protein targets sharing high homology. As has now been
demonstrated, they offer similar benefits to nanobodies and aptamers when utilised
for super resolution microscopy (Schlichthaerle et al, 2018), and have the additional
advantage in that they negate the need to use animals for their generation. The
preliminary results reported here suggest that these Affimers could offer similar
advantages in imaging applications, and may offer a further alternative for targeting
GFP-tagged proteins with organic fluorophores. It would also be interesting to

determine whether the Affimer reagents isolated in this report could be utilised
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similarly to the GFP-nanobodies for the purification of fluorescent protein fusions from
cell extracts. A further useful property of non-antibody binding proteins is their ability
to function in the cytosol, enabling live cell imaging. Nanobodies that target FPs have
exploited this capability for targeting multiple endogenous proteins in live cells (Klein
et al, 2018). Similarly, Affimer reagents have been shown to be well tolerated when
imaging actin in live cells (Lopata et al, 2018), opening up avenues for the use of the FP

Affimers described here in similar multiplexed imaging applications in the future.

Identifying Affimer reagents that bind small molecules

Using the Affimer scaffold, we have isolated a novel binding reagent to the small
molecule drug, Diclofenac. Of the forty-eight individual colonies isolated by phage
display, one unique sequence was identified. This is perhaps unsurprising given the

small size of the target (~0.3 kDa) and suggests a limited number of binding sites.

Whilst direct ELISA assays are able to give an indication of molecular interactions,
competition ELISAs are normally used for the detection of small molecules in the field.
The potential of the isolated DCF-Affimer to be used in a competition assay format was
therefore evaluated. Results showed strong competition between free-DCF and
immobilised-DCF and a 4PL curve was plotted, showing a decreasing trend that
corresponded to increasing free-DCF concentration. This also eradicates the possibility
that an Affimer could have been isolated that binds partially to the biotin linker as such

an Affimer would not be able to bind to free-DCF.

The ICso is considered to be a good measure of the estimated binding inhibition potency
of the free-DCF in the competition ELISA (Cox et al, 2012). The I1Cso of 0.36 uM estimated
here is higher than those reported for antibody-based competition ELISAs for
Diclofenac detection in other studies (Huebner et al, 2015 and Rau et al, 2014). The
detection limit of the assay can be estimated as the blank signal + three standard
deviations and was calculated to be 75 nM (106 pg/L) (Shrivastava et al, 2011). Although
this detection limit is not low enough to detect environmentally relevant
concentrations of diclofenac (typically low picomolar), the results are promising and

optimisation of the assay could bring the detection limit within the required range.



109

A recent study has demonstrated that Affimer reagents can be successfully selected
against small organic compounds such as the 0.2 kDa chemical 2,4,6-trinitrotoluene
(TNT) (Tiede et al, 2017). This ability to isolate Affimer binders that detect small
molecules represents a useful tool for the generation of reagents that can be used for
diagnostic and monitoring applications in health, security and environmental settings.
The competition ELISA data presented here are preliminary results which further
demonstrate the potential of Affimers as bioreceptors in immunoassays for the
detection of small molecules. Affimers have already demonstrated potential for use as
highly sensitive capture reagents in biosensor platforms (Sharma et al, 2016 and
Zhurauski et al, 2018). While further work is needed to optimise the ELISA protocol, the
results are very promising and suggest that Affimer-based assays could be incorporated
into biosensors for rapid on-site monitoring of contaminants in the environment. There
could also be potential in incorporating Affimers into an additional purification stage in

water treatment processes for the capture and removal of micro-pollutants.

Affimers against prokaryotic biofilms as potential diagnostic tools for
infective endocarditis

We have demonstrated the use of phage display for the selection of novel Affimer
binding reagents capable of distinguishing between two strains of Staphylococcus
aureus grown as biofilms. It was perhaps slightly surprising that no Affimer reagents
were isolated that bind specifically to UAMS-1 as there were fewer colonies recorded
for this strain when it was panned against the other two S. aureus strains. The ELISA
demonstrated that isolated binders for UAMS-1 also bound to USA300. This suggests
that the selected Affimers may bind to identical epitopes on these two strains. Future
identification of the bound epitopes for all of the isolated Affimers is likely to be
beneficial as it may allow rational modification of the Affimer sequence to tailor binding
parameters. Additionally, optimisation of the phage display protocol to include more
stringent negative selection steps might allow for the future identification of Affimers
that specifically recognise UAMS-1. Characterisation of the Affimer reagents against
other species of staphylococci to confirm specificity would also be valuable. It would
also be interesting to test these isolated Affimer binders for bacteriostatic or

bactericidal activity to determine possible additional therapeutic applications. Affimer
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reagents that can differentiate between bacteria grown as biofilm and planktonic cells
of the same strain may also have been identified, although further characterisation by

ELISA is needed to confirm this.

Staphylococcus aureus is listed as number five on the antimicrobial resistant bacteria
threat list published by the World Health Organisation (Willyard, 2017). Its ability to
form biofilms on cardiac implants makes it a leading cause of infective endocarditis and
better diagnostic methods are needed to identify the presence and species of a biofilm.
The preliminary results reported here demonstrate the potential of Affimers for the
detection of pathogenic bacteria. As previously mentioned, Affimers have already been
demonstrated as highly sensitive capture reagents in biosensor platforms (Sharma et
al, 2016 and Zhurauski et al, 2018). While further work is needed to characterise the
selected binders, the results are promising and suggest that Affimer-based assays could

be incorporated into biosensors for rapid detection and diagnosis of biofilms.

In summary, these results demonstrate the ability of the Affimer scaffold to offer a
platform for the selection of novel binding reagents for a wide range of targets,
including fluorescent proteins, small molecules and prokaryotic cells. The selected
Affimers have the potential for incorporation into novel diagnostics, with huge

potential as tools in environmental and health protection settings.



Chapter 4
Isolation & characterisation of NDM-1-specific Affimer

reagents
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4. Isolation & characterisation of NDM-1-specific Affimer reagents

4.1 Introduction

The B-lactams are the most successful and widely used class of antibiotic drugs but they
are vulnerable to inactivation by B-lactamases. New Delhi metallo-B-lactamase 1 (NDM-
1) is a class B B-lactam hydrolysing enzyme that confers bacteria with almost complete
resistance to all B-lactam antibiotics, including carbapenems; one of the last drugs still
effective against multidrug-resistant infections. With only a few new antibiotics
discovered in the past 30 years, researchers are now looking for inhibitors to reinstate
sensitivity to previously ineffective antibiotics. This strategy has represented a
significant milestone in the field of antibacterial discovery, revitalising antibiotics such
as amoxicillin, which may be potentiated by the B-lactamase inhibiting clavulanic acid
(Ball et al., 1980). However, whilst there are currently four clinically approved serine B-
lactamase inhibitors there are still no commercially available metallo-B-lactamase
(MBL) inhibitors (McGeary et al., 2017). With few effective antibiotics against NDM-1
expressing bacteria, and resistance developing to those which remain, the search for

new and potent MBL inhibitors has become of paramount importance.

The BioScreening technology group had previously isolated Affimer reagents that bind
to NDM1 by phage display. NDM-1 protein was a kind gift from Oxford Protein
Production Facility (OPPF). NDM-1 was biotinylated using EZ-Link® NH-SS-Biotin,
immobilised for phage display and subjected to three rounds of panning using the naive
Affimer phage library. Ninety-six clones were selected at random from the final pan and
checked for binding to NDM-1 by phage ELISA (Figure 4.1 a and b). Of the 96 clones
tested, 10 were excluded as they did not display binding to the target and 4 were

excluded for non-specific binding to the control wells.
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Figure 4.1: Phage ELISA results for Affimer reagents selected against NDM-1. (a)
Following three rounds of phage display against NDM-1, 96 colonies were tested in a
phage ELISA. Each colony represented one Affimer and was tested for binding against
NDM-1 or an empty control well. Phage binding was detected with anti-Fd
bacteriophage-HRP antibody and visualised on addition of TMB. (b) Absorbance at
620nm was measured for each well.
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The 82 Affimer clones that exhibited specific binding to the target were sequenced
(Section 2.2.1.17) and 10 Affimer reagents with unique variable regions were identified

(Table 4.1).

Table 4.1: Variable region sequences for Affimer reagents selected against NDM-1

No. of sequencing
Affimer Variable region 1 Variable region 2
appearances
1 HSTWHHETS KWHGISYMP 1
2 QHVEGWSQV AHVFKKSPK 54
3 AAVIEFLEV TFHSGIKWR 17
21 GYKVWTPYG THWDNGGLR 2
45 SQFNDMGEV MIGSLVKWR 1
59 GRGPNHWRE RYVKQDEWH 2
71 NAQIQYMHV YFKGDVLWR 2
73 EYWVENMKV RIGNMWFWR 1
75 VAKKMVQMY FYKHQPIMF 1
95 QHSPPNWRE GYYRNFHMR 1

Affimers 2 and 3 were identified 54 and 17 times respectively, which may suggest that
these binders have either a higher affinity or are preferentially expressed on the plll
coat protein of the bacteriophage. A sequence logo indicates a prevalence of a valine
residue at position 1.9 (variable region 1, position 9), a tryptophan at position 2.8 and
either arginine, histidine or a lysine (positively charged side chains) at position 2.9

(Figure 4.2).
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Variable region 1 Variable region 2

Bits

Figure 4.2: Sequence logo Sequence logo analysis of the two variable regions for the
ten isolated Affimers gives a visual representation of amino acid consensus. Large
symbols represent frequently observed amino acids, big stacks represent conserved
positions and small stacks represent variable positions. Basic amino acids are coloured
black, acidic amino acids are red and both polar and non-polar are green. Created using
Seg2Logo (Frolund Thomsen et al, 2012)

Here we describe the characterisation of NDM-1 binding Affimer reagents. Validation
by B-lactamase activity assays identified any Affimer reagents that have intrinsic effects
on NDM-1 activity, with further characterisation conducted by kinetic analysis and

bacterial and mammalian cell assays.

4.2 Results

4.2.1 Investigating the effects of isolated Affimer reagents on NDM-1 activity

Antibiotics containing B-lactam rings are highly susceptible to being hydrolysed by
enzymatic activity, which deactivates their antibiotic potency. Nitrocefin is a
chromogenic cephalosporin that lacks antibiotic potency but contains the characteristic
B-lactam ring and is therefore susceptible to B-lactamase mediated hydrolysis. Upon
hydrolysis, the absorption spectrum of nitrocefin shifts from intact (yellow) at 386 nm
to hydrolysed (red) at 482 nm. This change in absorption can be measured over time
and allows estimation of activity of a given B-lactamase enzyme based on the rate at
which it hydrolyses nitrocefin (O’Callaghan et al., 1972, Meini et al., 2015). The 10
isolated Affimer binders that bind NDM-1 were sub-cloned into pET11a for production

and purification (Section 2.2.3) then dialysed into 1x PBS + 10 % v/v glycerol (Figure
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4.3a). Affimer 75 and 95 initially had very low production yields and were almost
completely lost following dialysis. Production and purification of these two Affimers

was therefore repeated and yields were improved (Figure 4.3b).
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Figure 4.3: Purification of isolated Affimers that bind to NDM-1 (a) Purified and
dialysed Affimer proteins produced from pET11a vector. The proteins were purified
from bacterial cell lysate using nickel ion affinity chromatography. Proteins were
analysed by SDS-PAGE and Coomassie blue staining to confirm purity. The Affimers
visualised at 12 kDa as indicated by the arrow. Affimer 75 and 95 had very low yields
(b) Production and purification of Affimer 75 and 95 was repeated as before. Proteins
were analysed by SDS-PAGE and Coomassie blue staining to confirm purity. The
Affimers visualised at 12 kDa as indicated by the arrow.

The 10 purified Affimer proteins were tested in B-lactamase activity assays with
nitrocefin as the substrate (Section 2.2.5.1), to determine whether they had any effect
on NDM-1 enzyme activity. Reactions included 100 nM NDM-1, 10 uM clavulanic acid,
200 nM of Affimer and 65 uM nitrocefin and all Affimer isolates were normalised to the
EDTA control. As discussed previously, NDM-1 belongs to the metallo-B-lactamase
(MBL; class B) family and relies upon Zn?* in the active site to catalyse hydrolysis. EDTA
is a potent zinc chelating agent (Auld D., 1988) and on addition of NDM-1, will sequester
Zn?* from the active site and render the enzyme inactive, serving as a positive control
for enzyme inhibition. An Affimer that binds to yeast SUMO was used as a negative
control to demonstrate that non-NDM-1 binding Affimer reagents have little effect on

NDM-1 enzymatic activity. Additionally, a NDM-1 only control containing no Affimer
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demonstrated the maximum rate of nitrocefin hydrolysis. Absorbance at 482 nm was
plotted over time (s) to give an initial indication of trend (Figure 4.4a). After 3 replicate
experiments, absorbance values measured during the first 250 seconds (during which
the rates were constant) were converted to concentration in uM using Beer-Lambert’s
Law and then to rate in uM/s using linear regression analysis (Figure 4.4b). Of the 10
Affimer reagents tested, Affimer 21 showed a reduction in initial NDM-1 enzymatic

activity of 69 % when compared to that of the NDM-1 only control (p < 0.0001, R? 0.9998
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Figure 4.4: Effects of Affimer reagents on rate of nitrocefin hydrolysis by NDM-1.
NDM-1 activity was quantified by spectrophotometric measurement of nitrocefin
hydrolysis at 482 nm and at 25 °C on a Tecan Spark microplate reader and readings for
each well were taken every 12 secs for 15 min. Data was normalised to the EDTA
control. (@) The change in absorbance at 482 nm for NDM-1 only and upon addition of
Affimer was recorded (b) Activity of NDM-1 only or with 200 nM Affimer recorded as
rate of nitrocefin hydrolysis (uM/s). Error bars represent standard errors from 3
replicate experiments (n = 3).
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4.2.2 Characterisation of Affimer 21

4.2.2.1 ICso of Affimer 21
The ICso (inhibitory concentration) is the concentration of inhibitor that causes a 50%
decrease in activity of the enzyme and gives a measure of the potency of a substance.
To determine the ICsp value, Affimer 21 was tested for inhibition of 100 nM NDM-1 in a
B-Lactamase activity assay (Section 2.2.5.1) at a range of concentrations (10 nM to 3
KUM). Plate wells were set up in triplicate and average absorbance readings calculated.
Rate of nitrocefin hydrolysis (uM/s) was calculated over the initial 250 seconds as
before, and the data were fitted using a four-parameter logistic curve (4PL), which is
the curve typically used for dose response and/or receptor-ligand binding assays:

Y = bottom + (top - bottom) / (1 + 10 ((LogIC50-X) * Slope))
where Y is response, X is the Affimer concentration, bottom is response at infinite
Affimer concentration, top is response when the Affimer is absent and slope refers to
the steepness of the curve.
The response was plotted against the logarithm of Affimer concentration and the
resulting 4PL curve (Figure 4.5) showed a decreasing trend with increasing
concentration. The curve was shown to be a good model of the experimental data (R?

=0.9978) and yielded an ICsp of 0.37 uM.
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Figure 4.5: I1Cso of Affimer 21. A four-parameter logistic curve was plotted to determine
the ICso value. Rate of nitrocefin hydrolysis (uLM/s) by NDM-1 against logarithm of the
concentration of Affimer 21 (10 nM to 3 uM) was calculated. ICso was calculated as 0.37
uM, R2=0.9978.n=1
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4.2.2.2 Kinetic analysis of Affimer 21

In order to further characterise the inhibition of NDM-1 by Affimer 21, activity was
measured over a range of substrate concentrations with the aim of determining the
kinetic parameters ket and Kv (Section 2.2.5.2). The initial rate of the reaction was
recorded and absorbance units were converted to concentration using Beer Lambert’s
Law before fitting to a Michaelis-Menten curve (Figure 4.6). Kinetic analysis was carried
out by undergraduate student, Sophie Saunders, supervised by myself at BSTG,

University of Leeds.
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Figure 4.6: Kinetic analysis of inhibition of NDM-1 by Affimer 21. The hydrolysis of a
range of concentrations of nitrocefin, 0.4 to 4 uM, by 30 nM NDM1 was measured at
486 nm, 25 °C for 2 min. This was performed with/without 10 nM Affimer 21. Initial rate
of reaction was recorded and absorbance units converted to uM/s using Beer Lambert’s
Law. Kinetic parameters were determined by fitting the plot of rate against substrate
concentration to the Michaelis-Menten equation using non-linear regression and
reveals that the Km remains constant and Vmax and ket decrease upon addition of
Affimer 21 when compared to the NDM-1 only control. All assays were performed in
assay buffer. Data was processed using OriginPro 8.6 software. n=3.

The kinetic efficiency of an enzyme is measured by ket / Km and therefore higher values
for ket and lower values for Kv indicate a more efficient enzyme for the reaction

measured.



121

Table 4.2: Kinetic parameters for NDM-1 with and without Affimer 21

Keat (s2) Km (LM) Keat / Km (s pM'2)
NDM-1 only 1.29 0.21 6.14
NDM-1 + Affimer 21 0.93 0.20 4.65

Addition of Affimer 21 resulted in a 25 % decrease in the kinetic efficiency of NDM-1
when compared to the NDM-1 only control. A Lineweaver-Burk plot (Lineweaver et al.,
1934) was used to give a visual indication of the mechanism of inhibition (Figure 4.7).
Lineweaver-Burk plots were most commonly used prior to the development of non-
linear regression software, when curved data had to be transformed in order to perform
linear regression (Dowd et al., 1965). Although the Vmax and Kuv values from this kind of
plot are unreliable due to distortion of the error by the transformations; it is still useful
for giving a visual impression of the different forms of enzyme inhibition.
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Figure 4.7: Mechanism of inhibition of NDM-1 by Affimer 21. Mechanism of inhibition
was visualised using a Lineweaver-Burk (double reciprocal) plot, which plots the
reciprocal of substrate concentration vs. the reciprocal of enzyme velocity: 1/rate = (1
/Vmax) + (KM / Vmax [S]). Lineweaver-Burk plot of NDM-1 only and NDM-1 on addition
of Affimer 21 suggests non-competitive inhibition. All assays were performed in assay
buffer. Data was processed using OriginPro 8.6 software.n=3
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The Lineweaver-Burk plot for NDM-1 with and without Affimer 21 is consistent with a
plot that indicates non-competitive inhibition, where Kw is unaffected and therefore
both sets of data have the same x intercept; but different slopes and y intercepts (Vmax

is reduced with addition of inhibitor).

4.2.2.3 Binding epitope

Determining the conformational epitope of binding proteins could provide valuable
information regarding the binding interaction. Epitopes are generally divided into two
classes, linear epitopes where a string of amino acids are sufficient for binding, or
conformational epitopes where protein folding is necessary for binding. In western blot
analysis, the protein is partially or wholly denatured and can therefore be used to
investigate binding to a linearised target (Forsstrom et al., 2015). To determine the
binding epitope of NDM-1 required for Affimer 21 binding, NDM-1 and Yeast SUMO
proteins were probed with either Affimer 21 or Yeast SUMO 10 Affimer by western blot
analysis (Section 2.2.3.5.4) (Figure 4.8).
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Figure 4.8: Assessment of the binding epitope of NDM-1 required for Affimer 21
binding. NDM-1 and yeast SUMO (YSUMO) proteins (100 ng) were separated according
to their mobility by SDS-PAGE on a 15 % resolving gel. Proteins were transferred from
SDS-PAGE gels onto a mini format PVDF membrane with 0.2 um pore size using a Trans-
Blot Turbo transfer system and probed with either 0.5 pg (1:1000) or 5 pg (1:100) of
Affimer 21 (Aff 21) or Yeast SUMO 10 (YS10) Affimer by western blot analysis.
Membranes were visualised using Luminata Forte Western HRP Substrate and
chemiluminescence on an Amersham Imager 600). n =1
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Affimer 21 did not show binding to NDM-1 at either concentration, suggesting that a
conformational epitope of NDM-1 is needed for Affimer 21 binding. The negative
controls NDM-1 only and Yeast SUMO with Affimer 21 showed no binding and the
positive control Yeast SUMO with Yeast SUMO 10 Affimer showed strong binding, as
expected. Interestingly, the Yeast SUMO 10 Affimer also showed some binding to NDM-
1 and had previously indicated a small increase in NDM-1 activity in a B-lactamase
activity assay (Figure 4.4). This might suggest that the Yeast SUMO 10 Affimer has low

specificity.

4.2.2 .4 Effect of Affimer 21 on meropenem activity in Klebsiella pneumoniae

Klebsiella pneumoniae is one of the most commonly occurring carbapenem-resistant
Enterobacteriaceae (CRE) species in the world (Munoz-Price et al, 2013). Infections are
normally hospital-acquired and are associated with high mortality and morbidity rates.
For the following assays, a clinical isolate of Klebsiella pneumoniae known to express
the blanomi gene was used. The minimum inhibitory concentration (MIC) of meropenem
for this strain was determined as 32 pug/ml by MSc student, Ben Lawrence. Cell assays

were carried out with an MSc student, Ben Lawrence, under my supervision.

The effect of Affimer 21 on meropenem potency in Klebsiella pneumoniae was tested
(Section 2.2.6.1) (Figure 4.9). A final concentration of 6 ug/ml meropenem was used, to
shorten the lag phase and make dose dependent inhibition visible over the assay

period. Affimer 21 restored sensitivity to meropenem in a dose-dependent manner.
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Figure 4.9: Restoration of meropenem potency by Affimer 21 in a clinical strain of K.
pneumoniae expressing NDM-1. Assays were performed aerobically at 37 °C in a 96-
well microtitre plate in a FLUOstar Omega dual orbital shaker. Cell density was assessed
by measuring absorbance at ODesoo every 5 min for 20 h. Meropenem was dosed at 6
ug/ml (0.2x MIC). Affimer 21 was dosed at concentrations between 1-10 pg/ml.n=3

4.2.2.5 Tolerance of Affimer 21 in mammalian cells

An essential quality for any antimicrobial drug is selective toxicity, to selectively kill or
inhibit the growth of microbial targets while causing minimal or no harm to the host.
Nearly all of the previously reported MBL inhibitors act by zinc binding or chelation
(McCall et al., 2000). An inhibitor that acts by sequestering zinc from the active site of
NDM-1 might be expected to have off-target effects in mammalian cells due to the large
number of human metalloproteins found in the cellular environment. It is therefore
critical that any newly reported inhibitors are tested fairly early on in the discovery
pipeline for possible cytotoxicity. An initial test for effect of Affimer 21 on survival of
mammalian U-2 OS cells was carried out (Section 2.2.6.2) (Figure 4.10). Cell toxicity
assays were carried out by an MSc student, Ben Lawrence, who was supervised by

myself at BSTG, University of Leeds.
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Figure 4.10: Affimer 21 is well tolerated in mammalian cells. U-2 OS cells were cultured
in DMEM media supplemented with 10 % v/v FBS and 1 % w/v penicillin-streptomycin
for 72 h in 24-well plates. DMEM was replaced with Affimer 21 at concentrations of 0.1
- 100 pg/ml or 100 pg/ml of yeast SUMO Affimer and incubated at 37 °C for 24 h. A
Muse® cell counter was used to determine total cell count and % viability. n =3

Results were subjected to a one-way ANOVA test and there was found to be no
significant difference between the PBS control and any concentration of Affimer 21,

suggesting that Affimer 21 is well tolerated in mammalian cells.

4.2.2.6 Structural characterisation by crystallography

The crystallisation of proteins depends upon the creation of a solution of protein and
precipitant that is supersaturated (McPherson et al., 2014). Supersaturation is achieved
beyond the concentration where the protein is soluble (the solubility curve), but before
it reaches the point of precipitation (disordered aggregation). The concentration of
precipitant changes the position of the solubility curve at a given protein concentration.
Figure 4.11 represents a solubility phase diagram and illustrates the relationship
between protein and precipitant concentrations. The region of supersaturation is
divided into the metastable, labile and precipitation regions. Nucleation (ordered
aggregation) of crystals occurs in the labile region, which reduces the protein
concentration in the solution and drives the process back into the metastable region,

where sustained crystal growth can occur (Krauss | et al., 2013). The final region, at very
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high supersaturation, is where precipitation might be most probable. The method used
in this study for crystal growth is vapour diffusion, where the evaporation of water from
a protein/buffer drop concentrates the drop to the point where nucleation and crystal

growth can occur.
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Figure 4.11: Phase diagram for crystallisation of macromolecules

There have been a number of crystal structures published of NDM-1, both apo and in

various complexes with either antibiotics or inhibitors, as summarised in Table 4.3.
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Table 4.3: Summary of apo and complex crystal structures of NDM-1

PDB Substrate Resolution | Protein conc. Conditions Temp Reference
A mg/ml °C
3ZR9 apo 1.91 35 5 mM CoCl;, 5 mM NiCl;, 5 mM MgCl,, 5 mM CdCl;, 100 mM HEPES pH 20 Green et al, 2011
7.5, 12 % (w/v) PEG 3350

3SPU apo 2.1 68 0.1 M Li;SO4, 0.63 M (NH4)2S04, 0.05 M Tris at pH 8.5 25 King et al, 2011
3RK]J apo 2.0 40 0.17 M (NH4),S04, 25.5 % (w/v) PEG 4000, 15 % glycerol 16 Kim et al., 2011
35072 apo 2.5 5 20 mM/L CdCl, 20 mM/L CaCl,, 20 mM/L CoCl, and 20 % (v/w) PEG 3350 18 Guo etal., 2011
5A57 apo 2.6 20 24 % PEG 1500, 0.05 M TBG pH 4 25 Klingler et al., 2015
4RLO cefuroxime 1.3 36 30 % (w/v) PEG 3350, 0.1 M Bis-Tris pH 6.0, 0.2 M Li;SO4 - Fengetal., 2014
4RL2 cephalexin 2.0 36 28 % (w/v) PEG 3350, 0.1 M Bis-Tris pH 5.8, 0.2 M (NH4)>SO4 - Feng etal., 2014
4EY2 methicillin 1.17
4EYB oxacillin 1.16 60 0.2 M MgCl,, 25 % PEG 3350, 0.1 M bis-tris pH 5.5 25 King et al., 2012
4EYF | benzylpenicillin 1.8
4EYL meropenem 1.9 55 1M trisodium cacodylate, 0.1 M sodium cacodylate pH 6.5 25 King et al., 2012
5YPI meropenem 2.3 28 % (w/v) PEG 3350, 0.1 M Bis-Tris pH 5.8, 0.2 M (NH4),S04

30 20 Feng et al., 2017
5YPL imipenem 1.8 + crystal soaking with antibiotic
5XP6 bismuth Bi(lll) 0.95 50-100 0.1 M Bis-Tris pH 5.5, 15 % PEG 3350 (w/v), 20 mM L-proline 20 Wang et al., 2018
4EXS |-captopril 2.4 - 10% w/v PEG 8K, 8% v/v ethylene glycol, and 0.1 M HEPES pH 7.5 25 King et al., 2012

*Apo structures of NDM-1 highlighted in green, NDM-1 in complex with antibiotic highlighted in orange, NDM-1 in complex with inhibitor

highlighted in blue




128

The reported crystal structures of inhibitors in complex with NDM-1 are shown to act
by interaction with the Zn?* ions in the active site. In order to gain further insight into
the binding mechanism of Affimer 21 with NDM-1, as well as to confirm the mode of
inhibition, structural studies are needed. Analysis of the Affimer binding site on NDM-1
might also reveal key features important for the informed design of novel inhibitors of
NDM-1 and other metallo-B-lactamases in the future. Four attempts at obtaining a
crystal structure of the Affimer 21 : NDM-1 complex were made during the course of

this project.

4.2.2.6.1 Crystallisation screen 1

Initially, Affimer 21 and NDM-1 were produced and purified separately before being
combined to allow the proteins to form a complex. A pure and homogenous sample of
Affimer 21 was produced (Sections 2.2.3.2 and 2.2.3.4) and the size and purity
confirmed by SDS-PAGE analysis (2.2.3.4.2) as shown in Figure 4.12. Samples from each

stage of the purification process were also included.

Final Elution Elution Elution Elution Elution

Lysate Unbound a5k 1 2 3 4 5

— =

: -
— —
_“

15 kDa -

p— S — =
10 kDa - \

Figure 4.12: SDS-PAGE analysis of Affimer 21 production and purification. Affimer 21
protein was produced from pET11a vector in BL21 Star (DE3) cells. The protein was
purified from bacterial cell lysate using nickel ion affinity chromatography and analysed
by SDS-PAGE and Coomassie blue staining. The Affimer was eluted and visualised at 12
kDa as indicated by the arrow.
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Affimer 21 was further purified by size exclusion chromatography. Salt is normally
included in SEC buffers to reduce any protein-matrix interactions. However, the
presence of high salt concentrations increases the potential of particulates in the
mobile phase, thereby influencing the elution volume of proteins (Ahmed et al., 2010).
Proteins were therefore dialysed into 25 mM HEPES, 100 mM NaCl pH 7.5 before being
loaded on an 16/60 HiLoad Superdex 200 column (GE Healthcare) attached to an Akta
Xpress system (Section 2.2.7.2) (Figure 4.13a). This was carried out in collaboration with
Dr Anil Verna at Oxford Protein Production Facility (OPPF), Research Complex at
Harwell. The eluted fractions were analysed by SDS-PAGE (Section 2.2.3.4.2) to confirm
the size of the expressed protein as Affimer 21 (Figure 4.13b). NDM-1 had been
produced and purified to 35 mg/ml by Dr Anil Verna previously. Both proteins were

eluted in 20 mM Tris, 200 mM NaCl, pH 7.5.
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Figure 4.13: Purification of Affimer 21 by size exclusion chromatography (SEC). a)
SEC trace showing the Aso (MAU) of the sample. b) SDS-PAGE analysis of the eluted
protein fractions showing Affimer 21 at 14 kDa.
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The Affimer eluted relatively late, suggesting that it might interact in some way with
the column. It is likely that collection of much of the Affimer was missed. However, the
six fractions that were of the highest concentration were pooled and concentrated to 8
mg/ml (Section 2.2.7.3). Ideally NDM-1 and Affimer 21 would be mixed at a 1:1 molar
ratio to form the complex. However, due to low sample volume of the Affimer after
concentrating, the proteins were mixed at approximately a 2:1 molar ratio of NDM-1 to
Affimer 21. The protein mixture was then screened for initial crystallisation conditions

across 2x 96 well plates of commercially available screening blocks from Hampton
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Research. The screens were set up in sitting-drops with various protein : buffer ratios
using a RoboGo robot (MWG) and stored on a Crystal Detector robot (Formulatrix) at
20 °C for imaging. No crystals grew and very little precipitation was seen, suggesting

that a condition needed to be altered.

4.2.2.6.2 Crystallisation screen 2

In order to allow for visualisation of the Affimer : NDM-1 complex and to ensure that
any unbound protein was removed prior to setting up crystallisation trials, a different
method of purification was adopted. Affimer 21 and NDM-1 were produced and
purified by Ni-NTA resin as described previously (Sections 2.2.3.2.1, 2.2.3.3.1 and
2.2.3.3.2) and dialysed (Section 2.2.3.3.3) before being combined at a 5:1 molar
concentration of Affimer to NDM-1 to ensure that NDM-1 was fully saturated with
Affimer and to produce as much complex as possible. The proteins were left to bind
overnight at 4 °C on a rotator. Size exclusion chromatography of the complex was
performed on a Superdex 75 (26/60) column (GE Healthcare) attached to an Akta prime
system at 4 °C (Section 2.2.7.2) (Figure 4.14a). The sample was eluted in 25 mM HEPES,
100 mM NaCl, pH 7.5, as HEPES buffer had been successful for NDM-1 crystallisation in
other studies (Wang et al., 2018, King et al., 2012). SEC purification of the complex,
rather than separate proteins, was hypothesised to reduce the time taken for Affimer
to be eluted from the column by increasing the size of the target protein and reducing

the amount of available unbound Affimer.
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Figure 4.14: Purification of Affimer 21:NDM-1 complex by size exclusion
chromatography. a) Size exclusion chromatography (SEC) was performed on a
HiPrepTM 16/60 Sephacryl S-100 HR column attached to an Akta Explorer system. A 2
ml aliquot of protein sample was loaded onto the column using a 2 ml injection loop.
Absorbance of the protein sample was measured at 280 nM at a flow rate of 0.5 ml/min
and 2 ml fractions were collected. b) The collected protein fractions were separated by
SDS-PAGE on a 15 % resolving gel and stained with Coomassie Blue to check purity.
Arrows indicate bands showing Affimer 21 at 12 kDa and NDM-1 at 25 kDa.
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The complex eluted in fractions 10-17 and unbound Affimer 21 eluted later at
approximately fractions 62-68. SDS-PAGE analysis (Section 2.2.3.4.2) (Figure 4.14b) of
the eluted fractions confirmed the presence of bands at 12 kDa (Affimer) and 25 kDa
(NDM-1), which looked to both be present in fractions 10-20. However, in a 1:1 molar
complex you would expect the protein bands to be of equal quantity on a gel. In
fractions 11-17 there appears to be much more NDM-1 than Affimer, which might
suggest either the presence of unbound NDM-1 mixed in with the complex or that more
than 1 molecule of NDM-1 binds to each Affimer. Despite this, fractions 11-14 were
pooled and concentrated to 6.25 mg/ml using VivaSpin columns (Section 2.2.7.3). The
complex was then screened for initial crystallisation conditions across 4x 96 well plates
of commercially available screening blocks from Qiagen (Section 2.2.7.4). The screens
were set up in sitting-drops with various protein : buffer ratios using a NT8® Drop Setter
robotics system (Formulatrix) and stored on a Sonicc Rl 1000 Crystal Detector
(Formulatrix) at 20 °C for imaging. Again, no crystals grew and very little precipitation

was seen.

4.2.2.6.3 Crystallisation screen 3

Previously reported crystal structures of NDM-1 were obtained at concentrations
ranging from 35 - 60 mg/ml (Green et al., 2011, Youngchang et al, 2011, King et al.,
2012). As no crystals grew and very little precipitation was seen in the previous screens,
the complex was deemed to be in an undersaturated state (Figure 4.11). To obtain
higher concentrations of protein and push the protein towards the labile zone,
production was scaled up to 8 L of culture volume for NDM-1 (expected yield of 135
mg) and 500 ml of Affimer 21 (expected yield of 70 mg). To obtain a more homogenous
complex, purification was performed using a pull-down method in which Affimer 21
protein lysate was added in excess to 1 ml Ni>*NTA resin (capacity 30 mg) to ensure full
saturation, and washed. The periplasmic fraction of NDM-1 was then added to the
Affimer-bound resin before being washed and eluted (Section 2.2.7.1). The elution
buffer used contained a lower concentration of NaCl than usual (150 mM) to avoid
having to dialyse the protein and possibly lose some of the sample. The production and

purification process was analysed by SDS-PAGE (Section 2.2.3.4.2) (Figure 4.15).
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Figure 4.15: SDS-PAGE analysis of Affimer 21:NDM-1 complex production and
purification. Affimer 21 production was scaled up to 500 mL of culture volume and
NDM-1 production scaled up to 8 L of culture volume. Affimer 21 protein was added in
excess to Amintra Ni>*NTA resin and purified as described previously, but not eluted
from the resin. Periplasmic fraction containing NDM-1 protein was mixed with the
Affimer-bound resin, added to a polypropylene column and washed and eluted as
described previously. Protein samples were separated by SDS-PAGE on a 15 % resolving
gel and stained with Coomassie Blue to check purity. Affimer 21: NDM-1 complex was
purified using 1 ml Ni?*NTA resin. Affimer 21 is shown at 12 kDa and NDM-1 is shown
at 25 kDa.

Both NDM-1 and Affimer 21 proteins contain a polyhistidine-tag and therefore it was
necessary to ensure that the resin was fully saturated with Affimer 21 before addition
of NDM-1 lysate to reduce the possibility of capturing NDM-1 protein that wasn’t in
complex. SDS-PAGE analysis showed a high level of Affimer 21 in the unbound sample
suggesting the Ni-NTA resin was fully saturated with Affimer 21. The Affimer-bound
resin was then saturated with NDM-1 as indicated by NDM-1 remaining in the unbound
NDM-1 sample. Bands corresponding to Affimer and NDM-1 were visualised in the
elutions of the complex. There appeared to be more Affimer 21 than NDM-1 but it was
predicted that any excess unbound Affimer would be removed during size exclusion
chromatography (SEC). Co-purification of the complex (25 mg) by SEC was performed
on a HiPrep™ 16/60 Sephacryl S-100 HR column attached to an Akta Explorer at 4 °C
(Section 2.2.7.2) (Figure 4.16a). The sample was eluted in 25 mM HEPES, 100 mM NaCl,

pH 7.5, as before.
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Figure 4:16. Purification of Affimer 21:NDM-1 complex by SEC. a) Size exclusion
chromatography (SEC) of the complex was performed on a HiPrepTM 16/60 Sephacryl
S-100 HR column attached to an Akta Explorer system. A 2 ml aliquot of protein sample
was loaded onto the column using a 2 ml injection loop. Absorbance of the protein
sample was measured at Azso (mAU) at a flow rate of 0.5 ml/min and 2 ml fractions were
collected. b) The collected protein fractions were separated by SDS-PAGE on a 15 %
resolving gel and stained with Coomassie Blue to check purity. Arrows indicate bands
showing Affimer 21 at 12 kDa and NDM-1 at 25 kDa.
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The complex eluted in fractions A8-A15. SDS-PAGE analysis (Section 2.2.3.4.2) (Figure
4.15b) of the eluted fractions confirmed the presence of bands at 12 kDa (Affimer) and
25 kDa (NDM-1). In fractions A8-A11 (the shoulder of the peak), there appeared to be
slightly more Affimer than NDM-1. However, in fractions A12 to A15 the ratio of Affimer
to NDM-1 appears to be more even, suggesting that the extra Affimer seen in the
purification gel (Figure 4.15) was Affimer that has now been removed during SEC.
Fractions A12-A15 were pooled and concentrated to 19 mg/ml using VivaSpin columns
(Section 2.2.7.3). The complex was then screened for initial crystallisation conditions
across 4x 96 well plates of commercially available screening blocks from Qiagen (Section
2.2.7.4). The screens were set up in sitting-drops with various protein : buffer ratios
using a NT8® Drop Setter robotics system (Formulatrix) and stored on a Sonicc Rl 1000
Crystal Detector (Formulatrix) at 20 °C for imaging. No crystals grew but around 30 %

of conditions showed precipitation.

4.2.2.6.4 Crystallisation screen 4

To obtain higher concentrations of protein for crystallisation trials, protein was
produced in 8 L of culture volume for NDM-1 (expected yield of 135 mg) and 1.5 L of
Affimer 21 (expected yield of 210 mg). Purification of the complex was carried out by
pull down as per screen 3, but with 2 x 2 ml Ni*NTA resin to capture a theoretical 120
mg of Affimer 21. The production and purification process was analysed by SDS-PAGE
(Figure 4.17).



N
VoA & N A s x 6 6 A s 9
& S L _Q' N Q" N o o
& '&@z & & é’@ e & & o“& S &S S
SRS N S RO O S PP T A S
'\7 > \al (’,Q é, « > o ‘,Q Q' 2 < e *0 *Q« < *Co *Q‘
R S S O T S S ORI S A SN S O B,
&IPSR F LSS
KDa ® F v & F S S ¢ ¢ ¢ ¢f ¢ ¢ ¢ ¢
35.
NDM-1
25.- Pl
15-
Aff21
Pl

10-

Figure 4.17: SDS-PAGE analysis of Affimer 21 : NDM-1 complex production and
purification. Affimer 21 production was scaled up to 1.5 L of culture volume and NDM-
1 production scaled up to 8 L of culture volume. Affimer 21 protein was added in excess
to Amintra Ni?*NTA resin and purified as described previously but not eluted from the
resin. Periplasmic fraction containing NDM-1 protein was mixed with the Affimer-
bound resin, added to a polypropylene column and washed and eluted as described
previously. Protein samples were separated by SDS-PAGE on a 15 % resolving gel and
stained with Coomassie Blue to check purity. Affimer 21 is shown at 12 kDa and NDM-
1is shown at 25 kDa. Affimer 21: NDM-1 complex was purified using 4 ml Ni>*NTA resin.
Affimer 21 is shown at 12 kDa and NDM-1 is shown at 25 kDa.

SDS-PAGE analysis confirmed that the Ni-NTA resin was fully saturated with Affimer 21,
as indicated by the presence of Affimer 21 in the unbound sample. The Affimer-bound
resin was then fully saturated with NDM-1 as shown by the NDM-1 remaining in the
unbound NDM-1 sample. Two SEC runs were performed due to the larger volume of
complex eluate. For the first run 2 ml at 13 mg/ml was loaded. For the second run, the
complex was concentrated using VivaSpin columns and 2 ml at 30 mg/ml was loaded.
Both runs were performed on a HiPrep™ 16/60 Sephacryl S-100 HR column attached
to an Akta Explorer at 4 °C (Section 2.2.7.2) (Figure 4.18a&b). The sample was eluted in
25 mM HEPES, 100 mM NaCl, pH 7.5, as before.
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Figure 4.18: Purification of Affimer 21:NDM-1 complex by SEC. Size exclusion
chromatography (SEC) of the complex was performed on a HiPrepTM 16/60 Sephacryl
S-100 HR column attached to an Akta Explorer system. A 2 ml aliquot of protein sample
was loaded onto the column for each run using a 2 ml injection loop. Absorbance of the
protein sample was measured at Azso (MAU) at a flow rate of 0.5 ml/min and 2 ml
fractions were collected. a) SEC trace of run 1 showing the Azgo (MAU) of the sample. b)
SEC trace of run 2 showing the Az (mAU) of the sample. c) The collected protein
fractions were separated by SDS-PAGE on a 15 % resolving gel and stained with
Coomassie Blue to check purity. Arrows indicate bands showing Affimer 21 at 12 kDa
and NDM-1 at 25 kDa.
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The complex eluted in fractions A10-A15 in both runs. SDS-PAGE analysis (Section
2.2.3.4.2) (Figure 4.18c) of the eluted fractions confirmed the presence of bands at 12
kDa (Affimer) and 25 kDa (NDM-1). Fractions A11-A15 were pooled and concentrated
to 40 mg/ml using VivaSpin columns (Section 2.2.7.3). The complex was then screened
for initial crystallisation conditions across 4x 96 well plates of commercially available
screening blocks from Qiagen (Section 2.2.7.4). The screens were set up in sitting-drops
with various protein : buffer ratios using a NT8® Drop Setter robotics system
(Formulatrix) and stored on a Sonicc Rl 1000 Crystal Detector (Formulatrix) at 20 °C for
imaging. Approximately 65 % of conditions showed precipitation and there were two
conditions that showed possible crystal formation and were considered worth

optimising (Figure 4.19).

Visible light UV fluorescence

UV fluorescence

Figure 4.19: Crystallisation drop images for Affimer 21:NDM-1 protein complex.
Conditions were set up using the commercially available screens JCSG Core Suites |, Il,
lll, and IV from Qiagen. Trials were set up on 96 well 3-drop plates and imaged on a
Sonicc R1 1000 Crystal Detector (Formulatrix). Total drop volume was 0.2 pl. Drops were
imaged using both visible light and UV fluorescence. a) 1:1 ratio of protein to mother
liquor. Mother liquor contained 0.2 M NH4H2PO4, 0.1 M TRIS pH 8.5 and 50 % MPD (v/v).
b) 1:1 ratio of protein to mother liquor. Mother liquor contained 0.16 M (NH4),S04, 0.08
M Na Acet pH 4.6, 20 % PEG 4K (w/v) and 20 % glycerol (v/v)
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4.2.2.6.5 Crystallisation optimisation

There were two conditions from the factorial screens in crystallisation screen 4 that
showed possible crystal formation: 0.2 M NHzH2PO4, 0.1 M TRIS pH 8.5 and 50 %
MPD (v/v), and 0.16 M (NHa),SO4, 0.08 M Na Acet pH 4.6, 20 % PEG 4K (w/v) and 20 %
Glycerol (v/v). A 96-well plate of new buffer conditions (48 conditions for each) that
centred on the variation of precipitant and pH was created using a Formulator® Screen
Builder (Formulatrix) (Section 2.2.7.5). A 96 well 3-drop plate of crystallisation trials
containing various protein : buffer ratios was then set up using these optimised
conditions with Affimer 21 : NDM-1 complex protein at 40 mg/ml, as before. At the time

of writing, there were no visible crystals.

4.3 Chapter summary and future work

One advantage of phage display is that it allows for screening of diverse molecular
targets to obtain high-potency binders suitable for development within a much faster
timescale than that achievable for small molecules (Huang et al., 2012). For small
molecules, hits from library screening are normally found with target affinities or I1Csos
inthe 1to 5 uM range. In this study, an initial ICso of Affimer 21 was estimated as 0.37
KUM. Repeating the assay with Affimer concentrations ranging between 200-500 nM will
allow for a more widely spread ICso curve and a more accurate ICso value. One
advantage of using engineered protein scaffolds such as Affimers is that they can be
easily manipulated through affinity maturation to allow for development of improved

binding capabilities.

Kinetic analysis of the interaction between Affimer 21 and NDM-1 revealed that Km
remains constant and Vmax and ket decrease upon addition of Affimer 21, as expected
for aninhibitor. The kinetic efficiency of NDM-1 only was consistent with that previously
reported for nitrocefin (Makena et al., 2015 and Kim et al., 2011), although there does
seem to be much variation in the literature, depending on how the NDM-1 was
produced. Addition of Affimer 21 resulted in a Kcat/Km value of 4.65; which is a 25 %
decrease in the kinetic efficiency of NDM-1 when compared to the NDM-1 only control.
Additionally, a Lineweaver-Burk plot suggested that Affimer 21 is a non-competitive
inhibitor of NDM-1. This was surprising as most reported MBL inhibitors act by zinc

binding or chelation (Docquier et al., 2018).
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Affimer 21 was shown to restore sensitivity to meropenem in a dose-dependent
manner in a clinical strain of Klebsiella pneumoniae that carries the blanom-1 gene.
Additionally, a control containing 10 pug/ml of Affimer and no meropenem showed no
significant effect on cell growth, suggesting that the Affimer does not exhibit any off-
target antimicrobial effects in this Klebsiella strain. Whilst these trends were replicated
across experimental repeats, no statistical analyses were possible owing to the variable
nature of cell culture in small volumes. These experiments require a substantial number
of further repeats, in larger culture volumes and with a variety of antibiotics to confirm
the results and allow for statistical analysis. Until relatively recently it was thought that
all metallo-B-lactamases are localised to the periplasm. It was therefore surprising that
Affimer 21 was able to inhibit NDM-1 in cell assays as the route of access to the
periplasm was unclear. However, there has been recent evidence that indicates that
NDM-1 may be anchored to the outer membrane of gram-negative bacteria (King et al.,
2011). Additionally, a study by Gonzalez et al (2016) showed that NDM-1 was found in
the outer membrane fraction in cellular fractionation experiments, and that
membrane-anchoring contributes to the unusual stability of NDM-1 and favours its
secretion in outer membrane vesicles (OMVs). Immunofluorescence microscopy of
labelled Affimer 21 would further elucidate the cellular localisation of NDM-1 in gram-

negative bacteria.

Initial results from cell culture experiments indicate that Affimer 21 is well tolerated in
the mammalian cell line, U-2 OS. However, to fully validate the cytotoxicity of Affimer
21, testing in a variety of mammalian cell lines would need to be completed. As
previously discussed, generalised zinc chelation is an undesirable characteristic for an
effective antimicrobial. These early indications that Affimer 21 is well tolerated in
mammalian cells may suggest that Affimer 21 does not work by zinc chelation which
would support our kinetic data which indicates that Affimer 21 is an allosteric inhibitor.
However, to fully confirm the binding interaction between NDM-1 and Affimer 21,
structural data is needed. Four attempts at obtaining a crystal structure of the Affimer
21 : NDM-1 complex were made during the course of this project. However, at the time
of writing no crystals had been obtained. It is well documented that crystallography of
bio-macromolecules is a multi-parametric process and depends upon multiple factors

(Table 4.4) (Krauss et al., 2013).
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Table 4.4: Examples of some of the parameters affecting crystallisation

Physical factors Chemical factors Biochemical factors
Temperature pH Sample purity
Surface Sample concentration Sample homogeneity
Time Precipitant type Sequence modifications
Pressure Precipitant concentration Aggregation
Gravity Buffer Sample pl
Viscosity lonic strength Proteolysis
Vibrations Crosslinkers

All of these thermodynamic and dynamic parameters can be used to influence
supersaturation of the sample and therefore the rates of nucleation and crystal growth.
Indeed, as previously indicated in Table 4.3, crystal structures of NDM-1 have been
reported for a wide variety of buffer conditions, pH’s, temperatures and protein
concentrations. In this study, approximately 65 % precipitation was seen for
concentrations of NDM-1 at 40 mg/ml. Therefore, increasing the sample concentration
is unlikely to improve the possibility of obtaining crystals and could push the process
too far past the metastable zone where most crystals are formed. One study used
crystal soaking of the apo-structure of NDM-1 with various antibiotics to obtain a
structure of the crystal complex (Feng et al., 2017). However, this method is unlikely to
be effective in obtaining a co-crystal structure of NDM-1 in complex with Affimer as the
Affimer is likely to be too large to fit through the solvent channels without disrupting

the crystal lattice.

An alignment of the amino acid sequences of NDM-1 from the reported crystal
structures reveals that the majority of the proteins were truncated at the N-terminus,
with most having a truncation of 10-20 residues compared to the full-length protein

used in this study (NDM-1 pD861) (Figure 4.18).
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Alignment of protein sequences for reported crystal structures of NDM-1

Figure 4.20
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Truncation of the N-terminal region has been reported to improve solubility and level
of expression of NDM-1 (Kim., 2011). Additionally, all of the reported structures show
cleavage of the C-terminal His-tag. For some of the studies, this is due to cleavage of
the His-tag using HRV 3C protease following purification. However, as this is not
reported for all of the structures, it might also be that this section of the protein is
unresolved in some cases. Despite obtaining high levels of NDM-1 protein with the full-
length protein, it seems likely that these modifications also render NDM-1 more
amenable to crystallisation and this approach would therefore be worth exploring for

future crystallisation trials.

As can be seen, there is much work that can be completed to further the project.
However, characterisation thus far has revealed that Affimer 21 acts as a potent
inhibitor of NDM1, in both B-lactamase activity assays and in cell-based assays with a
clinically relevant bacterial strain. Affimer 21 was ascertained to have an ICso of 0.37
UM and kinetic analysis suggested a non-competitive mechanism of inhibition,
potentially excluding it as a zinc chelator. Additionally, Affimer 21 was shown to be non-
toxic in the mammalian cell line U-2 OS. Although co-crystallisation has been so far
unsuccessful, a protocol for the production of pure and homogenous protein complex
has been optimised, and proposals for future trials suggested. These preliminary data
are promising for the potential use of Affimer 21 in antibiotic combination therapy,

however certain biochemical and mechanistic details are still to be elucidated.



Chapter 5
Identification of critical residues in the Affimer 21:NDM-1

interaction
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5.1 Introduction

The mapping of protein-protein interactions is crucial for understanding the complex
molecular relationships in biological processes. Many high-resolution structures have
been solved to try to improve knowledge of the molecular details of protein
interactomes. Obtaining a three-dimensional (3D) structure of a protein complex
reveals useful information on the architecture and chemistry of a protein-protein
interaction, including the residues involved, number of hydrogen bonds, the size and
shape of the interface and the occurrence of bound water molecules (Lise et al., 2009).
However, the co-crystallisation of protein-ligand complexes is not always possible, and
although protein structures can provide information on the structural binding epitope
(i.e. the residues involved in binding), they do not characterise the binding energetics
or show how docking occurs. Therefore, in order to fully elucidate a molecular binding
interaction, the residues within a protein structure that contribute to the binding

interaction need to be resolved (Cunningham et al., 1993).

Site-directed mutagenesis is invaluable for investigating protein structure and function.
Although there are many different mutagenesis strategies (Amin et al., 2004, Labrou.,
2010, Knight et al., 2013), alanine scanning has been proven to be especially effective
in mapping the residues involved in binding interactions for a number of proteins
(Reimeretal., 2017, Kumarasinghe et al., 2018, Schomer et al., 2018). Alanine scanning
is a widely used approach in which residues in the protein of interest are systematically
substituted for an alanine at chosen positions by site-directed mutagenesis, and the
altered protein assayed to determine any changes in function (Cunningham et al.,
1989). Because substitution with an alanine removes all of the side chain atoms past
the B-carbon, the effects of an individual alanine mutation can be used to interpret the
role of the original residue side chain. Alanine lacks unusual backbone dihedral angle
preferences; unlike glycine for example, which would also nullify the sidechain, but can
introduce conformational flexibility into the backbone of the protein (Morrison et al,
2001). Alanine scanning mutagenesis can therefore provide a detailed map of a protein-
ligand interaction, an important step for rational protein and drug design (Weiss et al,

2000).
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Novel binding scaffolds can be easily modified and mutations are often well tolerated
(Binz et al., 2005; Skrlec et al., 2015). Alanine scanning mutagenesis has therefore been
successfully utilised to determine binding hot spots and to analyse the individual
contributions of residues in the binding regions of various scaffolds, including Knottins,
Kunitz domains and Monobodies (Glotzbach et al., 2013, Chen et al., 2012, Cheung et
al., 2015). In a recent study, a RadA-based scaffold was probed by alanine scanning to
identify two critical residues for TPX2/Aurora A kinase binding, an interaction involved
in mitotic spindle assembly which is overactivated in tumour cells (Rossmann et al.,
2017). As well as elucidating critical residues in a binding interaction, information
obtained from alanine scanning has been shown to be a useful tool in guiding the design
of affinity matured libraries that often leads to the selection of improved affinity
binders. This technique was used to develop Affibodies that bind to VEGFR2 and block
VEGF-A binding. The information obtained from an alanine scan was used to guide the
design of an affinity matured library from which two improved affinity binders were

obtained (Fleetwood et al., 2014).

As obtaining structural data of the NDM-1:Affimer 21 complex has so far been
unsuccessful, the binding interaction at the protein interface is yet to be defined. As
discussed above, information as to which residues are critical for binding, and those
which impede the interaction, could be used to improve inhibitory efficacy and guide
future rational design. Here we probe the interactions between enzyme and inhibitor
by first investigating the contribution of each variable region to the interaction, and
then by performing a complete alanine scan to determine the contribution of individual
residues. Single alanine mutations (18 in total) were systematically introduced by site-
directed mutagenesis and tested for potency of NDM-1 inhibition in B-lactamase

activity assays.
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5.2 Results

5.2.1 Construction and characterisation of Aff21AVR1 & Aff21AVR2 mutants

To determine whether one or both of the variable regions (VRs) of Affimer 21 are
responsible for inhibitory activity of NDM-1 we created Affimer 21 constructs consisting
of either variable region 1 (Aff21AVR2) or variable region 2 (Aff21AVR1). Aff21AVR2
and Aff21AVR1 were created by amplifying DNA for each respective variable region
from the pBSTG-Aff phagemid vector and SOEing with amplified DNA from a wild type
(WT) Affimer scaffold with variable regions containing either 2 alanine residues and a
glutamic acid, or 3 alanine residues (Section 2.2.1.5, Figure 2.2). Final SOE products
were amplified, DNA digested with Nhel-HF™and Not/-HF™ (NEB) (Section 2.2.1.8) and
ligated into similarly digested pET11a vector. XL1-Blue cells were then transformed with
the DNA (Section 2.2.1.11), grown up and miniprepped (Section 2.2.1.13) before being

sequenced to confirm the correct insert (Table 5.1).

Table 5.1: Amino acid sequences of Aff21AVR1 and Aff21AVR2

S
Aff21AVR1 - - - - - -y
Aff21AVR2 K | - - A

Following sequencing confirmation, BL21 star™ (DE3) cells were transformed with the
DNA (Section 2.2.1.11) and protein produced and purified as described in Section
2.2.3.2. The size and purity of the proteins was confirmed by SDS-PAGE analysis (Section
2.2.3.4.2) as shown in Figure 5.1. Samples from each stage of the purification process

were also included.
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Figure 5.1: Production and purification of Aff21AVR1 and Aff21AVR2 mutants.
Purification of proteins produced from pET11a vector. The proteins were purified from
bacterial cell lysate using nickel ion affinity chromatography and separated by SDS-
PAGE on a 15 % resolving gel and stained with Coomassie Blue to check purity. The
Affimer was eluted and visualised at 12 kDa as indicated by the arrows.

The activity of each mutant was measured and compared to Affimer 21 in a B-lactamase
activity assay with nitrocefin as the substrate (Section 2.2.5.1) to determine their effects
on NDM-1 activity. Reactions included 100 nM NDM-1, 10 uM clavulanic acid and 65
UM nitrocefin and all results were normalised to the EDTA control. The concentration
of Affimer used was increased to 500 nM (from 200 nM) to ensure that even small
changes in activity caused by the variable region deletion were observed. The EDTA
negative control sequesters Zn2+ from the active site and renders NDM-1 inactive.
Additionally, a NDM-1 only positive control containing no Affimer demonstrated the
maximum rate of nitrocefin hydrolysis. Absorbance at 482 nm was plotted over time (s)
to give an initial indication of trend (Figure 5.2a). After 3 replicate experiments,
absorbance values measured during the first 250 seconds (during which the rates were
constant) were converted to concentration in uM using Beer-Lambert’s Law and then

to rate in uM/s using linear regression analysis (Figure 5.2b).
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Figure 5.2: Effects of Aff21AVR1 and Aff21AVR2 on rate of nitrocefin hydrolysis by
NDM-1. Reactions included 100 nM NDM-1, 10 uM clavulanic acid, 500 nM Affimer and
65 UM nitrocefin. Data was normalised to the EDTA control. (a) The change in
absorbance at 482 nM for NDM-1 only and upon addition of Affimer was recorded. (b)
Activity of NDM-1 only or with 500 nM Affimer recorded as rate of nitrocefin hydrolysis
(uM/s). n =3, error bars represent standard error from 3 replicate experiments.
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The B-lactamase activity assay indicated that both variable regions of Affimer 21 are
required for effective inhibition of NDM-1. Aff21AVR1 showed only a minimal reduction
in initial NDM-1 enzymatic activity of 7 % (p < 0.05 R? 0.8335), when compared to the
NDM-1 only positive control. In comparison, Aff21AVR2 showed a 19 % reduction in
NDM-1 activity compared to the NDM-1 only control (p < 0.001 R? 0.9829) suggesting

that variable region 1 may play a more fundamental role in the inhibition of NDM-1.

5.2.2 Site-directed mutagenesis of Affimer 21

To identify the functionally important residues in the 2 variable regions of Affimer 21,
systematic alanine-scanning by site-directed mutagenesis was performed (Section
2.2.1.6). Primers were designed to enable the sequential substitution of each of the
Affimer 21 variable region amino acids to an alanine (Table 2.11). Substitution with an
alanine eliminates any side-chain interactions without altering the main-chain
conformation or imposing electrostatic or steric effects, so it is often the preferred
choice for testing the contribution of specific amino acids while preserving the native
structure of the protein (Cunningham et al., 1989). The mutations were introduced
using Quikchange-based mutagenesis and the linear amplification products for all 18
mutants were checked on agarose gels alongside a positive and negative control (Figure

5.3).
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Figure 5.3: Production of Affimer 21 alanine scanning mutants. Quikchange-based
mutagenesis of Affimer 21 from the pET1la vector to systematically introduce an
alanine in all of the positions in the two variable regions. Positive and negative controls
consisting of a DNA and primer set that had previously been shown to successfully
amplify, and template DNA with no primers were also analysed. The DNA products were
analysed by agarose gel electrophoresis resulting in an approximately 7000 bp product
as indicated by the arrow.

The mutant constructs Y1.2A, V1.4A, P1.7A, G2.6A, G2.7A and R2.9A failed to amplify

and therefore the linear amplifications were repeated, as before (Figure 5.4).
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Figure 5.4: Repeat linear amplifications of Affimer 21 alanine scanning mutants.
Quikchange-based mutagenesis of Affimer 21 from the pET11a vector to introduce an
alanine in positions in the two variable regions that failed to amplify in the first batch.
The linear amplification products were analysed by agarose gel electrophoresis
resulting in an approximately 7000 bp product as indicated by the arrow.

DNA for the constructs that had successfully amplified up to this point were Dpnl
digested and supercompetent XL1-Blue cells were transformed with the DNA. Single
colonies were picked and grown up, DNA extracted by miniprep and then checked by
sequencing (Section 2.2.1.6). All sequences were correct and contained the expected
alanine mutation, apart from G1.1A which was therefore repeated alongside the
constructs Y1.2A, P1.7A, G2.6A and G2.7A which had failed to amplify after two
attempts at the linear amplification. Gradient linear amplifications to try different
annealing temperatures were therefore attempted. Additionally one of the samples,
G2.7A, was trialled with Phusion HF DNA polymerase as well as the standard KOD Hot

Start polymerase to see whether this improved amplification (Figure 5.5 and 5.6).
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Figure 5.5: Gradient linear amplifications of Affimer 21 alanine scanning mutants
G2.7A and P1.7A. Quikchange-based mutagenesis of Affimer 21 from the pET11a vector
to introduce an alanine. Different annealing temperatures were trialled for each
construct. Additionally, G2.7A was trialled with both Phusion HF polymerase and KOD
Hot Start polymerase. An annealing temperature of 52 °C gave DNA product for both
G2.7A and P1.7A. No product was seen at any temperature when KOD Hot Start
polymerase was replaced with Phusion HF polymerase. Positive and negative controls
consisting of a DNA and primer set for G1.9A that had previously been shown to
successfully amplify, and template DNA with no primers were also analysed. The linear
amplification products were analysed by agarose gel electrophoresis resulting in an

approximately 7000 bp product as indicated by the arrow.
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Figure 5.6: Gradient linear amplifications of Affimer 21 alanine scanning mutants
G1.1A, Y1.2A and G2.6A. (a & b) Quikchange-based mutagenesis of Affimer 21 from
the pET11a vector to introduce an alanine. Different annealing temperatures were
trialled for each construct. DNA products were seen at all annealing temperatures for
G1.1A and G2.6A but Y1.2A failed to amplify at any annealing temperature. A positive
control consisting of a DNA and primer set for G1.9A that had previously been shown
to successfully amplify, was also analysed. The linear amplification products were
analysed by agarose gel electrophoresis resulting in an approximately 7000 bp product

as indicated by the arrow.
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The mutant constructs G2.7A and G1.7A amplified with an annealing temperature of 52
°C and there was also a faint band seen for G2.7A at 54 °C, substantially lower than the

standard annealing temperature of 60 °C originally used.

Y1.2A had failed to amplify twice with standard amplification conditions and in linear
amplifications with a range of annealing temperatures. The primers were redesigned
with a slightly shorter length (reduced from 50 to 44 bases). These primers were trialled
with the standard Quikchange-based mutagenesis method using KOD Hot Start

Polymerase and gave a strong band on an agarose gel (Figure 5.7).
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Figure 5.7: Repeat linear amplification of Affimer 21 alanine scanning mutant Y1.2A.
Quikchange-based mutagenesis of Affimer 21 from the pET11a vector to introduce an
alanine at position 1.2. Positive and negative controls consisting of a DNA and primer
set for G1.9A that had previously been shown to successfully amplify, and template
DNA with no primers were also analysed. The DNA products were analysed by agarose
gel electrophoresis resulting in an approximately 7000 bp product as indicated by the
arrow.

Supercompetent XL1-Blue cells were transformed with Dpnl digested products, plasmid
DNA was purified from transformant colonies, and the presence of the mutation was

confirmed by DNA sequence analysis (Table 5.2) (Section 2.2.1.17).
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Table 5.2: Amino acid sequences of the 18 alanine scanning mutants of Affimer 21

Variable Region 1 Variable Region 2

Affimer 21 :
G11A A B « |
Y1.2A
K1.3A B
VL4A K A W
WL.5A B
T1.6A
P1.7A [« |
Y1.8A
GL9A

Variable Region 1

Affimer 21 |
T2.1A K |
H2.2A [ K |
W2.3A |
D2.4A k|
N2.5A k|
G2.6A |
G2.7A [« |
12.8A K |
R2.9A [ K |

Once all the constructs had been successfully amplified and checked by sequencing,
they were transformed into Supercompetent XL1-Blue cells for production and
purification of protein (Section 2.2.3). The size and purity of the proteins was confirmed
by SDS-PAGE analysis (Section 2.2.3.4.2) as shown in Figure 5.8. Samples from each

stage of the purification process were also included.
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Figure 5.8: Production and purification of Affimer 21 mutants. Purification of proteins
produced from pET11a vector. The proteins were purified from bacterial cell lysate
using nickel ion affinity chromatography and analysed by SDS-PAGE and Coomassie blue
staining. The Affimer was eluted and visualised at 12 kDa as indicated by the arrows.
The construct H2.2A had a low yield and production was repeated (repeat shown in the
final gel image). 10 ul of each sample was run on the gel.

Following production and purification, the mutant Affimer 21 constructs were dialysed
into 1x PBS + 10 % v/v glycerol. The effects of the alanine substitutions on efficacy of

NDM-1 inhibition were then measured in B-lactamase activity assays (Figure 5.9).
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Figure 5.9: Effects of alanine substitutions in Affimer 21 on rate of nitrocefin
hydrolysis by NDM-1. Reactions included 100 nM NDM-1, 10 uM clavulanic acid, 200
nM Affimer and 65 uM nitrocefin. Data was normalised to the EDTA control. Activity of
NDM-1 only or with 200 nM Affimer recorded as rate of nitrocefin hydrolysis (uM/s).
Y1.2A, K1.3A, W1.5A, T1.6A and P1.7A (highlighted in red) were shown to be the most
critical residues for inhibition of NDM-1 activity. G1.9A and D2.4A (highlighted in green)
were shown to slightly improve inhibition of NDM-1 when mutated to an alanine. n =3,
error bars represent standard error from 3 replicate experiments.

The Y1.2A, K1.3A, W1.5A, T1.6A and P1.7A mutants (red) demonstrated the lowest
inhibitory activity, with inhibition between just 4 and 12 % compared to the NDM-1 only
control (all significant different p < 0.05); suggesting that these residues are the most
essential for the inhibitory activity of Affimer 21. These results are consistent with the
earlier observation (Figure 5.2) that variable region 1 may encompass a more central
role in the inhibition of NDM-1. Surprisingly, mutants G1.9A and D2.4A (green)
demonstrated small increases in inhibitory efficacy. Mutant G1.9A increased inhibition

by 12.3 % compared to Affimer 21 (p = 0.1240, R? = 0.4854) but was not significantly
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improved, and D2.4A increased inhibition by 29.9 % (p = 0.0021 R? = 0.9267). This might
suggest that the aspartate residue originally present at this position does not contribute
to Affimer 21 binding, or might even negatively influence the Affimer-NDM-1

interaction.

5.2.2.1 ICs of Affimer 21 D2.4A and G.19A

The G1.9A and D2.4A mutants were shown to slightly improve the inhibitory activity of
Affimer 21. To confirm this result the ICsovalues were estimated. D2.4A and G1.9A were
tested for inhibition of 100 nM NDM-1 in B-Lactamase activity assays (Section 2.2.5.1)
at a range of concentrations (10 nM to 3 uM). Rate of nitrocefin hydrolysis (uM/s) was
calculated over the initial 250 seconds as before, and the data were fitted using a four
parameter logistic curve (4PL). The curves were shown to be good models of the
experimental data (D2.4A R?>=0.9979, G1.9A R?> =0.9991) and yielded ICso values of 0.38
UM for both mutants (Figure 5.10). The ICso for Affimer 21 had previously been
calculated as 0.37 uM. It was therefore determined that there was unlikely to be any
difference between the efficacy of Affimer 21 and the mutants G1.9A and D2.4A.
However, to confirm this further repeats would be required. Repeating the assay with
Affimer concentrations ranging between 200-500 nM will allow for a more widely

spread ICso curve and more accurate ICso values.
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Figure 5.10: ICs5o of Affimer 21 G1.9A and D2.4A. A four parameter logistic curve was
plotted to determine the I1Cso values of Affimer 21 G1.9A and D2.4A. Reactions included
100 nM NDM-1, 10 puM clavulanic acid and 65 uM nitrocefin. Rate of nitrocefin
hydrolysis (uLM/s) by NDM-1 against logarithm of the concentration of Affimer (10 nM
to 3 uM) was calculated. n = 1. ICsp was calculated as 0.38 uM for both mutants, R? =
0.9979 and 0.9991
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5.2.2.2 Combining alanine mutations

The Affimer 21 constructs G1.9A, D2.4A, N2.5A and G2.7A had been previously shown
to increase or to almost match the inhibitory efficacy of the original Affimer 21. It was
therefore hypothesised that combining these alanine mutations might increase
inhibition by removing residues that appear to negatively influence the interaction
between NDM-1 and Affimer 21. Constructs containing G1.9A + D2.4A, G1.9A + N2.5A
and G1.9A + G2.7A were generated using Quikchange-based mutagenesis (Section
2.2.1.6) with G1.9A as the template DNA. The DNA products were checked on agarose
gels (Figure 5.11a) and bands at approximately 7000 bp confirmed. The DNA was then
checked by sequencing to confirm the alanine insertions. The construct G1.9A + G2.7A
did not amplify well and contained an extra band on the agarose gel. It also failed to
sequence and was therefore removed from this analysis. G1.9A + D2.4A and G1.9A +
N2.5A were sub-cloned into pET11a for production and purification (Section 2.2.3)
(Figure 5.11b) and checked by SDS-PAGE with Coomassie blue staining for protein bands
of approximately 12 kDa.
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Figure 5.11: Production and purification of Affimer 21 mutants G1.9A + D2.4A and
G1.9A + N2.5A. (a) Quikchange-based mutagenesis of Affimer 21 G1.9A from the
pET11a vector to introduce extra alanine mutations. The linear amplification product
was analysed by agarose gel electrophoresis resulting in an approximately 7000 bp
products as indicated by the arrow. The construct G1.9A + G2.7A did not amplify as well
and failed to sequence so was removed from the experiment. (b) Purification of G1.9A
+ D2.4A and G1.9A + N2.5A proteins produced from pET11a vector. The protein was
purified from bacterial cell lysate using nickel ion affinity chromatography and analysed
by SDS-PAGE and Coomassie blue staining. The Affimer was eluted and visualised at 12
kDa as indicated by the arrow.

Following purification, the effects of the double alanine substitutions on efficacy of
NDM-1 inhibition were measured in B-lactamase activity assays with nitrocefin as the

substrate (Figure 5.12).
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Figure 5.12: Effects of double alanine substitutions in Affimer 21 on rate of nitrocefin
hydrolysis by NDM-1. Reactions included 100 nM NDM-1, 10 uM clavulanic acid, 200
nM Affimer and 65 uM nitrocefin. Data was normalised to the EDTA control. Activity of
NDM-1 only or with 200 nM Affimer recorded as rate of nitrocefin hydrolysis (LM/s).
The Affimer 21 constructs containing combined alanine mutations were shown not
improve inhibition of NDM-1 when compared to their single mutation counterparts. n
=1, error bars represent standard error from 3 replicate wells.

The Affimers containing the double alanine mutations did not appear to improve the
inhibitory activity of Affimer 21 and were slightly less effective at inhibiting NDM-1

compared to their single mutation counterparts.

5.3 Chapter summary and future work

As part of an affinity maturation strategy, the role of each variable region of Affimer 21
as well as the contribution of individual residues was investigated. The information
obtained from these experiments was used to guide the generation of affinity matured
libraries with the intention of selecting second generation Affimers with improved
affinity and inhibitory efficacy for NDM-1 (Chapter 6). Initially the contribution of each
variable region was explored to determine whether both were necessary for binding
and/or inhibitory activity. Additionally, if only one variable region was required then the
residues investigated by alanine scanning would be reduced by half. However, results
indicated that both variable regions were required for inhibition of NDM-1, with

variable region 1 possibly having a more fundamental role.
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In an earlier study, the isolation and characterisation of highly specific Affimer reagents
that inhibit SUMO-dependent protein-protein interactions was described (Hughes et al,
2017). In order to determine an explanation for the observed isoform specificity,
SUMO-Affimers with deleted loops or chimeras in which a variable region was swapped
between Affimer binders, were created. This revealed that for a SUMO Affimer that
binds both SUMO-1 and SUMO-2, only variable region 1 was required. However, for
another Affimer that bound only SUMO-2, both loops were required for binding. These
results are similar to what was observed for Affimer 21, in that both loops were required
for binding/inhibition of NDM-1, with the suggestion that variable region 1 may be
slightly more involved in the interaction. It might be interesting to further investigate
the role of variable region 2 by substituting it with a variable region 2 from an Affimer

binder that bound NDM-1 but did not display inhibition, as described in chapter 4.

Affimer molecules can be easily modified by genetic or chemical means allowing easy
investigation of the function of variable region residues. Alanine scanning mutagenesis
of the two variable regions of Affimer 21 was performed. Initially, two residues in
variable region 1 were shown to slightly improve inhibition when mutated to an alanine.
However, further investigation showed that the I1Cso values of these two mutants (G1.9A
and D2.4A), were estimated to be 0.38 uM, 0.01 uM more than the ICso for the original
Affimer 21. Combining alanine mutations for the residues that had been shown to not
contribute or negatively affect Affimer 21 binding, did not improve inhibition of NDM-
1. This is similar to the observations made in the previously mentioned SUMO Affimer
study, where double mutants were shown to be equally as effective as their single

mutant counterparts in interacting with SUMO isoforms (Hughes et al, 2017).

Five mutated residues in variable region 1 demonstrated the lowest inhibitory activity,
suggesting that these residues are the most essential for the inhibitory activity of
Affimer 21. This was consistent with the earlier observation that variable region 1 may
have a more significant role in inhibiting NDM-1 activity. The five critical residues were
identified as Y1.2, K1.3, W1.5, T1.6 and P1.7. Tyrosine often plays a dominant role in
antigen recognition by natural antibodies. Proline, threonine and lysine are frequently
involved in maintaining protein structure, with proline in particular being often found

in tight type Il beta-turns in protein structures and playing a role in maintaining
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conformational rigidity (Betts et al, 2003). Therefore, the substitution of these residues
with an alanine may cause changes to the conformation of the binding region.
Additionally, the e-amino group of lysine often participates in hydrogen bonding, salt
bridges and covalent interactions and the hydroxyl group of threonine is able to form
hydrogen bonds with a variety of polar substrates. These amino acids may therefore
play a critical role in the binding interaction with NDM-1. It is therefore perhaps
unsurprising that a single mutation can almost completely remove the inhibitory action
of Affimer 21. Indeed, there are many reports of single amino acid changes resulting in
large alterations in protein function in the literature, with some reports of single
mutations even converting inhibitory proteins into activators and vice versa (Brouwer

et al, 2017 and Petti et al, 2013).

Variable region 2 also contains an HxD motif. The HxD motif is a highly conserved motif
in the catalytic core of most protein kinases. It is hydrophobic, and it has been suggested
that it may be a convergence point for catalytic, regulatory and substrate-binding
elements because it forms several conserved hydrogen bonds with other residues
(Kannan et al, 2005). Additionally, mutation of the HxD motif abolishes function in
kinase enzymes (Zhang et al, 2015). It was therefore expected that mutation of these
positions (H2.2 and D2.4) to an alanine might prevent inhibition of NDM-1 by the
Affimer. However, whilst H2.2A was shown to reduce inhibitory potential, D2.4A had
almost no effect on inhibition. This suggests that in this case, the HxD motif may not

play such a crucial role in the binding interaction.

These studies demonstrate the ability to alter activity of protein modulators by small
changes in their interactions. Here, the interaction between enzyme and inhibitor has
been probed by alanine scanning and critical residues in the variable regions of Affimer
21 were identified. Further studies are required to fully elucidate the binding
interaction between Affimer and NDM-1. However, the information gained regarding
critical residues provides an important starting point for the creation of smaller, more
focused sub-libraries varying the residues in these positions with the aim of improving
the chance of isolating an Affimer with the best possible combination of residues for

inhibition.



Chapter 6

Affinity maturation of Affimer 21
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6. Affinity maturation of Affimer 21

6.1 Introduction

Saturation mutagenesis to evaluate the effects of every single possible combination of
residues in a binding region is laborious and single mutations do not often result in large
changes in the properties of a protein (Tiller et al, 2015). Additionally, to test all of the
possible combinations of single and multiple mutations requires libraries with
exceptionally high repertoires. For example, the maximum theoretical size of the
Affimer library used in this project is approximately 1 x 102 and the library produced
by Tiede et al, 2014 was estimated to contain 1.3 x 10%° individual clones. Therefore,
only a small subset of the possible variable region combinations can be probed using
phage display; libraries for which are often dictated by the transformation efficiency of
the host organism (approximately 10°-10°for E. coli) (Barbas et al, 2001). It is therefore
expected that there may be Affimer proteins that were not represented in this library
that may be better inhibitors than the isolated Affimer 21. As a result, it can be useful
to generate sub-libraries that sample a relatively small number of residues at each of
the variable region positions that are most likely to generate inhibitors with significant

gains in activity (Shim, 2015).

The directed evolution of antibodies for affinity maturation is one of the most popular
and effective protein engineering techniques (Wark et al, 2006). With an increase in the
use of novel biologics as alternatives to antibodies, many of these techniques can be
similarly applied for the isolation and improvement of non-antibody binding reagents
with desirable properties. For example, directed evolution was used to develop
Affibodies that bind to VEGFR2 and block VEGF-A binding. The information obtained
from an alanine scan was used to guide the design of an affinity matured library from
which two improved affinity binders were obtained (Fleetwood et al., 2014).
Monobodies have been similarly developed. A Monobody targeting the Lyn SH3 domain
has undergone directed evolution in which 130-fold increases in affinity were observed
(Huang et al, 2016). The successful enhancement of desirable properties of binders in
these studies suggests that similar techniques may be applied for affinity maturation of

Affimer 21.
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Chapter 4 described the isolation of Affimer 21, an inhibitor of NDM-1 with an ICso of
approximately 0.37 uM. Following alanine scanning and the identification of residues
both critical and non-critical for the inhibition of NDM-1 (Chapter 5), two different
approaches were trialled to generate two sub-libraries based around these residues,
with the purpose of identifying an Affimer 21 variant with improved inhibitory

properties.

6.2 Results

Residues which are critical for inhibition of NDM-1 were identified in variable region 1
of Affimer 21, however no critical residues were identified in variable region 2. Efforts
at affinity maturation were therefore initially focused upon optimisation of variable
region 1, with a view to then optimise variable region 2 through both randomisation

and also modification of the size of the variable region.

6.2.1 Generation of Library 1

Alanine scanning by site-directed mutagenesis (Chapter 5) of Affimer 21 identified 5
residues (Y1.2, K1.3, W1.5, T1.6 and P1.7) in variable region 1 that when mutated to an
alanine demonstrate almost complete loss of inhibitory activity of the Affimer,
suggesting that these residues contribute to binding and inhibition of NDM-1. These 5
residues were therefore randomised using codon-selected semi-trinucleotide cassette
synthesis (excluding cysteines); and a new library generated with the aim of finding the
best possible combination of residues in these positions for improved inhibition of

NDM-1.

The library was constructed by SOE of two PCR products that were amplified from the
pBSTG-Aff phagemid vector containing the Affimer 21 sequence (Section 2.2.4). All
primers were synthesized by Ella Biotech (Germany). The first PCR product extended
from the DsbA coding sequence to the first variable loop (fragment 1) and the second
PCR product (fragment 2) introduced the two nine amino acid variable regions of the
Affimer 21 sequence (Figure 6.1), whilst randomizing the five residues in variable region

1 that had been shown to be essential for inhibition of NDM-1.
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DsbA signal sequence
Nhel
Affimer 21

Pstl
Notl

His tag
Amber stop

Truncated gene plll

pBSTG1-Aff
4038 bp

AmpR

Figure 6.1: Fragment 1 and 2. The final PCR product was cloned into a pBSTG1-Aff
plasmid to enable production of phage Ill coat proteins conjugated to the resulting
library of Affimers. The first PCR product (fragment 1) extended from the DsbA coding
sequence to the first variable loop, and the second PCR product introduced the two
nine amino acid variable regions of the Affimer 21 sequence (fragment 2).

The degenerate positions (NNN) were introduced as trimers representing a single codon
for each of the 19 amino acids excluding cysteines and stop codons. Following the SOE
PCR to join the two fragments together, the fragment 1 forward primer (P1) and the
fragment 2 reverse primer (P4) were used in a final reaction that incorporated five
rounds of amplification to generate a final amplification product (Section 2.2.4.1, Figure

2.3). DNA products were analysed by agarose gel electrophoresis (Figure 6.2).
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Figure 6.2: Construction of Library 1 insert DNA by splice overlap extension. Following
initial PCRs to generate fragment 1 and 2, SOE reactions and final amplification, all
products were analysed by agarose gel electrophoresis (a) Fragment 1 and fragment 2
amplified DNA were run on a 0.8 % agarose gel. Ten cycles of SOE PCR to join the two
fragments was carried out (SOE 1 cycle), followed by addition of 0.02 U/ul extra Phusion
DNA polymerase and a further ten cycles of SOE (SOE 2 cycles). 8 ul of DNA was loaded
for each. (b) Five rounds of amplification to generate a final amplification product using
primer P1 and P4 was carried out and run alongside the SOE 2 cycles product on a 2 %
agarose gel. 4 ul of DNA was loaded.

After the final library insert PCR product had been generated, it was digested using
Nhel-HF and PstI-HF restriction enzymes and ligated into a pDHis vector digested with
the same enzymes. The pDHis vector was dephosphorylated to prevent re-ligation. In
order to determine the best ligation ratio of insert to vector DNA, a series of test
ligations were performed. Additionally, two different ligases were compared (Figure
6.3). The resulting ligation products were transformed into E. coli XL1 Blue
supercompetent cells and plated on LB agar plates supplemented with carbenicillin

(Section 2.2.1.10). The following day, colonies were counted on each plate.
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Figure 6.3: Number of colonies on ligation test plates. Ligation ratios of molar
concentrations of insert to vector ranging from 2:1 to 8:1 were set up. Ligations were
performed with both NEB and Roche T4 DNA ligase to compare efficiency. A negative
control containing no insert DNA was also carried out.

A ligation ratio of 4:1 molar concentration of insert to vector using Roche T4 DNA ligase
was found to give the most colonies and was used for all subsequent ligation reactions.
There were very few colonies on the negative control plates which indicates that the
vector was efficiently digested and dephosphorylated. Colonies selected at random

were grown up and phagemid DNA extracted for DNA sequencing analysis using the

Ligation ratio of insert : vector

pDHis-specific primer M13R (Table 6.1).

B NEB
B Roche

Table 6.1: Variable region amino acid sequences of 8 clones from Library 1

Affimer clone Variable region 1 Variable region 2
1 GHAVTQGYG THWDNGGLR
2 GNLVDETYG THWDNGGLR
3 GEVVLVQYG THWDNGGLR
4 GQEVTQYYG THWDNGGLR
5 GIQVLAEYG THWDNGGLR
6 GWWVWLWYG THWDNGGLR
7 GKSVPSVYG THWDNGGLR
8 GRHVENKYG THWDNGGLR

* residues in bold indicate those that were conserved from the original Affimer 21

sequence
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The translated DNA sequencing results demonstrated a good level in the variety of
residues incorporated in the randomised positions. Subsequently, the ligation was
scaled up 10x and electroporated into electrocompetent E. coli ER2738 cells (Section
2.2.1.12). Cell samples were plated out at a range of dilutions (1:10 - 1:100,000) onto
agar plates containing carbenicillin to allow for estimation of the library size (Table 6.2).
The 1:10 dilution plate contained too many colonies to accurately count and was

therefore excluded.

Table 6.2: Estimation of library size from total infected cells

Average no. of Total cells in
Dilution factor | pul plated Cells per pl
colonies 15 ml
1:100 10 109.5 1095 1.64 x 107
1:1000 10 10.7 1070 1.6 x 10’
1:10,000 10 1 1000 1.5 x 107
1:100,000 10 0 - -

The mean library size was therefore estimated to be approximately 1.58 x 10’. The
maximum theoretical size of the library can be calculated as 19° (19 possible residues
and 5 positions randomised), which is 2.48 x 10°. The generated library was therefore
estimated to give 6.37x coverage of the possible combinations in the theoretical library.
A further 96 colonies were randomly selected from the ligation plates and sequenced
to check the diversity of amino acid incorporation in the 5 randomised positions (Figure
6.4). The theoretical inclusion rate for each of the 19 amino acids at any given

randomised position was calculated to be 5.26 % (100 + 19).
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Figure 6.4: Inclusion rates (%) of amino acids in the 5 randomised positions of library
1. The theoretical inclusion rate for each of the 19 amino acids at any given randomised
position was calculated to be 5.26 %.

The majority of amino acids are incorporated at close to the theoretical inclusion rate
of 5.26 %. Histidines were the most frequently observed residue, with threonines being
the least frequently observed. As Ella Biotech correct for the reaction factor of each
trimer used in their primer synthesis process to ensure equal incorporation, this is most
likely due to the relatively small number of clones sequenced and might be corrected

for by increasing the observed population size.

To maintain the amount of input phage between phage display screens, it is necessary
to first determine the phage titre of the library. The phage titre of library 1 was
estimated via two methods and determined as 1.56 x 10** and 9.3 x 10! (per ml) by
spectrophotometric quantification (Section 2.2.4.2) and plating out (Section 2.2.4.3),
respectively. Spectrophotometric analysis is considered the most accurate method for
measuring phage titre as there is less potential for introducing pipetting or counting

errors (Barbas et al, 2001). It was also the method used for determining the phage titre
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of the original Affimer library. Therefore, the titre determined by spectrophotometer

was the measurement used to estimate the quantity of library needed for screening.

6.2.2 Isolation of Affimers against NDM-1 from Library 1

For phage display screening, the target protein is immobilised to allow for several cycles
of phage introduction, washing and elution. The interaction between biotin and
streptavidin is the strongest non-covalent binding known (Kp of 10* M), and is
therefore commonly used for the immobilisation of target proteins in biotechnological
applications (Green, 1990). Biotinylation is most commonly achieved via chemical
reactions. However, a limitation of this is the uncontrollable binding of biotin to sites of
the target protein that might be important for biological activity. To overcome this
problem, techniques which mimic in vivo physiological biotinylation have been
developed, using peptide ‘tags’ that are recognised as biotinylation sites as described

below.

6.2.2.1 Insertion of an N-terminal biotin acceptor peptide to NDM-1 constructs

The chemical EZ-Link® NH-SS-Biotin enables biotinylation of target proteins via primary
amines. NDM-1 contains several lysines that are in close proximity to the active site and
it was hypothesised that biotinylation via NH-SS-Biotin at these sites might restrict both
Affimer binding and substrate access (Figure 6.5). Therefore, primers to insert a unique
15 amino acid biotin acceptor peptide (BAP tag) for directed biotinylation of NDM-1
were designed to allow for enzymatic conjugation of a single biotin via biotin ligase

(Section 2.2.1.4).
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Figure 6.5: Structure of apo-NDM-1 (PDB: 3SPU) Cartoon of apo NDM-1 structure.
Highlighted are the active site zinc ions (grey spheres) and lysine residues (pink), several
of which are in close proximity to the active site (adapted from King et al, 2011).

The active site of NDM-1 is on the C-terminal side of the protein and therefore primers
were designed to insert the BAP tag at the N-terminus after the pelB signal sequence of
pD861-pelB-NDM-1. Immobilisation of biotinylated NDM-1 via streptavidin coated
plates would then theoretically present the C-terminus and active site for Affimer
binding during phage display screening (Section 2.2.2.3). The modified sequence of
pD861-pelB-NDM-1 was checked using SignalP 4.0 (Petersen et al, 2011) to ensure that
the BAP tag insertion was in frame and that the restriction sites would still cleave. An
inverse PCR mutagenesis method was performed as described in Section 2.2.1.4 and
digested with Dpnl before being checked on an agarose gel (Figure 6.6a) (Section
2.2.1.7). Supercompetent XL1-Blue cells were transformed with the pD861-pelB-NDM-
1 (+ BAP) DNA and 5 colonies picked at random from the agar plate. The cells were
grown up and the plasmid purified and sent for sequencing to confirm BAP tag inclusion
(Figure 6.6b). Sequencing results confirmed the insertion of a BAP after the pelB signal
sequence of pD861-pelB-NDM-1. BL21 Star™ (DE3) cells were then transformed with
the DNA for protein production (Section 2.2.3.2). Purified protein was checked on a

SDS-PAGE gel (Figure 6.6c) and dialysed into 1x PBS + 30% v/v glycerol for storage.
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Figure 6.6: Insertion of an N-terminal biotin acceptor peptide to NDM-1 constructs.
(a). Inverse PCR mutagenesis was used to introduce a biotin acceptor peptide (BAP tag)
at the N-terminal of pD861-pelB-NDM-1 (Section 2.2.1.4., Figure 2.1). The DNA products
were analysed on a 0.8 % agarose gel resulting in an approximately 3500 bp product as
indicated by the arrow. 1 ul of DNA and 5 pl of MassRuler ladder were loaded. (b)
Supercompetent XL1-Blue cells were transformed with the pD861-pelB-NDM-1 (+ BAP)
DNA (Section 2.2.1.11) and 5 colonies picked at random. The cells were grown up and
the plasmid purified (Section 2.2.1.13) and sent for sequencing to confirm BAP tag
inclusion (Section 2.2.1.17). Sequencing results show the insertion of a biotin acceptor
peptide (BAP insertion) after the pelB signal sequence of pD861-pelB-NDM-1. (c)
Production and purification of pD861-pelB-NDM-1 from BL21 Star™ (DE3) cells. The
protein was purified from bacterial cell lysate using nickel ion affinity chromatography
and analysed by SDS-PAGE and Coomassie blue staining. NDM-1 was eluted and
visualised at 25 kDa as indicated by the arrow.

Strains of E. coli contain a biotin ligase enzyme called BirA which biotinylates the BAP
tag in vivo in the presence of ATP (Schatz, 1993). Strain AVB101 is an E. coli B strain that
contains pBirAcm, an engineered pACYC184 plasmid with an IPTG inducible birA gene
to overexpress biotin ligase. To optimise in vivo biotinylation, a trial to produce NDM-1
(+BAP) protein in AVB101 cells (Section 2.2.3.2.2) was conducted alongside production
in BL21 Star™ (DE3) cells, with and without addition of d-biotin (Figure 6.7).
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Figure 6.7: SDS-PAGE analysis of NDM-1 (+BAP) production and purificationin AVB101
and BL21 Star™ (DE3) cells, with and without additional biotin. (a) NDM-1 (+BAP)
produced in AVB101 cells with addition of 50 uM d-biotin. (b) NDM-1 (+BAP) produced
in BL21 Star™ (DE3) cells with addition of 50 uM d-biotin. (c) NDM-1 (+BAP) produced
in BL21 Star™ (DE3) cells with no additional biotin. The proteins were purified from
bacterial cell lysate using nickel ion affinity chromatography and separated by SDS-
PAGE on a 15 % resolving gel and stained with Coomassie Blue to check purity. NDM-1
was visualised at 25 kDa as indicated by the arrows.
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The NDM-1 (+BAP) protein expressed well in both cell lines, with and without the
additional D-biotin. To determine any differences in the level of biotinylation of the

purified proteins, a biotin ELISA was performed (Section 2.2.2.2) (Figure 6.8a).
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Figure 6.8: Biotinylation checks for NDM-1 (+ BAP) (a) Biotin ELISA using a gradient of
concentrations of NDM-1 (+ BAP). A range of concentrations (0 to 28 pg) of NDM-1 (+
BAP) protein produced in either AVB101 or BL21 Star™ (DE3) cells, with or without
additional biotin, were added to Nunc-Immuno MaxiSorp™ Strips. Biotinylated NDM-1
was detected using High Sensitivity Streptavidin-HRP and visualised upon addition of
TMB. Absorbance was recorded at 620 nm using a Multiskan Ascent Plate Reader (b) A
range of concentrations of NDM-1 (+ BAP) protein produced in AVB101 cells were
separated according to mobility by SDS-PAGE on a 15 % resolving gel. Proteins were
transferred onto a mini format PVDF membrane with 0.2 um pore size using a Trans-
Blot Turbo transfer system and probed with 1:10,000 Anti-Streptavidin-HRP antibody
by western blot analysis. Membranes were visualised using Luminata Forte Western
HRP Substrate and chemiluminescence on an Amersham Imager 600.
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NDM-1 (+ BAP) produced in AVB101 cells with addition of d-biotin gave approximately
5x higher absorbance signal in a biotin ELISA than the NDM-1 produced in BL21 Star™
DE3 cells. Biotinylation of the NDM-1 (+BAP) produced in the AVB101 cells was also
confirmed by western blotting analysis (Section 2.2.3.4.4) (Figure 6.8b). To determine
whether Affimer- expressing phage are still able to bind to biotinylated and immobilised
NDM-1 (+ BAP) in a phage display screen, a phage ELISA using Affimer 21 phage was

also carried out (Figure 6.9).
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Figure 6.9: Phage ELISA results to confirm Affimer 21 phage binds to NDM-1 (+BAP).
Affimer 21 phage was tested in a phage ELISA against NDM-1 (+BAP) and NDM-1 which
had been chemically biotinylated using NH-SS biotin, at a range of target
concentrations. Phage binding was detected with anti-Fd bacteriophage-HRP antibody
and visualised on addition of TMB. Absorbance at 620nm was measured for each well.

The phage ELISA confirmed that Affimer 21 phage was able to bind to both in vivo
biotinylated NDM-1 (+BAP) and chemically biotinylated NDM-1 (NH-SS biotin).
Chemically biotinylated NDM-1 (NH-SS biotin) seemed to give a stronger absorbance
signal at lower concentrations, which might suggest that the phage has difficulty
accessing the binding site when more target molecules are presented and there is
greater steric hindrance. As these target molecules are randomly biotinylated, it is likely
that they are presented in different positions and that the binding epitope is only
accessible in certain orientations. The NDM-1 (+BAP) gave the largest absorbance signal

at concentrations greater than 2.5 pg, with 2.5 pg being optimal. To minimise
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differences in the orientation of the target molecule and possible blocking of the active

site, the NDM-1 (+BAP) produced in AVB101 cells was used in all further assays.

In order to identify Affimer binders that are able to inhibit NDM-1, phage display
screening should ideally be done against NDM-1 target protein that is in a
conformationally active epitope. To confirm whether the modified and biotinylated
NDM-1 (+BAP) was still functional, activity was assessed and compared to un-
biotinylated NDM-1 and chemically biotinylated NDM-1 (NH-SS biotin) in a B-lactamase

activity assay with nitrocefin as the substrate (Section 2.2.5.1) (Figure 6.10).
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Figure 6.10: Rate of nitrocefin hydrolysis by NDM-1. NDM-1 activity was quantified by
spectrophotometric measurement of nitrocefin hydrolysis at 482 nm and at 25 °Con a
Tecan Spark microplate reader and readings for each well were taken every 12 secs for
15 min. Data was normalised to the EDTA control. The change in absorbance at 482 nm
for un-biotinylated NDM-1 was recorded and compared to the change in absorbance
for NDM-1 biotinylated via a BAP tag (NDM-1 + BAP) or chemical biotinylation (NDM-1
+ NH-SS biotin).

Un-biotinylated NDM-1 showed the fastest rate of nitrocefin hydrolysis, with NDM-1

(+BAP) showing a slightly reduced rate of activity. NDM-1 (NH-SS biotin) showed the
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largest decrease in the initial rate of activity, with a reduction in absorbance reading of
approximately 75 % compared to the un-biotinylated NDM-1. NDM-1 (+BAP) was

therefore taken forward as the target protein for subsequent phage display screens.

6.2.2.2 Phage display screening of library 1

Following the successful generation of library 1, immobilised NDM-1 (+BAP) was
subjected to three rounds of phage display (Section 2.2.2.3) and 92 clones were
selected at random from the final pan and checked for binding to NDM-1 by phage ELISA
(Section 2.2.2.6) (Figure 6.11). Affimer 21 phage was produced alongside the 92 clones
and included in the ELISA as a positive control. Of the 92 clones tested, 60 displayed

binding to the target with no clones displaying non-specific binding to the control wells.
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Figure 6.11: Phage ELISA results for Affimer reagents selected from library 1 against
NDM-1 (+BAP). Following three rounds of phage display against NDM-1 (+BAP), 92
colonies were tested in a phage ELISA. Each colony represented one Affimer and was
tested for binding against NDM-1 (+BAP) or an empty control well. Phage binding was
detected with anti-Fd bacteriophage-HRP antibody and visualised on addition of TMB.
Absorbance at 620nm was measured for each well.
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The 60 clones that displayed binding to NDM-1 in the phage ELISA were grown up, DNA
extracted and sequenced. Surprisingly, sequencing analysis revealed that all 60 clones

were original Affimer 21 (Table 6.3).

Table 6.3: Variable region sequences for Affimer reagents selected against NDM-1

from library 1

Affimer | Variable region1 | Variable region 2 | No. of sequencing appearances

21 GYKVWTPYG THWDNGGLR 60

To check that the library had not been contaminated with Affimer 21, ER2738 cells were
re-infected with library 1 and plated onto LB agar plates containing 100 pg/ml
carbenicillin. Ten colonies were selected at random and sent for sequencing (Figure

6.12). None of these sequenced clones came back as Affimer 21.

4 20
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Library_check_1_M13R 1 I GIANSIV | E|E (WY |G| T|MPY YL
Library_check 2 _M13R 1 I GI|EJVIV|- PYXRY|G[T MY L
Library_check_3_M13R VI A G I|VIY Y|G[T|M{Y|Y]|L
Library_check_4_M13R Y A G VIM|S Y|G[T|M{Y|Y]|L
Library_check_6_M13R Vv A G Flv|T ARY(G|T(MPY|Y]|L
Library_check_7_M13R Vi A GIV|S|V I X | MIY|G[T|MPY YL
Library_check_8 M13R Vv A G Y|V T Y|G[T|M{Y|Y]|L
Library_check_9_M13R v [l A c|al@fv]sfals¥]s|T]m¥]v|
Library_check_10_M13R VA GYWPEY VI I|TIY|G[T|MIY|Y|L
consensus M N G v Y m L

Figure 6.12: Sequencing results of ten library 1 clones. Analysis of variable region 1
confirmed that none of the clones were original Affimer 21. Alignment was made using
MacVector 13.5.2.

It was hypothesised that increasing the stringency of the phage display screen might
allow for the isolation of Affimer binders with higher affinity for NDM-1 than the original
Affimer 21. The initial rate of reaction of an enzyme depends partly upon the affinity of
the enzyme for its substrate. Similarly, the potency of an inhibitor depends upon its
affinity for the enzyme and ability to slow the rate of reaction by blocking the
interaction between the enzyme and its substrate. Therefore, increasing the stringency
of the phage display screen to try to select for the highest affinity Affimers might also

lead to more potent inhibitors of NDM-1.
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The phage display screen was repeated with several adaptations to the original protocol

to increase stringency (Section 2.2.2.5):

shorter incubation of library with the target; to select for binders with the
fastest on-rate. Incubation of the library with the target NDM-1 was reduced
from the standard 1 hour to 3 minutes.

longer incubation with more wash steps before eluting bound Affimers; to
remove Affimers with weaker affinity from the selection process. Eight identical
pans were set up and on each consecutive day the strips were washed 27x and
one well was eluted.

introduction of competition; addition of un-biotinylated NDM-1 to prevent any
unbound phage from re-binding to the immobilised NDM1. After the daily 27x
wash, fresh un-biotinylated NDM-1 was added to all remaining wells to capture
binding reagents with a high off rate.

an extra elution step; to ensure that the tightest bound Affimer binders are
isolated from the screen. An additional trypsin elution step was performed
following the low/high pH elutions and used to re-infect a separate aliquot of

ER2728 cells

Following re-infection of ER2738 cells with eluted phage, the remaining cells were

centrifuged and DNA extracted and sent for sequencing (Section 2.2.1.13). Overlapping

peaks at variable region 1 confirmed that a mixed population of Affimer binders were

present in the pool, rather than Affimer 21 sequence only (Figure 6.13).

Figure 6.13: Sequencing trace of variable region 1 for eluted phage pool. ER2738 cells
were re-infected with eluted phage and DNA extracted for sequencing. Overlapping
peaks at variable region 1 confirmed that a mixed population of Affimer binders were
present in the pool.



186
Following re-infection of ER2738 cells, dilutions were plated onto LB agar plates
containing 100 pg/ml carbenicillin and grown overnight. Forty-five colonies were picked
from each daily elution and tested in phage ELISAs (Section 2.2.2.6). Affimer 21 phage
was included on each plate as a control. The phage ELISA for the final day of elutions

(Day 8) is shown here as an example (Figure 6.14).
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Figure 6.14: Phage ELISA results for Affimer binders selected from a competitive
screen of library 1 against NDM-1 (+BAP). Following eight days of competitive
screening, 45 colonies from the high/low pH elution and 45 colonies from the trypsin
elution agar plates were tested in a phage ELISA. Each colony represented one Affimer
and was tested for binding against NDM-1 (+BAP) or an empty control well. Affimer 21
phage was included in triplicate on each plate as a control. Phage binding was detected
with anti-Fd bacteriophage-HRP antibody and visualised on addition of TMB.
Absorbance at 620nm was measured for each well.

The clones that displayed binding to NDM-1 in the phage ELISAs for the 8 days of
elutions were sequenced and 23 unique binders were identified (Table 6.4). The original
Affimer 21 was isolated 8 times on day 1 but did not appear following the introduction
of competition (unbiotinylated NDM-1). Variable region 1 of Affimer 22 contained an

insertion of an extra residue between position 1.4 and 1.8.
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Table 6.4: Variable region amino acid sequences for Affimers selected against NDM-1

from library 1 by competitive screening

No. of sequencing
Day | Clone Variable region 1 Variable region 2
appearances
1 21 GYKVWTPYG THWDNGGLR 8
1 39 GEHVHQNYG THWDNGGLR 1
2 1 GRRVVSKYG THWDNGGLR 1
2 2 GVEVEVIYG THWDNGGLR 1
2 3 GKHVKKTYG THWDNGGLR 1
2 4 GPSVFLWYG THWDNGGLR 1
2 5 GONVVIYYG THWDNGGLR 1
2 6 GKMVLVWYG THWDNGGLR 1
2 7 GVAVQIHYG THWDNGGLR 1
2 8 GNNVVWLYG THWDNGGLR 1
3 9 GNYVIYIYG THWDNGGLR 1
3 10 GNIVIYIYG THWDNGGLR 2
3 12 GHDVVWVYG THWDNGGLR 1
3 14 GQFVIMYYG THWDNGGLR 1
4 15 GPIVWWIYG THWDNGGLR 1
4 16 GYYVRITYG THWDNGGLR 1
4 17 GARVWKKYG THWDNGGLR 1
5 18 GKFVIYLYG THWDNGGLR 1
5 19 GVEVIRMYG THWDNGGLR 1
6 20 GMKVVVMYG THWDNGGLR 2
7 22 GGRVVMQTIYG THWDNGGLR 1
7 23 GWYVLRHYG THWDNGGLR 1
8 47 GGDVSSGYG THWDNGGLR 1
8 48 GFKVDNHYG THWDNGGLR 1

*residues in bold indicate those that were conserved from the original Affimer 21

sequence
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A heat map demonstrating the amino acid enrichment at each of the randomised
positions was produced (Figure 6.15). Enrichment of an isoleucine or valine at position
W1.5, a valine at T1.6 and an isoleucine at P1.7 could be observed, suggesting that a

hydrophobic residue is preferentially included at positions 1.5, 1.6 and 1.7.
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Figure 6.15: Heat map showing amino acid enrichment at the randomised positions
of Affimer 21. The original residues for Affimer 21 are listed across the top. Dark red
indicates high enrichment and white indicates no enrichment.

The 23 unique clones that showed positive binding to NDM-1 in the phage ELISA were
taken forward for subcloning and expression independently of the Plll phage coat

protein (Section 2.2.3) (Figure 6.16).
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Figure 6.16: SDS-PAGE analysis of Affimer production and purification in BL21 Star™
(DE3) cells. Affimers isolated from library 1 were sub-cloned from the pBSTG-Aff
phagemid vector into pET11a and produced in BL21 Star™ (DE3) cells. The proteins
were purified from bacterial cell lysate using nickel ion affinity chromatography and
separated by SDS-PAGE on a 15 % resolving gel and stained with Coomassie Blue to
check purity. Affimers were visualised at ~12 kDa.
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Purified Affimer proteins were then tested in B-Lactamase activity assays with
nitrocefin as the substrate (Section 2.2.5.1), to determine whether they had any effect
on NDM-1 enzyme activity (Figure 6.17). Reactions included 100 nM NDM-1, 10 uM
clavulanic acid, 500 nM of Affimer and 65 uM nitrocefin and all Affimer isolates were
normalised to the EDTA control. The EDTA negative control sequesters Zn?* from the
active site and renders NDM-1 inactive. Additionally, an NDM-1 only positive control
containing no Affimer demonstrated the maximum rate of nitrocefin hydrolysis.
Absorbance at 482 nm was plotted over time (s) to give an initial indication of trend
(Figure 6.17a). After 3 replicate experiments, absorbance values measured during the
first 250 seconds (during which the rates were constant) were converted to
concentration in UM using Beer-Lambert’s Law and then to rate in pM/s using linear

regression analysis (Figure 6.17b).
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Figure 6.17: Effects of Affimer reagents on rate of nitrocefin hydrolysis by NDM-1.
NDM-1 activity was quantified by spectrophotometric measurement of nitrocefin
hydrolysis at 482 nm and at 25 °C on a Tecan Spark microplate reader and readings for
each well were taken every 12 secs for 15 min. Data was normalised to the EDTA
control. (@) The change in absorbance at 482 nm for NDM-1 only and upon addition of
isolated Affimers was recorded (b) Activity of NDM-1 only or with 500 nM Affimer
recorded as rate of nitrocefin hydrolysis (uM/s). Error bars represent standard errors
from 3 replicate experiments.

Of the 23 Affimer reagents tested, none demonstrated higher inhibitory activity than
Affimer 21. However, several of the Affimers appeared to increase NDM-1 activity.
Affimer 2 increased activity of NDM-1 by 21 % when compared to that of the NDM-1
only control (p < 0.05, R20.7218), Affimer 14 by 17.3 % (p < 0.0001, R? 0.9956), Affimer
15 by 16.1 % (p < 0.0001, R? 0.9954) and Affimer 19 by 20.9 % (p < 0.0001, R? 0.9942).
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6.2.3 Generation of library 2

For the second library, positions G1.1, V1.4, Y1.8 and G1.9 in variable region 1 of Affimer
21 were randomised. These residues had been shown via alanine scanning mutagenesis
(Chapter 5) as not essential for inhibition of NDM-1 by Affimer 21. Since these 4 residues
do not appear to contribute to the binding interaction, it was speculated that
substitutions for other residues at these positions may improve affinity and inhibition.
These 4 residues were therefore randomised as described previously for library 1, using
codon-selected semi-trinucleotide cassette synthesis (excluding cysteines); and a new
library was generated (Section 2.2.4). Primers to randomise the 4 residues were
designed and then synthesized by Ella Biotech. Following the SOE PCR to join the two
library fragments together, the primer P1 and primer P4 were used in a final reaction
that incorporated five rounds of amplification to generate a final amplification product.

DNA products were analysed by agarose gel electrophoresis (Figure 6.18).

Figure 6.18: Construction of Library 2 insert DNA by splice overlap extension.
Fragment 1 and 2, the SOE reaction and final amplification were analysed by agarose
gel electrophoresis on a 2 % agarose gel. Following amplification of fragment 1 and 2,
ten cycles of SOE PCR to join the two fragments was carried out followed by addition of
0.02 U/ul extra phusion DNA polymerase and a further ten cycles of SOE (SOE 2 cycles).
Five rounds of amplification to generate a final amplification product using primer P1
and P4 was carried out. 5 pl of DNA was loaded for each.
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After the library insert PCR product had been generated, it was digested using Nhel-HF
and Pstl-HF restriction enzymes and ligated into a similarly digested pDHis vector. The
pDHis vector was dephosphorylated to prevent re-ligation. Ligation reactions were set
up at a 4:1 ratio of insert to vector using Roche T4 ligase, as this was shown to be most
efficient during the generation of library 1. The resulting ligation products were
transformed into E. coli XL1 Blue supercompetent cells and plated on LB agar plates
supplemented with carbenicillin (Section). The following day, colonies were counted on

each plate (Figure 6.19).

3000+
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Negative 4:1

Ligation ratio of insert : vector

Figure 6.19: Number of colonies on ligation plates. A ligation reaction was set up at a
molar concentration ratio of insert to vector of 4:1 using Roche T4 ligase. A negative
control containing no insert DNA was also carried out to confirm full digestion and
dephosphorylation of the vector.

There were very few colonies on the negative control plates which indicates that the
vector was efficiently digested and dephosphorylated. Ten colonies selected at random
from the ligation plates were grown up and DNA extracted for sequencing analysis using

the pDHis-specific primer M13R (Table 6.5).
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Table 6.5: Variable region amino acid sequences of 10 clones from Library 2

Affimer clone Variable region 1 Variable region 2
1 VYKHWTPEQ THWDNGGLR
2 HYKIWTPIK THWDNGGLR
3 MYKYWTPHP THWDNGGLR
4 GYKPWTPIF THWDNGGLR
5 PYKFWTPKH THWDNGGLR
6 LYKSWTPYT THWDNGGLR
7 HYKNWTPMY THWDNGGLR
8 VYKGWTPAT THWDNGGLR
9 IYKMWTPPE THWDNGGLR
10 EYKAWTPAF THWDNGGLR

* residues in bold indicate those that were conserved from the original Affimer 21
sequence

The sequencing results demonstrated a good variety of residues incorporated in the
randomised positions. Subsequently, the ligation was electroporated into
electrocompetent E. coli ER2738 cells (Section 2.2.1.12). Cell samples were plated out
at a range of dilutions (1:10 - 1:100,000) onto agar plates containing carbenicillin to
allow for estimation of the library size (Table 6.6). The 1:10 dilution plate contained too

many colonies to accurately count and was therefore excluded.

Table 6.6: Estimation of library size from total infected cells

Average no. of Total cells in
Dilution factor | pul plated Cells per pl
colonies 15 ml
1:100 10 1018 10180 1.53x 108
1:1000 10 103 10300 1.55 x 108
1:10,000 10 12 12000 1.8 x 10%
1:100,000 10 0 - -
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The mean library size was therefore estimated to be approximately 1.63 x 10%. The
maximum theoretical size of the library can be calculated as 194 or 1.3 x 10°. The
generated library was therefore estimated to give 1251x coverage of the possible
combinations in the theoretical library. A further 96 colonies were randomly selected
from the ligation plates and sequenced to check the diversity of amino acid

incorporation in the 4 randomised positions (Figure 6.20).

10=

5.26%

% inclusion

Amino Acid

Figure 6.20: Inclusion rates (%) of amino acids in the 4 randomised positions of library
2. The theoretical inclusion rate for each of the 19 amino acids at any given randomised
position was calculated to be 5.26 %.

The majority of amino acids are incorporated at close to the theoretical inclusion rate
of 5.26 %. Histidines were again the most frequently observed residue. The phage titre
of library 2 was estimated to be 9.1 x 10'® phage/ml via by spectrophotometric

guantification (Section 2.2.4.2).

6.2.4 Isolation of Affimers against NDM-1 from Library 2

Immobilised NDM-1 (+BAP) was subjected to three rounds of competitive phage display
(as was described for screening of library 1) using library 2 (Section 2.2.2.5). Eight
identical pans were set up and on each consecutive day the strips were washed 27x and

one well was eluted. Eluted phage from the high/low elution and trypsin elution were
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combined. After the daily 27x wash, fresh un-biotinylated NDM-1 was added to all
remaining wells to act as competition. Following re-infection of ER2738 cells, dilutions
were plated onto LB agar plates containing 100 ug/ml carbenicillin and grown
overnight. There were fewer colonies observed on the plates from day 1 and 2
compared to the number seen for library 1, therefore only 24 colonies were selected
from each plate for testing for binding to NDM-1 in a phage ELISA (Section 2.2.2.6)
(Figure 6.21). Affimer 21 phage was produced alongside the isolated clones and
included in the ELISA as a positive control. Of the 48 clones tested, 6 displayed binding
to the target with no clones displaying non-specific binding to the control wells. Day 3
Affimer binders were eluted and 24 colonies picked for testing in a phage ELISA but
none demonstrated binding to NDM-1. Days 4-8 panning experiments were therefore

not completed as it was thought unlikely that any further binders would be isolated.
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Figure 6.21: Phage ELISA results for Affimer binders selected from a competitive
screen of library 2 against NDM-1 (+BAP). Following 3 days of competitive screening, 6
colonies were tested in a phage ELISA. Each colony represented one Affimer and was
tested for binding against NDM-1 (+BAP) or an empty control well. Affimer 21 phage
was included in duplicate on each plate as a control. Phage binding was detected with
anti-Fd bacteriophage-HRP antibody and visualised on addition of TMB. Absorbance at
620nm was measured for each well.
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The 6 clones that displayed binding to NDM-1 in the phage ELISAs were all isolated on
day 1, before the introduction of competition via the addition of un-biotinylated NDM-

1. These 6 clones were sequenced and 6 unique binders were identified (Table 6.7).

Table 6.7: Variable region sequences for Affimers selected for NDM-1 from library 2

No. of sequencing
Day | Clone Variable region 1 Variable region 2
appearances
1 C3 PYKIWTPYF THWDNGGLR 1
1 F3 VYKVWTPHF THWDNGGLR 1
1 E2 NYKVWTPLF THWDNGGLR 1
1 H1 GYKHWTPYG THWDNGGLR 1
1 H2 WYKIWTPDF THWDNGGLR 1
1 G2 TYKTWTPMG THWDNGGLR 1

*residues in bold indicate those that were conserved from the original Affimer 21
sequence

A heat map demonstrating the amino acid enrichment at each of the randomised

positions was produced (Figure 6.22).
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Figure 6.22: Heat map showing amino acid enrichment at the randomised positions
of Affimer 21. The original residues for Affimer 21 are listed across the top. Dark red
indicates high enrichment and white indicates no enrichment.
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Enrichment of an isoleucine or valine at position V1.4 and a phenylalanine or glycine at
G1.8 could be observed, suggesting that a hydrophobic residue is preferentially
included at position 1.8. More data would be needed to confirm this as the sample size
is small at only 6 clones. Interestingly, despite having little effect on inhibition of NDM-
1, a number of residues were observed in the randomised positions from the original
Affimer 21 sequence. This suggests that although these may not be essential for
inhibition, they may still be involved in the binding interaction between Affimer and

NDM-1.

The 6 isolated clones were taken forward for subcloning and expression independently
of the PIIl phage coat protein (Section 2.2.3) (Figure 6.23). Production and purification

of proteins was carried out by Masters student Sam Cook, University of Leeds.
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Affimer H2 WT Affimer

Figure 6.23: SDS-PAGE analysis of Affimer production and purification in BL21 Star™
(DE3) cells. Affimers isolated from library 2 were sub-cloned from the pBSTG-Aff
phagemid vector into pET11a and produced in BL21 Star™ (DE3) cells. The proteins
were purified from bacterial cell lysate using nickel ion affinity chromatography and
separated by SDS-PAGE on a 15 % resolving gel and stained with Coomassie Blue to
check purity. Affimers were visualised at ~12 kDa.

Purified Affimer proteins were then tested in B-Lactamase activity assays with
nitrocefin as the substrate (Section 2.2.5.1), to determine whether they had any effect
on NDM-1 enzyme activity (Figure 6.24). This assay was carried out by Masters student
Sam Cook, University of Leeds. Reactions included 100 nM NDM-1, 10 uM clavulanic
acid, 500 nM of Affimer and 65 uM nitrocefin and all Affimer isolates were normalised
to the EDTA control. Absorbance at 482 nm was plotted over time (s) to give an initial
indication of trend (Figure 6.24a). After 3 replicate experiments, absorbance values
measured during the first 250 seconds (during which the rates were constant) were
converted to concentration in UM using Beer-Lambert’s Law and then to rate in pM/s

using linear regression analysis (Figure 6.24b).
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Figure 6.24: Effects of Affimer reagents on rate of nitrocefin hydrolysis by NDM-1.
NDM-1 activity was quantified by spectrophotometric measurement of nitrocefin
hydrolysis at 482 nm and at 25 °C on a Tecan Spark microplate reader and readings for
each well were taken every 12 secs for 15 min. A wild type (WT) control was included
containing the original scaffold variable regions to show that the Affimer scaffold itself
has no effect on NDM-1 activity. Data was normalised to the EDTA control. (a) The
change in absorbance at 482 nm for NDM-1 only and upon addition of isolated Affimers
was recorded (b) Activity of NDM-1 only or with 500 nM Affimer recorded as rate of
nitrocefin hydrolysis (uM/s). Error bars represent standard errors from 3 replicate
experiments.
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Of the 6 Affimer reagents tested, none demonstrated higher inhibitory activity than
Affimer 21 (69 % p < 0.0001, R? 0.9998). However, all of the Affimers appeared to
demonstrate some inhibition, with Affimer C3 inhibiting activity of NDM-1 by 41 %
when compared to that of the NDM-1 only control (p < 0.0001, R? 0.9996). This is
perhaps not surprising as the residues that are essential for inhibitory activity were

maintained in this library.

6.3 Chapter summary and future work

Display technologies (e.g. yeast, ribosome, phage) are ideal for isolating highly specific
binding reagents due to the ability to perform negative selections to remove non-
specific binders. However, as mentioned previously, these naive libraries often only
sample a small proportion of the total potential library size. The size of the generated
sub-libraries described in this chapter were 1.58 x 107 and 1.63 x 10%, giving
approximately 6.37x and 1251x coverage of the theoretical combinations of residues,
respectively. This was a significant improvement on the coverage estimated for the
naive library, for which the library is 7.7 x 102 times smaller than the theoretical size.
It is expected that a high proportion of clones isolated from a sub-library will display
binding to the target as the libraries often share high homology with an already-
confirmed binder. Therefore, ideally all clones isolated from the sub-libraries would be
tested for binding. However, the manual picking and testing of large numbers of clones
using standard phage ELISA protocols is laborious and time consuming. Automated
methods of picking and testing individual clones are available but require expensive
robotic platforms. Methods to achieve high-throughput validation of isolated clones
without the requirement of robotic platforms have begun to be explored by other

researchers within the BSTG, University of Leeds.

Following a normal phage display panning protocol from which only Affimer 21 was
isolated, the stringency of the phage display screens was increased through several
adaptations to the protocol to select for the highest affinity binders. To remove
Affimers with weaker affinity for the target, an 8-day washing protocol was
implemented. A similar study to select for affinity matured anti-HER2 DARPins used a
25-day washing protocol during selection and reported improved binders with 3000x

affinity increases (Zahnd et al, 2007). Additionally, the increased stringency screen of
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the Affimer 21 sub-libraries included the introduction of competition to capture and
remove binding reagents with a high off rate. Using a similar strategy, an improved
affinity monobody targeted against the Lyn SH3 domain was selected from a sub-
library. Non-biotinylated target protein was introduced during panning to compete
away lower affinity clones and binders with 130-fold improvements in affinity were

reported (Huang et al, 2016).

Increased stringency phage display screening of library 1 isolated 23 unique binders.
Sequencing of these clones identified enrichment of various amino acids in the critical
positions of variable region 1 of Affimer 21. Although three out of the four positions
that were maintained from Affimer 21 were originally hydrophobic residues, the
Affimers isolated from library 1 also seemed to be enriched at the randomised positions

with further hydrophobic residues (Table 6.8).

Table 6.8: Amino acid groups for isolated Affimers from library 1

Affimer clone Key
Original 21 HYDROPHOBIC
39 ACIDIC
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*residues in bold indicate those that were conserved from the original Affimer 21
sequence
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Table 6.8 reveals that both Affimer 21 and binders selected from library 1 are fairly
hydrophobic in variable region 1. Interestingly, the published structure of the inhibitor
L-captopril in complex with NDM-1 revealed that the hydrophobic face of L-captopril
interacts with the flexible L3 loop of NDM-1 (King et al, 2012). Without protein
structures of any of the Affimers in complex with NDM-1, any assumptions regarding
the binding interactions are purely speculative. However, there is a possibility that the
hydrophobic variable region 1 of these Affimer binders might also bind to the flexible

L3 loop.

Interestingly, several of the Affimer reagents isolated from library 1 appear to increase
NDM-1 activity. Affimers 2, 14, 15 and 19 demonstrated up to a 21 % increase in the
rate of hydrolysis of nitrocefin. However, results for Affimer 2 were more variable and
would need repeating to confirm. Three out of four of these binders show enrichment
of a phenylalanine at position K1.3 and two binders also show a valine at Y1.2,
suggesting that this combination may cause an activator modification. The Modified
Hodge Test is a phenotypic method than can be used to test for presence of
carbapenemase (Pasteran et al, 2016). Further investigation into these Affimer binders
might be warranted in order to determine their potential for improving the sensitivity

of NDM-1 detection assays such as these.

Only six Affimer binders were isolated from library 2. This was surprising as this library
was based upon the randomising of residues that were thought to be non-critical for
binding and it was therefore expected that there might be a greater variation in the
residues tolerated at these positions in isolated binders. There was also much less
variation in these positions than in binders isolated from library 1. In particular,
enrichment of a valine or isoleucine at position V1.4 and a glycine or phenylanine at
position G1.9 were observed (Table 6.9). This suggests that despite being non-critical

for inhibition, these residues may play a part in the conformation of the binding region.



206

Table 6.9: Amino acid groups for isolated Affimers from library 2

Affimer clone Key
Original21 |G Y K VW T P Y G HYDROPHOBIC

c3 P YK I WTPY F ACIDIC

F3 V Y K VW T P H F BASIC

E2 N Y K VWTP L F NEUTRAL
H1 G Y K HWTPY G

H2 W'Y K | WT P D F

G2 T YK I WTUPMG

*residues in bold indicate those that were conserved from the original Affimer 21
sequence

However, despite demonstrating strong absorbance readings in the phage ELISA,
indicating a good level of binding to NDM-1, none of the isolated binders from either
library were able to match Affimer 21 for inhibiting NDM-1 activity. This suggests that
either Affimer 21 already contains the optimal combination of residues for inhibition of
NDM-1, or that the optimal combination of residues across the two variable regions
was not achieved in these libraries. For example, a critical and non-critical residue might
both need optimising to achieve the best possible binding and inhibition. Additionally,
the affinity maturation of variable region 2 has not yet been explored. Another
approach to affinity maturation might be to completely randomise one variable region
whilst maintaining the original Affimer 21 residues in the other variable region. This

strategy is currently being explored by Dr Christian Tiede, University of Leeds.

The Affimer reagents identified from the sub-libraries generated in this work did not
demonstrate improved inhibition of NDM-1. However, as discussed previously, there
are other strategies for affinity maturation that may still lead to the isolation of an
improved Affimer. Protein structures to elucidate the mechanism of the interaction
between NDM-1 and Affimer 21; and to confirm the roles of individual residues in the
variable regions would be beneficial for determining the best strategy for affinity

maturation.
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7. Discussion and future perspectives

As the global spread and impact of multi-drug resistant infections increases, there has
been a subsequent increase in the need for novel reagents that are able to detect and
modulate metallo-B-lactamases (MBLs). The development of inhibitors that are able to
reinstate sensitivity to previously ineffective antibiotics are particularly sought after.
This work describes the identification of an Affimer reagent that is able to bind and
modulate the activity of the metallo-B-lactamase NDM-1. Inhibition of NDM-1 in a dose
dependent manner was confirmed by B-lactamase activity assays and cell based assays
in clinical strains. Initial kinetic analysis suggested that Affimer 21 may be an allosteric
inhibitor of NDM-1, although further investigation is required to confirm this. Attempts
were made at obtaining a co-crystal structure to elucidate the binding mechanism but
have so far been unsuccessful. Characterisation of the variable regions revealed that
both variable regions of the Affimer are required for inhibition of NDM-1, and
measurement of the functional effects of alanine substitutions on efficacy of NDM-1
inhibition revealed several residues in variable region 1 which are critical for inhibitory
activity of the Affimer. This data was used to guide the generation of sub-libraries to
select for improved inhibitors. However, despite stringent screening approaches, the
original Affimer was established to be the most effective inhibitor, with an estimated
ICs0 of 0.37 uM. These preliminary data are promising for the use of Affimer 21 in a
combination therapy, however certain biochemical and mechanistic details are yet to

be elucidated.

7.1 Affimer 21 as an allosteric inhibitor of NDM-1

Therapeutics that function as inhibitors by binding directly to an enzymes active site
constitute a significant proportion of the commercially available drugs that are in
clinical use today (Grover, 2013). One advantage of this mechanism of action is that
high affinity is often achievable. However, the ubiquitous prevalence of zinc ions in
bacterial cells and the environment suggest that reactivation upon loss of the inhibitor
might occur. Additionally, orthosteric inhibitors often result in adverse side effects as
enzymes with similar functions often have conserved active sites. As an example,
phosphatidylinositol (Pl) analogues have been reported to inhibit Akt (protein kinase

B), a cancer target in the PI3K pathway, by targeting its ATP catalytic domain (Lindsley
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et al, 2005). Unfortunately, because of the similarity of the ATP pocket among other
kinases, achieving target specificity has been extremely difficult and development
during the clinical phase was therefore terminated (Lindsley et al, 2008). Targeting
allosteric sites increases the specificity of inhibitors by binding to sites distant from the
active site. Accordingly, novel allosteric Akt inhibitors that bind selectively between
kinases of the same subclass have since been reported by researchers at Merck (Hirai

et al, 2010).

Similarly, targeting the allosteric sites of MBLs may provide better specificity for
inhibitors by binding away from the active site, helping the inhibitor to remain inactive
towards similar human proteins. Therefore, there is a potential requirement for new
tools and technologies to allow for the identification of novel allosteric inhibitors. Most
reported inhibitors of NDM-1 are competitive, and there is currently only one report of
a possible allostericinhibitor. An azolylthioacetamide scaffold was shown to specifically
inhibit NDM-1 with an ICso of 0.17 uM and a Lineweaver-Burk plot indicated that the
inhibitor was binding via an allosteric mechanism (Xiang et al, 2017). Artificial binding
proteins such as Affimers may offer a platform for the selection of allosteric inhibitors.
Affimers have previously been shown to inhibit protein function and interactions
through allosteric mechanisms (Robinson et al, 2018). Attempts at inhibiting Fc gamma
receptors (FcyRs) have been previously hampered by off-target effects involving
homologous FcyR family members. In the study reported by Robinson et al, an Affimer
reagent that is capable of specifically inhibiting FcyRllla but not closely related

homologs was identified and shown to bind allosterically.

Kinetic analysis of Affimer 21 through the generation of Lineweaver-Burk plots suggests
that Affimer 21 is an allosteric inhibitor of NDM-1. Non-antibody binding proteins often
recognise binding ‘hot spots’ - small clusters of residues on the target protein that
contribute significantly to the free energy of binding and are often more critical than
large, diffuse interfaces (Modell et al, 2016). Therefore, it might be speculated that
Affimer 21 is able to recognise a binding site on the target protein which is
unrecognisable or inaccessible to other types of inhibitor. This would also indicate that
the Affimer does not inhibit NDM-1 via zinc binding or chelating, potentially limiting off-

target effects. Testing the efficacy of Affimer 21 against other metallo-B-lactamases



210

would further corroborate its specificity. Obtaining a crystal structure would provide a
structural basis for better understanding and confirmation of the mode of inhibition.
However, these early findings demonstrate the potential for generating highly specific
inhibitors of protein-ligand interactions that bind unexplored sites, and suggest that
further exploration into the feasibility of Affimer proteins as allosteric MBL inhibitors is

warranted.

7.2 Affinity maturation of Affimer 21

Affinity maturation by mutagenesis followed by selection by surface display is one of
the most frequently applied engineering processes during the development of antibody
and novel biologic therapeutics. The underpinning theory behind affinity maturation is
that the theoretical sequence space for a binding protein can only be sparsely sampled
by the creation of a biological library of variants. As demonstrated, the naive Affimer
library has provided an NDM-1 inhibitory Affimer, but it was hypothesised that there
might be better Affimer inhibitors that were not represented in the original library. As
discussed in Chapter 6, the affinity maturation strategies so far trialled in this study did
not yield an Affimer than was better than the original Affimer 21. However, not all
possible strategies for the generation of sub-libraries were tested in the scope of this
work and ongoing work is currently in progress to determine the best possible strategy

for affinity maturation.

In this project, residues that were shown to be critical for binding and inhibition were
randomised first in the generation of library 1. This is contradictory to most affinity
maturation strategies in which the critical residues are normally maintained to maintain
ligand binding, and substitution of non-critical residues is expected to yield an optimal
sequence for enhancement of affinity (Ko et al, 2015). However, these methods do not
explore the possibility that there may be better combinations of residues in these
critical positions than the ones originally isolated, and that the best combination may
not be represented in a naive library. Despite this hypothesis, randomisation of the
critical residues did not yield an improved inhibitor in this case. However, this strategy
might still be successful for the affinity maturation of other binders and is worth further

exploration.
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In library 2, the non-critical residues were randomised. Isolated Affimers that bound to
NDM-1 were limited to only six and there was less variation in these positions than in
binders isolated from library 1. This suggests that despite being non-critical for
inhibition, these residues may play a part in the conformation of the binding region.
Randomisation of the non-critical residues has led to improved affinity for other novel
biologics. A monobody that targets the Lyn Src Homology 3 (SH3) domain, a kinase
associated with several cancers and autoimmune diseases, was subject to directed
evolution and displayed a 130-fold increase in affinity (Huang et al, 2016). Alanine
scanning identified critical residues and a secondary library was generated randomising
the non-critical residues. The randomisation of non-critical binding residues and
subsequent generation of a new sub-library for an Affimer that binds the TRPV1 ion
channel has recently resulted in the selection of Affimer reagents with 200-fold
improvements in affinity (unpublished data). Additionally, in Chapter 5, variable region
2 of Affimer 21 was shown to be less crucial than variable region 1, suggesting that
affinity maturation of the less critical variable region might prove to be an improved

strategy.

Investigation into the effects of affinity maturation of variable region 2 was not
achieved within the scope of this study due to time constraints. However, it would be
interesting to explore the effects of optimising this region through both randomisation
and modification of the size of the variable region. This combination of diversifying loop
length and recursive mutagenesis has been previously reported for the selection of
improved affinity FN3 domain scaffolds (monobodies) (Hackel et al, 2008). In this study,
improved monobodies were selected with both increases and reductions of up to three
amino acids in the binding region lengths. Additionally, affinity maturation of an anti-
HER2 DARPin has been previously used to obtain binders with picomolar affinity (Zahnd
et al, 2007). Error-prone PCR was used to generate mutations leading to a 3000-fold
increase in affinity. Interestingly, the highest affinity binders were gained from
mutations to the framework of the DARPin, when compared to the wild-type scaffold.
It might therefore be interesting to investigate the role of residues outside of the
variable regions of the Affimer to determine whether changes in the framework scaffold

are able to improve the binding interaction between Affimer 21 and NDM-1.



212

None of the isolated binders proved to be better inhibitors of NDM-1. This implies that
either Affimer 21 already contains the optimal combination of residues for inhibition of
NDM-1, or that the optimal combination of residues across the two variable regions
was not achieved in these libraries. For example, a critical and non-critical residue might
both need optimising to achieve the best possible binding and inhibition. In this case, a
better approach might be to maintain variable region 1 whilst randomising variable
region 2 and vice versa, to allow more detailed exploration of the contribution of each
variable region and to improve the chance of attaining the optimal combination of
residues. This strategy is currently being explored. However, a disadvantage to this
strategy might be that as the number of residues randomised increases, the theoretical
library size also increases and the likelihood of generating a library with good coverage
decreases. Generating a library that both randomises and diversifies the size of the

variable regions, as mentioned above, may therefore prove to be the most effectual.

7.3 Comparison to other NDM-1 inhibitors

The lowest reported I1Cso value for an inhibitor of NDM-1 is currently 0.004 uM which
was reported for a cyclic boronate. Additionally, the cyclic boronate VNRX-5133 (in
phase | clinical trials) was reported as <0.1 uM (Venatorx, 2018). Currently, the cyclic
boronates are probably the most promising class of inhibitors of B-lactamases. They
have been proven to be effective against PBPs and serine and metallo-B-lactamases, as
well as demonstrating high selectivity and little toxicity. Crystal structures of cyclic
boronates in complex with the B-lactamases VIM-2, Bcll and CTX-M-15 revealed that
these molecules work by mimicking a common tetrahedral intermediate present in
both classes of enzyme (Brem et al, 2016 and Cahill et al, 2017). The tetrahedral is
formed alongside a Zn1-bound carboxylate during hydrolysis of B-lactams; when the
hydroxide ion bridging the two zinc ions is used for nucleophilic attack. Protonation of
this intermediate is required for product release. Tetrahedral intermediates occur in
many enzyme catalysed reactions, making specificity a relevant issue when using this
approach (Docquier et al, 2018). Further study is needed to determine any off-target
effects. However, with the first cyclic boronate drug, tavaborole, clinically approved for
the treatment of fungal infections (Elewski et al, 2015) and others in clinical
development, some of these compounds seem to exhibit low toxicity, making them

interesting for further investigation.



213

A derivative of 2,6-dipicolinic acid (DPA) also has a low reported ICsq of just 0.08 uM.
DPA was discovered through fragment-based drug discovery in which a library of metal-
binding pharmacophores was screened (Chen et al, 2017). DPA was shown to be a zinc
chelator, but chemical modification of DPA lead to an improved compound with a
different mechanism of inhibition. The improved compound acts as a metal-binding
competitive inhibitor and inhibits several MBLs, including NDM-1, as well as showing
10-20 fold potentiation of imipenem in Klebsiella and E. coli clinical isolates. It would be
interesting to test Affimer 21 in various strains of Enterobacteriaceae with different

antibiotics to see how the MICs of Affimer 21 compare.

For almost all applications, an inhibitor must bind to its molecular target with a
reasonable degree of affinity for it to be effective. Approximately 60 % of drug discovery
projects fail in hit-to-lead because either the biological target was found to be not
druggable, or the compound did not exhibit the required potency for a therapeutic
(Cheng et al., 2007). Comparison of I1Cso values for currently reported NDM-1 inhibitors

indicates that ICso values range from 4 nM to 23 uM (Table 7.1).

Table 7.1: Reported ICso values of other NDM-1 inhibitors

Inhibitor class Mechanism Best |Ceo Reference
(M)
azolylthioacetamides suspected allosteric 0.17 Xiang et al, 2017
VNRX-5133 (cyclic competitive <0.1 Venatorx, 2018
boronate)
magnolol competitive 6.47 Liu et al, 2018
1,2,4-triazole-3- competitive 11 Sevaille et al,
thione P 2017
Mercaptoacetic acid competitive 12.4 Liu et al, 2015
thioesters
D-captopril competitive 20.1 Brem et al, 2016
Aspergillomerase A zinc chelator 4.0 King et al, 2014

. . irreversible metal
Bismuth Bi(lll) displacement via Cys208 0.7 Wang et al, 2018

2,6-dipicolinic acid

(DPA) competitive 0.08 Chen et al, 2017
Cyclic boronate competitive 0.004 Brem et al, 2016
Bisthiazolidines competitive 23 Gonzalez et al,

2015
Rhodanine zinc chelator 0.52 Brem et al, 2014
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One advantage of phage display is that it allows for screening of diverse molecular
targets to obtain high-potency binders suitable for development within a much faster
timescale than that achievable for other compounds (Huang et al., 2012). For small
molecules, inhibitors isolated by library screening are normally found with ICses in the
1 to 5 uM range. In this study, the ICso of Affimer 21 was estimated as 0.37 uM.
Comparison with the ICso values of other inhibitors indicates that the ICsovalue of 0.37
UM for Affimer 21 is within the lower range of those reported. As discussed in Chapter
4, repeating the assay with more Affimer concentrations will allow for a more widely
spread ICsp curve and a more accurate ICso value. Determining the spectrum of activity
by testing Affimer 21 against other B-lactamases would allow more critical comparison
to other reported inhibitors. It would also be beneficial to test the inhibitory potency of
the Affimer against other B-lactam antibiotics. Despite this, the initial estimate of an

ICso value for Affimer 21 is encouraging.

There are currently only two reports of novel biologics that target MBLs. Although they
do not target NDM-1, the reported ICsos for the DNA aptamer that targets 5/B/6 and a
nanobody against VIM-4 were 1.2 nM and 10 uM, respectively (Chapter 1). These
studies are promising, and in addition to Affimer 21, demonstrate the potential of

investigating novel biologics for the isolation and selection of highly specific inhibitors.

7.4 Continuation of the project and future applications

7.4.1 Structural characterisation

As has been mentioned previously, obtaining a crystal structure of the Affimer in
complex with NDM-1 would be of great benefit for the expansion and improvement of
this project. There are several published structures of NDM-1 in complex with antibiotic
substrates, but only two in complex with other inhibitors; bismuth Bi(lll) and I-captopril
(Wang et al, 2018 and King et al, 2012). Confirmation of both the mode of inhibition
and the residues involved in the interaction would have added important structural
information to this project. Co-crystallisation of NDM-1 with Affimer 21 was attempted
several times both by myself and in collaboration with the Oxford Protein Production

Facility; however, this has so far been unsuccessful.
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As mentioned in Chapter 4, an alignment of the amino acid sequences from published
NDM-1 structures revealed that the majority of the proteins were truncated at the N-
terminal, with most having a truncation of 10-20 residues compared to the full-length
protein that was used in this study. Truncation of the N-terminal has been reported to
improve solubility and level of expression of NDM-1 (Kim., 2011). The continuation of
this project is currently focusing on obtaining a crystal structure of the enzyme-inhibitor
complex, and crystallisation trials with similarly truncated NDM-1 protein are currently
underway. Gaining insight into the binding of the Affimer reagent will also allow for
comparison to other isolated NDM-1 inhibitors to determine any common mechanisms
of inhibition or binding sites. There are several other published structures of Affimer
binders in complex with various targets. These include the previously mentioned
FcyRllla and SUMO-1 and 2; as well as ubiquitin binding Affimer reagents (Robinson et
al., 2017, Hughes et al., 2018, Michel et al., 2017). These studies demonstrate how
unexpected or unusual binding mechanisms can be revealed by establishing the protein

structures of binder-target complexes.

As an example, the biophysical characterisation of bismuth Bi(lll) in complex with NDM-
1 revealed a novel mechanism of inhibition. One Bi(lll) compound irreversibly
inactivates the enzyme both in vitro and in vivo through replacement of Zn(ll) via the
critical residue of cysteine at the active site. Additionally, Bi(lll) compounds are already
clinically used drugs and have been shown to confer no resistance even after extended
use (Wang et al, 2017). The previous co-crystallisation of Affimers with various targets
has also revealed allosteric modes of inhibition and provided explanations for binding
specificity (Robinson et al., 2018 and Michel et al., 2017). Co-crystallisation of NDM-1
and Affimer 21 would corroborate the kinetic data which suggests that Affimer 21
inhibits NDM-1 via an allosteric mechanism. An allosteric inhibitor would indicate high
target specificity but might suggest that this particular Affimer would not be a broad-

spectrum MBL inhibitor.

Structural information from a target-inhibitor complex can also be used as a lead
structure for drug development and design of small molecules. An Affimer that binds to
the ion channel TRPV1 was recently co-crystallised and data regarding important

residues from both alanine scanning and the structure were used to design a
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pharmacophore for the identification of small molecule compounds with similar shape
(unpublished data). Results demonstrated that five of the compounds were able to
inhibit the ion channel. Small molecules are often able to passively diffuse across cell
membranes and are therefore much preferred for the development of therapeutics

(Yang et al, 2015).

Additionally, Affimers that target p300 to disrupt the HIF-1a/p300 protein-protein
interaction have been reported (Kyle et al., 2015). The HIF-1a/p300 interaction plays a
key role in tumour metabolism and is associated with resistance to therapy and poor
prognosis in cancer patients. Crystallisation of the Affimer in combination with
molecular docking against the NMR structure of p300 allowed for characterisation of
the binding interface. If future attempts at obtaining a co-crystal structure of NDM-1
and Affimer 21 are unsuccessful, it might be possible to crystallise the Affimer and carry

out similar docking studies to elucidate the binding interaction.

7.4.2 Assessing the likelihood of development resistance

In any programme associated with developing novel reagents for treatment of multi-
drug resistant pathogens, it is important to understand the potential for new resistance
mechanisms to develop. Given bacterial propensity to evade selective pressures,
potential resistance generation to Affimer 21 must be considered. In order to evaluate
this, the likelihood of the development of escape mutations might be evaluated by
treating NDM-1 expressing cells with antibiotic in combination with various
concentrations of Affimer 21 and passaging for increasing periods of time (days to
weeks) to identify whether any strains are able to escape Affimer inhibition by

developing resistance.

Similar investigation into the mutational plasticity of NDM-1 has recently been
reported. A recent study investigated the mutational plasticity of NDM-1 through the
generation of randomised single codon mutation libraries combined with functional
selection and deep sequencing (Sun et al, 2018). This approach identified a core set of
residues which are essential for catalytic efficiency of NDM-1 against a range of

antibiotics. The majority of these were in the active site. Additionally, several non-
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essential residues were identified on the periphery of the active site in which mutations
have little to no effect on NDM-1 function. A key finding from this study was the
stringent sequencing constraints for carbapenem hydrolysis. This suggests that an
inhibitor in combination with a carbapenem would be a good combination therapy as
there are fewer options for mutations that will be tolerated whilst maintaining

carbapenem hydrolysis, limiting the chance for resistance to develop.

7.4.3 Affimer inhibitors as therapeutics

As discussed in Chapter 1, there are currently no clinically approved inhibitors of
metallo-B-lactamases available. For Affimer reagents to be utilised as therapeutics, an
efficient system for intracellular delivery would need to be developed. This is more
challenging for novel biologics than it is for small molecules due to their larger size and
difficulty in permeating the cell membrane (Yang et al., 2015). It is especially difficult to
target Gram-negative bacteria due to the additional barrier of the double-membrane
cell envelope. However, with evidence to suggest that NDM-1 is localised to the
periplasm or OMVs (King et al, 2011 and Gonzalez et al, 2016), it is likely that inhibitors
would need to permeate only the outer membrane of pathogens to reach their target.
Immunofluorescence microscopy of fluorescently labelled Affimer 21 might confirm the
localisation of NDM-1 within bacterial cells. The Affimers are convenient for labelling
purposes and have demonstrated their versatility in imaging applications (Chapter 3).
This method might also allow for the use of Affimer 21 in diagnostic applications for

detection of NDM-1.

Affimer 21 was shown to restore sensitivity to meropenem in a dose-dependent
manner in a clinical strain of Klebsiella pneumoniae that carries the blanom-1 gene,
confirming that the Affimer is able to access NDM-1. Further testing in more NDM-1
expressing bacterial strains and with a larger range of antibiotics is recommended to
confirm this finding. Given that the Affimer is approximately 12 kDa in size, independent

passage through the membrane seems unlikely.

Several strategies to improve cell permeability have been developed. Over the past 18
years, there has been increasing interest in polymersomes as versatile carriers for drug

delivery. Polymersomes (polymer vesicles) are a class of artificial vesicles that are
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prepared from amphiphilic copolymers that can be used for encapsulation and delivery
of a broad range of drugs (Rikken et al, 2016). They are especially interesting in that
they can be functionalised to enable biocompatibility, permeability and triggered
release. Nanocin™ is a polymer vesicle that has been reformulated from a commercially
available core polymer that is found in a range of over the counter pharmaceuticals. It
is currently in Phase I/Il human clinical trials and has been shown to enhance
penetration of a range of molecular cargos (DNA, RNA, small molecules, proteins,

peptides and natural products) into cells, tissues and microbes (Tecrea Ltd, 2017).

Researchers at Massachusetts Institute of Technology (MIT) have recently reported the
development of porous silicone nanoparticles; an anti-infective nanoparticle that target
the bacterial cell membrane and can be loaded with toxic peptide cargo (Kwon et al,
2017). The nanoparticles were used to treat Gram-negative Pseudomonas aeruginosa
lung infections in mice and were shown to result in significant decreases in bacterial
titres and to markedly improve survival. The nanoparticles also exhibited an improved

safety profile compared to free peptides.

Cell-penetrating peptides (CPPs) have also been developed for the efficient and non-
toxic delivery of a variety of cargoes and several examples are in clinical trials (Bashyal
et al, 2016). Biologics can be conjugated to CPPs for cellular uptake by direct
translocation and endocytosis. Although CPPs have mostly been investigated for
targeting of mammalian cells, there is some research that reports their successful use
for targeting bacterial pathogens. One CPP showed successful growth inhibition of
several Gram-positive and Gram-negative bacteria and were shown to selectively
permeabilise bacterial cell membranes without damaging mammalian cells
(Nekhotiaeva et al, 2004). Additionally, a more recent study used CPPs to deliver
gentamycin to intracellular bacteria, including E. coli, S. enterica and S. flexneri species

(Gomarasca et al, 2017).

Despite developments in strategies for the intracellular delivery of proteins, the
bacterial cell envelope remains a challenging barrier for any new biologic therapy.
Furthermore, the possibility of immunogenetic effects need to be explored and

overcome (Garcés et al, 2018). The formation of anti-drug antibodies (ADA) and
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subsequent hypersensitivity to biologics is a potential risk. Both Type | and Type Il
Affimer scaffolds have shown low immunogenicity in an industry-standard in vitro
immune cell assay (Avacta® Life Sciences, 2017). Immune responses in a T-cell
activation/proliferation assay using human peripheral blood mononuclear cells was
measured in 50 samples that had been treated with 50 pg/ml of Affimer for 7 days.
Both scaffold types were shown to have a low immunogenic response which was
comparable to that of the therapeutic antibody Avastin®. Despite these promising
results that suggest Affimer reagents might be well tolerated in humans, and the
development of new drug delivery reagents, there is still a lot of research and validation
that is required before Affimer 21 might be considered as a potential therapeutic for

the treatment of resistant infections.

7.5 Conclusions

Affimer binders show great potential for use as inhibitors of metallo-B-lactamases.
Affimer 21 displays comparable ICsp values to other reported inhibitors and preliminary
characterisation data indicates that it is well tolerated in mammalian cells. Arguably the
most important feature of a successful MBL inhibitor is high specificity; a quality difficult
to achieve due to the similarities in the active sites of metallo-B-lactamases. Although
further work is required to confirm specificity and mechanism of binding, initial results
suggest that Affimer 21 is an allosteric inhibitor, indicating that it may be highly specific
for NDM-1, reducing the possibility of off-target effects. The ability to rapidly screen the
Affimer library against multiple targets combined with their ease of manufacturing,
suggest potential as a cost-effective method for the future generation of inhibitors

against metallo-B-lactamases.

The information gained from alanine scanning of Affimer 21 combined with the B-
lactamase activity assay data provides insight into which residues confer binding and
inhibitory potential for NDM-1. With the future addition of structural data, this will help
to inform the design of future specific reagents and inhibitors. It would be especially
useful to confirm the localisation of NDM-1 and to elucidate the route of access for

Affimer 21.
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In most of the areas tested, Affimer 21 has shown comparable qualities to other
reported NDM-1 inhibitors. As more robust delivery systems become available for
intracellular targeting, the use of the Affimer in combination with antimicrobials could
result in the re-potentiation of previously ineffective antibiotics. Further investigation
into the use of Affimers as a platform for identifying novel inhibitors effective against
metallo-B-lactamases could represent a useful tool in the ongoing battle against

antibiotic resistant pathogens.
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