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Abstract

Colicins are a type of bacteriocin produced by some bacterial species in response to stress.
Colicins are cytotoxic to competing cells. They are classified into two groups: group A, also
called “Tol-dependant colicins” and group B called “Ton-dependant colicins”. To exert their
cytotoxic effects, colicins first need to be translocated into the target cells via the periplasm;
however, the exact mechanism by which colicins achieve this translocation remains unclear. For
Group A colicins, translocation requires an interaction between the N-terminal domain of the
colicin and a series of membrane-bound and periplasmic proteins known as the Tol system. The
translocation also includes interactions with more complicated assemblies. Recent developments
in confocal laser scanning microscopy and in-cell nuclear magnetic resonance (CLSM and NMR,
respectively) have prompted more studies of protein—protein interactions in living cells. CLSM
and in-cell NMR spectroscopy were used to study the interaction between an overexpressed
colicin translocation domain and periplasmic machinery. Cloning the full-length of the
translocation domain, and the TolA, and TolB box sub-regions was accomplished. Recombinant
protein expression was optimised to meet the requirements for CLSM and in-cell NMR analysis.
Several factors, including culture medium and high cell density, were considered to have
produced a successful and high level of recombinant proteins. The antimicrobial activity of
colicin E9 on different E. coli cells expressing either the translocation domain or the TolA or
TolB box was examined, and it was found that overexpressing the translocation domain, or part
of it, provided some protection against colicin. Moreover, CLSM results indicate that TolA plays
a key role in occupying the periplasm and preventing translocation of external colicin E9 to its
target, which was found based on the high level of protection against ColE9. The same cells
along with a positive control, protein GB1, were also used to develop a method to detect proteins
of interest using in-cell NMR. Several parameters were investigated, including a labelling
technique, culture medium, and the concentration of the in-cell sample. Analysis of 60% slurry
(v/v) showed better NMR spectra, indicating the presence of an unfolded protein or the
unstructured part of the translocation domain or TolB box. Furthermore, the data suggest that
the expressed proteins, especially the TolA box, are involved in many interactions that can lead
to the formation of large complexes responsible for occupying the periplasm and thus prevent

translocation and consequently, activity of externally applied colicin.
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Chapter 1

Introduction



1.1 Introduction

Escherichia coli (E. coli) is a Gram-negative, non-sporulating, facultative anaerobic
microorganism primarily found in the human gastrointestinal tract. It is a prokaryotic,
single-celled organism able to cope with changes in the chemistry of the environment and
genetic modifications (Huang et al., 2008). E. coli is commonly used as a model organism
in the molecular biology lab, chiefly because it multiplies rapidly and easily cultured. E.
coli species range from pathogenic strains, which can cause outbreaks of severe diseases,
to non-pathogenic isolates, which form part of the normal intestinal microbiota in humans.
The pathogenicity of an E. coli strain is determined by the possession of genes coding for
virulence factors such as adhesins, invasins, toxins, and capsules (Kuhnert, 2000). Some
strains, both virulent and toxigenic—for example, extra-intestinal pathogenic E. coli—
cause a various gastrointestinal disease leading to hundreds of thousands of cases of

diarrhoea and even severe kidney damage each year (Rasko et al., 2008).

Along with other members of the Enterobacteriaceae family, E. coli is known to produce
toxins referred to as bacteriocins (Sharp et al., 2017). Discovered in 1925 by André Gratia
(Gaillard-Gendron, 2000), bacteriocins are generated by a diverse group of
microorganisms, including yeast, protozoa, and pathogenic bacteria. E. coli, are bioactive,
antimicrobial peptides or active proteins that can cause cellular damage to other microbial
species, despite having no effects on their human hosts (Lie et al., 2019). They are reported
to have a molecular size of up to 80 kDa and a narrow spectrum of activity, with their
bioavailability being defined in the context of their therapeutic potential (Lobmann et al.,
2019). Within this group of chemical actives, bacteriocins differ in their mechanism of

cytotoxic action, and their relative size, structure, and release process, the last of which



varies depending on the species producing them (Hol et al., 2014). Bacteriocins differ from
classic antibiotics because they are synthesised by ribosomes and deactivated by proteases.
They are classified into two types: microcin, with a molecular weight of 10 kDa or less
produced by Gram-negative bacteria, such as Enterobacter, and colicins. Colicins are
plasmid-encoded, vary in molecular weight from 25 to 80 kDa, and are produced by E. coli

and other members of Enterobacteriaceae (Ghazaryan et al., 2014a).

Although their mechanisms of action and microbial targets vary, bacteriocins are generally
lethal to other species of bacteria, which compete for the same limited resources and space.
They are closely related to the bacteriocins produced by other strains of the host species.
The production of bacteriocins by Gram-negative bacteria such as E. coli occurs during
stress or exposure to specific chemical triggers (Riley, 1993). These can include DNA-
damaging agents, cold shock, nutrition depletion, and mutagenic triggers, to which
bacteriocins interact through a regulatory mechanism (Ghazaryan et al., 2014a). The
producing strains of bacteriocins protect themselves from toxin-induced death by binding
to a cognate immunity (Imm) protein co-expressed or naturally present inside the cells

(Matsumoto-Nakano & Kuramitsu, 2006).

The apparent purpose of bacteriocin’s production is to provide the producing strains with
an advantage in the competition for resources and space between bacteriocin-producing
bacteria and susceptible bacteria. The level of activity and competition depends on the
bacteriocin’s specific structure, the availability of nutrients, and the population cell density
within a specific environment (Ghazaryan et al., 2019). The producing strains are not
totally immune to the effects of the bacteriocins. However, an advantage of such

competition is that it will lead to the equal distribution of nutrients that benefit the entire



population of bacteriocin-producing and bacteriocin-susceptible strains of the same
species. This because bacteriocins will affect the producing strains once they reach the
limit at which their production cannot be compensated for by binding with an Imm protein
to confer immunity on that cell (Ghazaryan et al., 2019). For example, colicin-producing
cells are capable of resistance to the effects of the colicins that they produce because they
produce an Imm protein. The Imm protein can bind to the colicin to neutralize its cytotoxic
effect (Majeed et al., 2013). It must be stated that the entire mechanism of colicin
production and secretion into the environment is not fully understood. One feature worthy
of investigation is the secretion mechanism itself. Because colicin-producing strains lack a
colicin secreting system, which should be able to transfer colicin from the cytoplasm to the
environment, the release of colicin requires > 3% of colicin producing strains to die by

lysis (Inglis et al., 2009).

Bacteriocins thus play two roles: a defensive one, which involves preventing the attack on
their population, and an offensive one, as observable in colicin-producing strains that give
bacteriocin-sensitive cells a competitive edge within a mixed population involving another
species that is susceptible to the bacteriocins. However, the exact competition mechanism

between bacteriocin-producing strains is still unknown (Ghazaryan et al., 2019).

Durrett & Levin (1997) studied the effect of a small population of colicin-producing E. coli
strains against sensitive E. coli strains. The researchers observed that in heterogeneous
environments, both producing and sensitive strains were able to co-exist. Nevertheless, in
environments such as agar plates or within the colons of mice, an established colony of

either strain could resist invasion by the other.



Majeed and colleagues (2011) studied the competitive interactions between colicin-
producing strains, as well as a cytotoxic effect; the production of a colicin by one strain
can induce the production of colicin by another strain. Further research (Majeed et al.,
2013) explored the capacity at which different strains were able to produce colicin. When
a strain produced a colicin at a faster rate (also known as stronger rate) than another, the
slower (also known as weaker) strain would eventually outcompete the faster one. If
exposure to a colicin from one strain stimulates the production of colicin by another strain,
it is theorized that the faster strains produced too much of their own colicin to compensate

for cross induction with the weaker strain, as well as producing their own colicin.

In April 2019, a report from the United Nations revealed that antibiotic-resistant infection
causes the death of approximately 7 million people worldwide each year (Dadgostar,
2019). That and other reports demonstrating a rise in cases of nosocomial infections in the
past decade have shifted the attention of scientists to multidrug, antibiotic resistant bacteria,
especially Gram-negative bacteria, which possess an outer membrane (OM) that impedes
the entry of many antibiotics (Behrens et al., 2017). Regardless of how bacteria are
transmitted, the number of species demonstrating resistance to various antibiotics has risen,
which has prompted researchers to investigate bacteriocins as a possible replacement for
antibiotics. In vitro studies have shown that some species of bacteria, even though resistant
to some antibiotics, remain sensitive to some bacteriocins (Behrens et al., 2017). There is
a substantial knowledge gap about the activity of bacteriocins in vitro, but especially in
vivo. Recently, more protein bacteriocins have been identified, only approximately 100

have been studied in vitro, and only eight have been studied in vivo. The results of such



studies have nevertheless indicated promise for developments in the field and for

discovering novel alternatives to antibiotics (Telke et al., 2019).

Bacteriocins are currently in use in the food industry as antibacterial compounds. An
example is nisin and lactacin. These have shown activity against vancomycin-resistant
Enterococci and methicillin-resistant Staphylococcus aureus (Simon et al., 2020). Another
interesting finding is that bacteriocins also possess properties other than antimicrobial ones,
including anticancer properties (Baindara et al, 2018). The cytotoxicity against cancer cells
depends on the structural properties of the bacteriocins, their hydrophobicity, and the
number of positively charged amino acids (Kaur, 2015). Bacteriocins target the negatively
charged surface molecules on the cancer cells and induce cell membrane depolarization
and subsequent cell death (Kaur, 2015). More recently, colicins have been shown to exert
no adverse effects on humans. For example, no reports of allergies or hypersensitivity to
colicins have been documented (Lobmann et al., 2019). Meanwhile, other bacteriocins
have yet to be fully characterized, and determining their mechanism of action has become
an exciting objective of studies into their potential as therapeutic agents (Ghodhbane et al.,

2015).



1.2 Colicins

According to the literature, approximately 54% of E. coli strains produce colicins with
demonstrable cytotoxic activity against competing bacteria (Zgur-Bertok et al., 2012).
Colicins are plasmid-encoded, each by a specific colicin gene (cxa). cxa is encoded in the
first open reading frame in the colicin operon. In turn, the cxa gene is accompanied by
another gene (cxi) that encodes an Imm protein, which is expressed constitutively by its
promoter and protects the colicin-producing cells from its own colicin’s cytotoxic effect
by interacting with the cytotoxic domain (C) of the produced colicin (Kim et al, 2014). As
described by Mavridou and colleagues (2018), each colicin operon has an associated lysis
gene (cxl), whose product is localized to the periplasmic space and is responsible for the
release of colicin to the extracellular medium, called the bacteriocin release protein (BRP)

(Casacales et al., 2007).

Based on their size and the translocation machinery they use to access target cells, colicins
fall into two groups: group A and group B (Ghazaryan et al., 2014b). Colicins in group A
are encoded by small, multi-copy plasmids of 6-10 Kb and include colicins A, E1 to E9,
K, L, N, S4, U, and Y. Some of those colicins are co-expressed with (Imm) and secreted
into the extracellular medium. Similarly, group B, such as colicins B, D, H, la, Ib, M, 5,
and 10 — are also coupled with Imm proteins and secreted into the extracellular medium.
However, they are encoded by large, mono-copy plasmids of 40 Kb. (Cao & Klebba,
2002; Cascales et al., 2007). Colicins in both groups have the same structural
organisation—which Cascales and colleagues (2007) have described, it comprises three

functional domains, as shown in Figure 1.1.
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Figure 1.1 The structural organisation of colicins (Cascales et al., 2007). Three domains
span the N-terminus (N”) to the C-terminus (C’): the translocation (T) domain at N’ and
the receptor-binding (R) and cytotoxic (C) domains at C’.

Located between the C-terminus and N-terminus and with a hairpin-like structure, the
receptor-binding (R) domain engages in receptor recognition. At one end, the first 83
residues of the (T) domain crystal structure are thought to be unstructured due to the lack
of electron density in the region of the C-terminus (Soelaiman et al., 2001). At the other
terminus is the (C) domain which is responsible for the cytotoxic activity of colicins

(Cascales et al., 2007).

The therapeutic potential for colicins to act as alternatives to antibiotics has also been
explored. Colicins have been shown to play a role in E. coli colonisation of the
gastrointestinal tract due to their role in the inter-species competition. Different E. coli
strains produce up to 25 different colicins, and nearly all of those types have three plasmid-
encoded domains; the exception is colicin JS, which has no domains, and it is discovered
recently (Micenkova, 2019). Colicins have been tested for the treatment of Crohn’s disease,
which is the chronic form of inflammatory bowel disease characterised by intestinal
dysbiosis (Brown et al., 2015). The causing phenotype of E. coli in Crohn’s disease is
adherent—invasive E. coli (AIEC). Such strains of E. coli can form biofilms adhering to and

lyse the epithelial layer. These are themselves a protective factor in the immune system of
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host humans (Lee et al., 2019), as the biofilms stimulate the production of cytokines
(Buisson et al., 2019). These E. coli strains were isolated from the ileal mucosa of
individuals with Crohn’s disease and treated with colicin. Research showed that the colicin
demonstrated potency against ileal Crohn’s disease mucosa associated with AIEC strains
and did not show any toxicity to the macrophages or even stimulate the production of
cytokines (Brown et al., 2015). The efficacy of colicin was also compared to the efficacy
of antibiotics such as metronidazole and ciprofloxacin, which revealed the greater
bactericidal activity of colicin against bacterial biofilm. Those results suggest that colicin-
producing bacteria isolated from the human gastrointestinal tract may be beneficial in

addressing the antibacterial resistance of biofilm-associated cells.

In other research, a novel colicin, type Z, was isolated from extra-intestinal E. coli from
the anorectal abscess of a 17-year-old man, and its spectrum of activity was tested
(Micenkova, 2019). Colicin Z has shown a selective potency against entero-invasive E.
coli and Shigella strains. Its mechanism of action also has been investigated, and it was
found to be targeting the peptidoglycan (PG) layer of bacterial cells, leading to PG

degradation (Micenkova, 2019).

Other examples illustrating the effectiveness of other colicins that have been explored are
colicins M and E7, used against enterohaemorrhagic E. coli (Schulz and colleagues, 2015).
Colicin M, which targets the PG layer, showed high potency against five strains of
enterohaemorrhagic E. coli and gave a synergistic effect when it was mixed with colicin

E7 that has a nuclease effect on sensitive bacterial cells.



As well as colicin’s potency has been studied, its contribution as a toxin was also explored.
Abd EI-Baky and colleagues (2019) to studied the relationship between virulence factors
and resistance genes of extra-intestinal pathogenic E. coli were isolated from urine and
blood samples. Different colicin genes were tested, and they showed a positive correlation
between colicin production and how they contribute to the research of E. coli pathogenicity.
They concluded how these genes need to be controlled to reduce the severity of infections

by further investigations.

1.2.1 SOS response and the release of colicins
It has been determined that DNA damage that regulates the production of colicins also
induces the bacterial SOS response (Gillor et al., 2008; Budi¢ et al., 2011). The SOS
response, induced to respond to DNA damage (Maslowska et al., 2019), typically involves
LexA and RecA proteins stimulated by single-stranded DNA interactions (sSDNA)
(Cascales et al., 2007). The primary function of LexA during normal growth conditions is
to inhibit the expression of genes involved in the SOS response, and induce DNA bending
upon interaction with the operator of the SOS inducible genes such as colicin (Mavridou
et al., 2017). This is achieved by binding to the SOS box on the associated promoter.
However, when ssDNA becomes exposed during cellular stress or DNA damage, RecA is
upregulated and binds to the ssDNA, forming a heteroduplex complex. Next, LexA
dissociates from the SOS genes, allowing for the transcription and expression of the SOS
response and allowing DNA repair to occur and then repression of the SOS induced genes

(Zgur-Bertok, 2012). This process is summarised in Figure 1.2.
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A Uninduced state
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Figure 1.2 The role of LexA and RecA proteins in the SOS response in bacterial cells
(adapted from Michel, 2005). A) in bacterial cells under normal conditions (i.e.,
uninduced state), SOS proteins such as LexA and RecA are downregulated. LexA binds to
SOS-associated genes, resulting in the downregulation of DNA repair mechanisms. B)
during conditions of DNA damage, SOS response is stimulated (i.e., induced state). DNA
damage upregulates RecA, which binds to damaged single-stranded DNA (ssDNA),
thereby forming a RecA heteroduplex complex (i.e., nucleoprotein filament).
RecA/ssDNA nucleoprotein filament acts as co-protease leading to the dissociation of
LexA from the SOS-associated genes, thereby allowing SOS gene expression to initiate
DNA repair, the cells will return to uninduced state where the normal replication continues.
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Once the SOS response is induced, several key processes commence. Firstly, since colicins
are expressed from operons under the control of SOS promoter, and its synthesis is
regulated by the LexA protein, upon induction, colicin plasmid operon is expressed,
producing colicin that accumulates in the cytoplasm. Next, the OM phospholipase A is
activated, facilitating the accumulation of lysophospholipids and free fatty acids in the OM
(Snijder et al., 2003). This affects the OM’s permeability and, in time, allows the release
of colicins (Alonso et al., 2000; Lloubés et al., 2013). Once present in the external
environment, colicins are able to exert a cytotoxic effect on competing cells. However, at
the same time, upregulation of the lysis gene occurs, which ultimately leading to the death
of the colicin-producing cells (Majeed et al., 2011). Colicins that are present in the external
medium bind to the OM of the competing cells and promote protein—protein interactions

(PPIs) in the OM and periplasm that facilitate another mechanism: translocation.

1.2.2 Translocation of colicins
In order to deliver a cytotoxic effect on a susceptible bacterial cell, the colicins need to be
translocated across the OM by several protein mediators to reach their intracellular targets.
It has been shown that different colicins utilise different translocation pathways. This
determines which specific interactions occur during its translocation and sub-classifies the
colicins into one of two groups: nuclease (enzymatic) or pore-forming colicins (Cursino
et al., 2002). However, it has been observed that sometimes colicins can struggle to enter
bacterial cells, this is believed to be linked to mutations on the OM receptors that affect
their receptor-binding capacity or an abnormality in their translocation systems (Budi¢ et

al., 2011). As different strains of bacteria present with different susceptibilities to colicins,
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susceptibility is reported to be a phenotypic marker due to mutations in the colicin
translocation system, with resistance due to the absence of an appropriate receptor protein

in the OM of Gram-negative bacteria (Smarda, 1992).

Significant research has been undertaken to clarify how colicins translocate across the OM,
and this has been linked to either Tol- or Ton-dependent systems in the periplasm of
bacterial cells directly linked to the OM. Colicins in group A are Tol-dependent, meaning
that they use the Tol system for translocation, whereas ones in group B are Ton-dependent,
meaning that they use the Ton system (Alonso et al., 2000; Morales et al., 2015). Among
colicins in group A, the E. coli K12 strain shows phenotypes similar to Tol mutants.
Research has shown that Tol-associated genes influence the integrity of the OM and its
invagination during cell division and the polar localisation of key chemoreceptors (Lloubes
et al., 2001). They are also involved in the Tol system shared with peptidoglycan-
associated lipoprotein (Pal) linked to the E. coli cell envelope. This consists of seven
proteins: Pal and YbgC in the OM, TolB, and YbgF in the periplasmic space, and TolA,
TolR, and TolQ linked to the inner membrane (IM). In the OM, Pal forms a complex with
the periplasmic protein TolB, where the binding affinity constants with the energised
protein TolA in the IM have been linked to the phenomenon of proton motive force (PMF)

and the associated involvement of the IM (Lloubes et al., 2001).

In order to facilitate translocation, colicins in group A target the OM receptor BtuB, which
is involved in the high-affinity transport of vitamin B12 and is present at adhesion sites in
the IM and OM during the initial steps of translocation (Collins et al., 2002). They also
require a second receptor, usually an OM porin (e.g., OmpF); an exception is colicin E1,

which uses the TolC protein. This works in conjunction with OmpC and PhoE, which are
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trimeric OM porins, whose physiological function is to allow the passage of small,

hydrophilic nutrient molecules through the OM.

Conversely, colicins in group B bind to specific Ton-dependent transporters in the OM
and, unlike ones in group A, require only one OM receptor (either FepA or FhuA). In
addition, they do not require a secondary protein, although colicins 5 and 10, which use
two proteins to bind to Tsx and TolC as a transport channel, are exceptions (Cascales et
al., 2007). In E. coli, as suggested by Dimove and colleagues (2005), the TonB protein is
likely required to facilitate the transfer of PMF between the IM and OM via siderophore
transporters such as FhuA, FecA, and FepA. After the group B colicin binds to receptors
in the OM, the TonB—ExbB-ExbD complex allows the transduction of energy from the IM
to the OM for the energy-dependent transport of siderophores, vitamin B> and also for
group B colicins to translocate across the OM (Dimov et al., 2005). Figure 1.3, which was
adapted from (Kleanthous, 2010) depicts the mode of action of Group A and group B
colicins which both include; nuclease (i.e., enzymatic) colicins and also pore-forming
colicins. The pore-forming colicins depolarise the IM, which prompts ion efflux and
thereby causing the depletion of cytoplasmic adenosine triphosphate (ATP) and, in turn,

cell lysis (Housden et al., 2005).
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Figure 1.3 The mode of action of group A and group B colicins (adapted from
Kleanthous, 2010). Both groups A & B colicins consist of nucleases that cause DNA or
RNA cleavage and cell death. And pore-forming colicins, which depolarise the inner
membrane (IM) and cause cell death. The difference is that group A colicins first bind to a
receptor (i.e., BtuB) and translocator (i.e., OmpF) in the outer membrane (OM), after which
they permeate the peptidoglycan (PG) layer, the periplasm, and the IM, where Tol proteins
are recruited for translocation, a process enhanced by the presence of the proton motive
force (PMF) in the IM. While group B colicins bind to one receptor, either FepA or FhuA,
in the OM and translocate through the periplasm where they recruit Ton proteins.
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1.2.2.1 Translocation of nuclease (group A) colicins
The nuclease (C) domain of colicins E2, E7, E8, and E9, acts to cleave the chromosomal
DNA of colicin-sensitive E. coli cells. The four E colicins within this group share
considerable sequence homology in their (R) and (T) domains, as well as exhibiting 80%
homology in their (C) domains (Cascales et al., 2007). To translocate across the OM, all
nuclease colicins derive the required energy from the IM, which may aid not only protein
unfolding upon entering the cell, but also the release of Imm proteins from the protein—
colicin complexes (Vankemmelbeke et al., 2009; Kim et al., 2014). Therefore, the multi-
step import of colicins involves recognising and binding with receptors, recruiting Tol
proteins if colicin is group A or the Ton proteins if colicin is in group B, and, in turn,

traversing the cytotoxic domain (i.e., the (C) domain) to the site of toxicity (Figure 1.4).
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Figure 1.4 Diagrammatic representation of the translocation of nuclease colicins
(adapted from Farrance et al., 2013). The functional domains of colicins consist of three
domains: the translocation (T) domain, receptor binding (R) domain, and
deoxyribonuclease (C) domain (i.e., DNase). Within the producing cell, they are bound
with cognate immunity (Imm) proteins forming colicin—Imm protein complexes, which are
secreted into the external environment. Once colicins bind to their receptor (i.e., BtuB) in
the outer membrane (OM), the (T) domain translocate into the periplasm, allowing the
dissociation of Imm protein from the (C) domain, which in turn, is internalised into the
cytoplasm of the susceptible bacterial cell. Once internalised, the (C) domain is able to
degrade the DNA of the susceptible cell, leading to cell death.
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Imm proteins have a molecular weight of approximately 10 kDa and act to neutralise the
cytotoxic activity of nuclease colicins by forming stable complexes. Once the group A
colicins enter susceptible cells, the Imm proteins dissociate from those complexes,
allowing the liberated (C) domain of the colicin to begin DNA cleavage, leading to cell
death. The dissociated Imm proteins are detectable in the extracellular media after

approximately 20 min after receptor-binding (Papadakos et al., 2012).

1.2.2.2 Translocation of pore-forming (group A) colicins
The translocation of group A (pore-forming) colicins acts to disrupt the function of
important intracellular components (e.g., ATP activity) and, as the pores form,
transmembrane electrochemical gradient. The intracellular levels of potassium (K*) and
magnesium (Mg?*) decrease, and by disrupting the voltage-dependent ion channels in the

IM causes bacterial death (Alonso et al., 2000), as shown in Figure 1.5.
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Figure 1.5 Pore formation by colicin (adapted from Bharti, 2015). While colicin and
its structural domains (i.e., receptor binding (R), translocation (T), and cytotoxic (C)
domains) enter the cells. Once the pore-forming cytotoxic (C) domain reaches the inner
membrane (IM), here, the (C) domain acts to form a pore in the IM, leading to the loss of
intracellular ions (K* and Mg?*), as well as disrupting ATP activity, eventually leading to
cell death.

Pore-forming colicins require an acidic pH to create pores in the IM. Zakharov and Cramer
(2004) have observed that the initial interaction of the pore-forming domain (i.e. (C)
domain) with the IM is electrostatic and that the (C) domain’s orientation to the membrane
surface is facilitated by a set of positive charges on the domain’s surface. Once the (C)
domain has bound to the IM, it unfolds, leading to the extension of the (C) domain’s helices

and its entry into the cytoplasm (Zakharov & Cramer, 2004).
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Because pore-forming colicins are also cytotoxic to the bacteria that produce them, the co-
synthesis of specific inhibitors (i.e., Imm proteins) is essential to protect the colicin
producing strains against cell death. Indeed, a single molecule of colicin has been shown
to kill producing cells (Johnson et al., 2013). The Imm proteins of pore-forming colicins
have been studied, and the gene encoded them to be located in the intergenic gap between

the lysis gene and colicin on the plasmid (Metola et al., 2017).

A particular group A colicin, colicin M, has a mechanism of action unlike that of other
colicins, one that Kills sensitive E. coli cells in a process involving the hydrolysis of the PG
lipid 11 intermediate. The primary structural component of the bacterial cell wall, PG, plays
a role in protecting against external stress by maintaining the transport of nutrients across
the OM of the bacteria and by preventing osmolysis. However, colicin M inhibits the

polymerisation of PG, which results in cell lysis (Kamensek & Zgur-Bertok, 2013).

1.3 Interaction of colicins with Tol proteins

The Tol-Pal translocation system consists of seven proteins. Five of these proteins (TolA,
TolB, TolR, TolQ, and Pal) are involved in the translocation of group A colicins into the
cytoplasm of a susceptible cell (Zakharov & Cramer, 2004). Of those five proteins, three
are associated with the IM; TolA, TolQ, and TolR. These are linked together as a
transmembrane unit, whereas TolB exists in the periplasmic space, and Pal is linked

directly to the OM. This configuration is detailed in Figure 1.6.
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Figure 1.6 Tol-Pal system shown within Gram-negative bacterial cell wall (adapted
from Lazzaroni et al., 2002). The location of Tol proteins with their domains (i.e., Pal,
TolB (two domains, one bound to Pal where the other domain bound to TolA). TolA (three
domains; one bound to TolB in the periplasm where the other two are bound to TolR and
TolQ in the IM). ToIR (two domains; both bound to TolA and TolQ) and TolQ (three
domains; also bound to TolA and TolR)) are linked through the inner membrane (IM),
directly through the periplasm, and extend into the outer membrane (OM). Upon binding
with Tol- dependent colicin (i.e., group A), the Pal unit in the OM activates the -propeller
domain of the TolB unit in the peptidoglycan (PG), which in turn activates the TolB N-
terminus unit within the periplasm, linking to TolA C- terminus, extending into the IM.
This leads to binding with the remaining Tol proteins, thus providing the colicin with a
physical link to translocate through the Gram-negative cell wall.
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The functions of the five Tol proteins have been investigated by mutational analysis. This
type of genetic manipulation designed to generate mutations within the Tol-Pal genes to
determine their function. It has revealed that mutations in the Tol-Pal genes result in a
defect in the integrity of the OM that, in turn, results in cellular hypersensitivity to
detergents, drugs, and periplasmic proteins leaked into the external medium (Chan Li et
al., 2012). Further research on TolA mutational analysis has revealed different uptake
properties with colicin A (ColA), a pore-forming colicin, and E1, a nuclease colicin.
Certain TolA point mutations have been isolated, and bacterial strains carrying these have
demonstrated tolerance to ColA, but not to colicins E1, 2, 3, or K (Dubuisson et al., 2002).
Thus, the exact role of TolA remains unclear, with further research into the fundamental

mechanisms still required (Zhou et al., 2012; Rassam et al., 2018).

The TolA protein comprises three domains, combined with a molecular weight of 44 kDa
(Egan., 2018), as illustrated in Figure 1.7. The first domain (Domain I) exists in the IM and
is bound to other Tol proteins, namely TolQ and TolR, which interact at the N-terminus.
Domain Il exists in the periplasm and links Domain I and Domain 111. Domain Il exists in

the periplasm as well and is responsible for PPIs with extracellular proteins.
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Figure 1.7 The structural organisation of TolA (Lazdunski et al, 1998). The figure
depicts TolA, as well as its three Domains. Domain | exist within the inner membrane (1M);
Domain I, 111 exist in the periplasm (the dark grey area is where the interactions with
colicin occur), both domains are extended into the outer membrane (OM).

Research has demonstrated that TolA interacts with the TolB—Pal complex in the PG layer
between the IM and OM and is directly linked to energy provided by PMF in the IM (Egan,
2018), as shown in Figure 1.8. The proteins in the IM (i.e., TolA, TolQ, and TolR) form a
trimeric complex, which, in the presence of PMF, allows energy transfer through TolA to

the Pal-TolB complex through the PG.
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Figure 1.8 The interaction of TolA and the TolB-Pal complex in the Gram-negative
bacterial cell wall, in association with hydrogen ion (H") movement during proton
motive force (PMF) (adapted from Egan, 2018). The figure is showing (non-energised
state), Tol proteins where TolB (B) and Pal in the outer membrane (OM) extending to the
peptidoglycan (PG), where Tol (QAR) in the inner membrane (IM) and the presence H* of
in the IM. In the presence of PMF, the accumulation of H* in the IM during PMF means
that they are able to bind to the TolA units in the IM. By linking to the Pal-TolB units
present in the PG, energy is able to be transferred to the OM (energised state).

However, in the absence of PMF, no interaction has been detected between Tol proteins in
the OM and the IM. This subsequently inhibits the translocation of colicins across the
membranes. Nevertheless, it has been detected that the association of other proteins in the
IM, namely TolQ and TolR, enhance the interaction of TolA and the TolB—Pal complex

(Lloubeés et al., 2001).
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In contrast to TolA, TolB has two domains, namely the B-propeller domain and the N-
terminal domain, with a combined molecular weight of 47 kDa (Figure 1.9). The B-
propeller is positioned where Pal binds to TolB C-terminus, whereas the N-terminal

domain is positioned in the periplasm between the IM and OM (Bonsor et al., 2009).

B-propeller domain

D120

N-terminal domain

Figure 1.9 TolB structural organisation (Lazdunski et al, 1998). TolB structure includes
the B-propeller domain existing in the OM and the N-terminal domain existing in the
periplasm.

TolB has a total of 408 amino acid residues and exists in the periplasm, linking to the OM
(Szczepaniak et al., 2020). The C-terminus, bound to Pal within the PG layer, consists of
six B-propeller domains, and the N-terminus consists of a and B domains linking to the
OM. Pal consists of four-stranded B and o sheets connected to the C-terminus of TolB to
form the TolB—Pal complex. However, the binding is not rigid and can be flexible to allow

TolB to interact with other proteins and for Pal to bind to the PG layer (Santos et al., 2015).
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Finally, TolQ and TolR. TolQ is a protein occurring in the IM with three transmembrane
helices, and TolR attaches to the IM by a single helix and extends into the periplasm (Egan,
2018). TolQ and TolR form a complex with TolA in the IM, consisting of transmembrane
helices linking through to the periplasm, allowing energy transfer from PMF interaction
(Zhang et al., 2011). Using mutation analysis and study of two-hybrid systems which detect
PPIs, Teleha and colleagues (2013) observed how TolQ and TolR engage in the PMF
activation of TolA. This might support the interaction of TolA with the TolB—Pal complex

in the OM, facilitating colicin translocation.

1.4 Colicin A (ColA)

ColA is a water-soluble colicin in group A with a molecular weight of 63 kDa. It acts to
form pores in the IM of E. coli (Dunkel et al., 2015). X-ray crystallography has revealed
that ColA has 10 amphiphilic a-helices, with a hydrophobic region between helices 8 and
9. A study on ColA crystal structure has suggested that after ColA binds to the receptor on
the OM of E. coli (i.e., BtuB), helices 8 & 9 penetrate the OM, followed by the hairpin of
helices 5 and 6. However, it must duly be noted that due to the instability of pore formation,
investigating that process with nuclear magnetic resonance (NMR) or X-ray

crystallography has proven to be difficult (Alonso et al., 2000).
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ColA has been studied using site-directed spin-labelling electron paramagnetic resonance
(EPR) in order to observe the membrane proteins’ structural properties (Jagannathan et al.,
2010). Pulagam & Steinhoff (2013) employed this technique to gain insight into its kinetics
and binding affinities as a means to characterise its binding to E. coli OM. Such binding is
an important factor in ColA translocation due to the involvement of the hydrophobic region

of the molecule.

The translocation involves several stages. First, the (R) domain binds to the BtuB receptor,
after which ColA unfolds. Second, when ColA binds to the surface receptor, the (T) domain
enters into close proximity with OmpF. Next, the BtuB—OmpF translocon transfer the (T)
and (C) domains into the periplasm. Third, the unfolded (T) domain threads through one
of the channels within OmpF and enters into the periplasm. Next, the (T) domain binds to
TolB protein in the periplasm using the TolB box, where ColA interacts with TolB. Lastly,

TolA binds to the ColA (T) domain, and this binding site is referred to as the TolA box.

Bouveret et al. (2002) proposed that assuming the exposure of the N-terminus occurs on
the OM periplasmic side, the (T) domain interacts with not only TolB at the N-terminus
but also with TolA upstream from that terminus. If this is correct, then the (T) domain
simultaneously interacts with both TolB and TolA. Building upon this research, Penfold
and colleagues (2012) proposed that, if a Brownian motion interaction occurs, during
which proteins are capable of converting chemical energy into mechanical motion during
ColA translocation, then the TolB box will bind to TolB, and its TolA-box will bind to
TolA via a high-affinity interaction. In turn, that interaction allows the (C) domain to enter

the periplasm to reach the IM, where it can exert its cytotoxic effect via pore formation
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and, in time, cause cell death (Zakharov & Cramer, 2004). This process is represented in

Figure 1.10.
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Figure 1.10 Diagrammatic representation of the components of the Tol-Pal cellular
import pathway for the pore-forming colicin (e.g., ColA), including TolB, Pal, TolA,
TolR and the immunity (Imm) protein in the inner membrane (IM) (adapted from
Zakharov & Cramer, 2004). Pore-forming colicins are required to bind to BtuB and
OmpF in the outer membrane (OM), noting that other types of colicins bind to TolC in the
OM. By binding to BtuB and OmpF, ColA is subsequently able to bind to the Pal-TolB
complex in the peptidoglycan (PG), Tol-ARQ complex in the IM, allowing for
internalisation of ColA by providing energy (*~u*w) through the interaction of TolA with
Pal-TolB complex in the periplasm. This will lead to pore formation and subsequent cell
death.
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Research suggests that an increase in the number of the pore-forming channels in the IM
is directly linked to the presence of TolA and TolB aggregates in the cytoplasmic

membrane and confirms their involvement in ColA translocation (Dubuisson et al., 2002).

Research into the interaction between ColA, TolA, and TolB began with immune-blotting
experiments that revealed ColA interaction with TolA and the formation of the TolB—Pal
complex. Using surface plasmon resonance (SPR) studies on the binding affinity of ColA
and TolA, it has been shown that ColA interacts with TolA (Lazdunski, 1998). Later
research using mutational analysis focused on clarifying the involvement of the TolB—Pal
complex in its interaction with ColA (Lazzaroni et al., 2002). It has been shown that ColA
binding to the surface receptors BtuB and OmpF facilitates the entry of the ColA (T)

domain and its later interaction with TolB (Hands et al., 2005).

Hecht and colleagues (2010) used in vitro NMR to confirm the direct interaction between
ColA and both TolA and TolB in the (T) domain. The titration of an unlabelled ColA to a
labelled TolA-I11 bound to unlabelled TolB has revealed the unfolding of TolA-I11 residue
in the (C) domain, and the interaction of ColA binding to TolA and TolB separately to form
a trimeric complex. They also reported the formation of the TolB—TolA-111 complex. This
research was important because, by the labelling of one protein, the level of background
noise that accompanies NMR was reduced, and they were able to distinguish the protein of
interest from other proteins. The authors suggested that the first unfolding of ColA occurs
where the (R) domain binds to the OM receptor, followed by a second unfolding during
the translocation where the N-terminus (i.e., (T) domain) interacts with TolA-11I (i.e., C-
terminus) (Hecht et al., 2010). However, this contradicts with an earlier study which

showed that ColA (T) domain formed two complexes (i.e., ColA-TolA-TolB, and ColA-
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TolA-TolR) in different regions and that these interacted with TolA and TolB in different
regions (Collins et al., 2002). Therefore, it must be stated that the entire process is not yet

fully understood. Further research is needed for full elucidation of the mechanism.

It has also been demonstrated that in the absence of the Imm protein, ColA cannot reach
the IM from the cytoplasm and, as a result, is not able to deliver a cytotoxic effect to colicin-
producing cells (Fridd et al., 2002). In another study that same year, Duché (2002)
investigated ColA interplay with the Imm protein to find that ColA (C) domain fuses with
a single peptide on the cytoplasm to enter the cells and translocate through the periplasm
until pore channels in the IM are formed. The colicin’s cytotoxic effect was shown to be
inhibited by the Imm protein, as confirmed by examining the structure of the ColA pore-
forming domain (C) without the Imm protein. As a consequence, the colicins produced,
upon being rendered unable to kill, remained in the cytoplasm of the producing cell due to
the polarity of the transmembrane electrochemical potential. It must be noted that colicins
that are external to the cells continued to be able to kill sensitive cells provided that the

corresponding Imm proteins were absent (Duché, 2002).

Research on the ColA (C) domain has revealed that potassium ion efflux causes membrane
depolarisation, ATP depletion, and, in turn, cell death. However, the pore-forming
mechanism of ColA remains unclear. ColA pore-forming activity was first inferred from
in vitro experiments and later from indirect in vivo observation. An interesting finding
comes from Bénédetti and colleagues (1992), who showed that trypsin affected the efflux
mechanism upon being added to ColA. Because trypsin cannot access the cytoplasmic
membrane of bacterial cells, those authors suggested that after the translocation of ColA,

part of it, notably its polypeptide chain, remains outside bacterial cells. This could explain
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later the effect of trypsin on ColA outside cells as well as the closure of pores (Cascales et
al., 2007). Upon being added to ColA, trypsin deactivated ColA and stopped the potassium
efflux, likely due to its proteolytic activity. The extended effect of ColA unfolding suggests
that part of ColA remained in contact with the external medium. However, another
possibility is that ColA interaction with BtuB and OmpF caused it to unfold. Guihard and
colleagues (1994) also analysed the kinetics of the efflux of cytoplasmic potassium induced
by ColA in whole cells. Results indicated that the toxin (i.e. (C) domain) formed voltage-
dependent channels in the IM. Although the mechanism of pore formation and the structure
of the voltage-gated channels need clarification, later, Pulagam and Steinhoff (2013)
examined ColA pore-forming function by measuring the lag time (i.e., the time required
for a colicin’s translocation through the cell envelope before the efflux of cytoplasmic
potassium). The authors determined that the addition of urea to the system, which led to
the denaturing of ColA, resulted in the lag time dropping from 30 to 10 s. However, after
renaturation, the lag time returned to its normal value. Those findings indicate that ColA
unfolded upon entry, which facilitated its translocation through the membrane system.
However, it remains uncertain whether the entire ColA molecule is translocated into cells
(Chang, 2018)., and further research is clearly needed for a full understanding of the

interactions here.
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1.5 Nuclease colicin (colicin E9)

Colicin E9 (ColE9) is a group A (nuclease) colicin. The (R) domain binds to the BtuB
receptor in the bacterial OM, at which point the (T) domain crosses the membrane,
facilitated by OmpF, and binds to TolB, thereby forming the translocon ColE9-BtuB-—
OmpF-TolB (Klein et al., 2016). ColE9 translocation gains energy through association
with TolA in the IM, as previously described. This causes the release of the Imm protein
from the (C) domain of ColE9—-Imm9 complex. Subsequently, TolB binds to TolA, which
allows the (C) domain to enter the IM, where it can exert its cytotoxic activity by digesting

the bacterial chromosomal DNA (Figure 1.11).
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Figure 1.11 The mechanism of translocation for nuclease colicin ColE9 (adapted from
Farrance et al., 2013). The translocation of ColE9 begins when the receptor binding (R)
domain binds to the BtuB receptor on the outer membrane (OM). Next, the (R) domain
binds to OmpF to allow subsequent binding between the (T) domain and TolB-Pal
complex; TolA interacts with the TolB—Pal complex to release the immunity (Imm) protein
from the complex.

It has been demonstrated through the isolation of stable ColE9-BtuB complex in vitro
using gel filtration and chemical cross-linking that OmpF association with the BtuB—ColE9
complex, although necessary, is weak or transient, if not both (Law et al., 2003). Further
research has shown that the BtuB—ColE9-Imm9 complex recruits OmpF using an
intrinsically disordered 83 amino acid N-terminal sequence (Collins et al., 2002; Housden
et al., 2005). Additionally, Penfold and colleagues (2012) added that the interaction
between ColE9 and TolB occurs after their interaction with OmpF, and importantly that no
direct interaction with TolA occurs. More recently, TolA has been shown to function with
ColE9 in releasing energy and removing Imm9 by interacting with TolB (Atanaskovic &

Kleanthous, 2019).
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To date, in vitro, NMR studies have involved examining ColE9 (R) and (T) domains,
particularly to observe and confirm ColE9 interaction with TolB and the stability of that
interaction. In vitro NMR studies indicate conformational changes occur resulting from
TolB interaction with the ColE9 (T) domain. Furthermore, the unstructured sequence of
the (T) domain suggests that other interactions are likely to be occurring with other Tol
proteins. The interaction between ColE9 and TolB was additionally analysed after alanine
mutations were identified in the TolB box that removed the biological activity of mutant
ColE9 (James et al., 2002). The mutations were determined to be linked to three essential
residues, D35, S37, and W39, of the TolB box pentapeptide sequence in the N-terminal (T)
domain of nuclease E colicins. Through additional site-directed mutagenic research, this
technique has determined that the TolB box sequence in ColE9 is larger than a pentapeptide

and extends from residues 34 to 46 (Hands et al., 2005).

NMR has been conducted to investigate the interaction of ColE9 with Imm9. Research
indicated that no changes in the chemical shifts had occurred. However, the resonance of
the interaction region was affected, which indicates the presence of an interaction. Data
suggests that Tol proteins, such as TolA, may indirectly facilitate translocation by
interacting with TolB (Mosbabhi et al., 2004). The interaction between ColE9 and TolB has
also been studied using the two-hybrid system. Moreover, the data confirmed that their
interaction is pivotal to ColE9 cytotoxic activity (James et al., 2002). However, a greater
level of research in order to fully elucidate the mechanisms involved in these molecular

systems is needed.

34



1.6 Live-cell imaging of proteins

Efforts to provide more stable conditions to study bacterial cells and monitor their growth
have involved numerous modifications to cell-imaging systems in order to identify
techniques that can furnish information about cell biology beyond what optical microscopy
provides (Zucker, 2014). One such technique, live-cell imaging, is now quite common
across research fields involving the study of cellular dynamics and cell function. In
particular, live-cell imaging can be used in co-localisation studies, when two different
fluorescent probes are employed to define, for example, intracellular compartments and to
compare their functions, which provides information about the location of proteins within

cells (Hoppe et al., 2009).

The most common technique for live-cell imaging is light microscopy. In light microscopy,
entire specimens are uniformly illuminated. However, this can result in out-of-focus and
low-resolution imaging due to the three-dimension (3D) nature of biological samples,
which usually range from 0.4-0.7 um upwards in size. Therefore, conventional light
microscopes are not suitable for in vivo studies of bacteria. Electron microscopes allow
samples to be viewed in much higher resolution and in greater magnification. However,
that technique also has limitations, including inapplicability on non-dehydrated samples

(Singh & Gopinathan, 1998), meaning that living samples cannot be visualised.
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A variation on light microscopy is fluorescence imaging. This involves using fluorescent
labels in conjunction with light microscopy and selecting different excitation wavelengths,
including those in the ultraviolet (UV) and infrared (IR) range, to visualise the different
labels (Hoppe et al., 2009). Although an enduring problem with using cell-imaging
techniques has been long exposure times that can affect the viability of cells, the
development of bright fluorescent dyes has allowed for a reduction in the time of exposure.
The most common fluorescence imaging technique used to investigate PPIs entails using
green fluorescent protein (GFP) as a visual marker (Rosochacki & Matejczyk, 2002). GFP
is widely used because its folding properties facilitating the detection of PPIs via
biomolecular fluorescence complementation (BiFC). BiFC works by dividing GFP into
two fragments, and only in the case of PPI, the two fragments become fluorescent (Meyer
& Dworkin, 2007). Another fluorescence imaging technique applied to study PPIs is
fluorescence resonance energy transfer (FRET). When using FRET, a donor molecule
needs to be excited by a photon of a specific wavelength, which transfers energy to other

molecules by a non-radiative mechanism (Xing et al., 2016).

Another way of investigating PPIs is by studying the movement of proteins via
fluorescence recovery, which involves photobleaching proteins and measuring the time
they need to recover after the bleach diffuses from photobleached areas. In using
photobleaching to detect PPI, pulses generated from a laser on the bleaching wavelength
are similar to the fluorescence excitation; several images are produced in the same focal
plane, which shows the dynamics of the change in fluorescence within the bleached region
(Meyer & Dworkin, 2007). However, when fluorescent microscopy is used, phototoxicity

may occur during the excitation of fluorescent dyes, partly due to the occurrence of the
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oxygen-dependent reactions of free radicals (Frigault et al., 2009), causing cellular damage

to the living sample leading to death (Icha et al., 2017).

Among the most advanced live-cell imaging techniques, confocal laser scanning
microscopy (CLSM) affords an advantage over other microscopic techniques because it
precludes out-of-focus blurring and scattered light. In CLSM, light is collected through a
pinhole detector that moves to scan the whole sample, such that the pinhole’s small
diameter decreases the glare from the sample, typically reduced in size to a thin optical
section. Because the sample is illuminated with a laser, one caveat of using CLSM is to
determine the laser intensity and pinhole size in advance in order to control the background
fluorescence and photobleaching (Nwaneshiudu et al., 2012). It should be noted that CLSM
can provide clear images of living and fixed cells because the resolution of confocal
microscopes exceeds that of light microscopes, which may reach resolutions of 180 nm
laterally and 500 nm axially (Fouquet et al., 2015). This resolution power allows the
technique to provide more detailed information about cellular structures and cellular
localisation of macromolecules such as proteins, RNA, and DNA (Singh & Gopinathan,

1998).

The co-localisation analysis of two fluorescently labelled proteins, easily performed by
CLSM, can be used to visualise bacterial cells (Chen & Periasamy, 2007) and locate
proteins of interest. CLSM has also proven its ability to track single molecules (Oikawa et
al., 2012) and is currently considered to be a good observation technique for tracing
specific cells and providing 3D images (Nikoli¢ et al., 2018). CLSM provides results that
can be easily mapped and quantified as well (Wu et al., 2010). It can also be used to monitor

fluorescently stained bacterial cells grown within mixed populations, in which case it
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allows detailed microscopic studies of the differential sensitivity to antimicrobial agents

within mixed populations (Pamp et al., 2009).

When stimulated, dyes (also referred to as fluorophores) used in CLSM can re-emit light
upon light excitation, more than one of which can be studied by monitoring the excitation
light at different wavelengths. To begin, an excitation light is provided by a laser at a
wavelength that excites and stimulates the fluorophore. When the laser reaches the target,
it produces extremely intense fluorescence at a specific focal point; the excitation beam
and fluorescence emission pass through a dichroic mirror that reflects the incoming laser
light with a shorter wavelength and higher energy, and the higher wavelength with lower-
energy light passes through to the light detector (Furia et al., 2014). Partly for that reason,
the appropriate dye to use depends on the target molecule, and dyes should have sufficient
sensitivity and selectivity to emit a sharp signal. Also, the concentration of fluorescent dyes
should be minimised to reduce any stress to living cells and to cause phototoxicity (Logg

et al., 2009).

Processing the images produced from CLSM requires a powerful computational facility
with image-processing procedures and specific hardware for stereoscopic image display.
CLSM can produce images of sections of the sample. In this way, the computer can
generate a series of sectional images that can be stored and created as 3D images (Nikoli¢
et al., 2018). However, a major limitation of CLSM is its relatively slow image acquisition,
which requires multiple scans to ensure high-quality images, and the minimal time per each

image’s acquisition should be at least 1 min (Paddock & Eliceiri, 2014).
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1.7 Nuclear magnetic resonance (NMR)

A novel and challenging method of studying PPIs is NMR. NMR allows for the
visualisation of the structure, dynamics, and interactions of biological macromolecules.
Using NMR, researchers have been able to demonstrate the different molecular structures
and associated chemical shifts for specific biological molecules and identify them (Sugiki
etal., 2017), as well as demonstrating the effect of solvents on sample preparation and how
aromatic as well as aliphatic atoms are represented in the NMR spectrum. Such findings
marked the beginning of one-dimensional (1D) NMR, which was used to visualise specific
atoms, including *H, *3C, and °N, within a chemical complex and then developed to study

biological samples (Takis et al., 2020).

Taking advantage of the magnetic properties of specific atomic nuclei and the magnetic
fields around the atoms, NMR involves changing the resonance frequency of the target
atoms (Sugiki et al., 2017). Briefly put, NMR targets atomic nuclei with odd mass numbers,
such as, 3C, N, and *H (Poulsen, 2002), which, produces a magnetic field by rotating
around a given axis. When a molecule is exposed to an external magnetic field, the
electrons within the molecule produce a local current that opposes the external magnetic
field. That dynamic condition reduces the total effective magnetic field and generates a
chemical shift, and any shielding from the external magnetic effect depends upon the
chemical structure of the tested sample (Poulsen, 2002). An example NMR output is

presented in Figure 1.12.
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Figure 1.12 1D and 2D NMR spectra (adapted from Wathrich,2003; Weidin et al.,
2008). a) The 1D spectrum shows signals of one H atom that represents each peak. b) the
2D spectrum shows the correlation between two different H atoms x1 and x2.

Improvements have been to the basic NMR technology, and it is now possible to undertake
two-dimensional (2D) NMR. In 2D experiments, emissions centre on a single frequency in
order for correlated resonances to be observed. It is possible to identify the adjacent
functional groups, and, in turn, the identification of associated resonances would be easier.
An example of a 2D NMR experiment includes heteronuclear correlation experiments, in
which emissions are centred on the peak of an individual nucleus. If the magnetic field

correlates with another nucleus, then the method is referred to as homonuclear correlation
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spectroscopy (COSY) sequencing. This can indicate which signals arise from neighbouring
atoms by up to four bonds (Anaraki et al., 2019). By contrast, if the atoms are binding
through intramolecular space, which means direct through-space interactions between
magnetic dipoles, then the method used is nuclear overhauser effect (NOE) coupling, in
which responses can be detected on the frequency of the correlated nucleus. Therefore, it
can be shown that 2D NMR spectra provide more information about molecules than 1D
NMR spectra especially in studying the structure of a molecule (Johnson et al.,2013). The
most common 2D experiment for protein analysis is *H-'°N correlation heteronuclear
single-quantum coherence (HSQC). This technique has allowed a host of protein structures

and interactions to be identified.

1.7.1 In-cell NMR
With regards to the structure and function of the intracellular environment of living
organisms, in-cell NMR is considered to be a novel tool for visualising biomolecules and
monitoring their activity in living cells. This is an extremely complex situation as the
potential for the disruption of normal physiological activity is high. At present, the
technique still needs additional studies to fully develop the approach for prokaryotic and
eukaryotic cells (Ito & Selenko, 2010). Concerning biomolecules, in-cell NMR has been
developed out of the related technique, in vivo NMR, which is used in the analysis of small
metabolites such as ATP. This has led to the development and successful application of in-
cell NMR, which is also capable of analysing large macromolecules, including proteins, in
addition to small molecules (Tochio, 2012). The chief difference between in-cell NMR and

in vivo NMR concerns how the signals of the target molecule are differentiated from the
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background signals, and this makes in-cell NMR requires a more complex labelling
technique than the one required by in vivo NMR (Serber et al., 2005). Over time, the use
of in-cell NMR has expanded to include studies investigating protein—~DNA interactions,
the dynamics inside folded and unfolded proteins, and protein stability (Ito & Selenko,
2010). It must be noted that in-cell NMR has been developed to study also mammalian
cells, for example, HeLa cells (Bekei et al, 2012), and it has been successfully used in drug-
screening assays to observe delivery inside living cells and the binding affinity of the drug
to its target (Burz & Shekhtman, 2009). To date, diverse studies on the applicability of in-
cell NMR in a variety of cells have involved determining the structure of the TTHA1718
protein in prokaryotic cells. This study involved extraction of the putative metal-binding
protein TTHA1718 from Thermus thermophilus, which was subsequently overexpressed
in E. coli to be analysed by in-cell NMR (Sakakibara et al., 2009; Ikeya et al., 2019).
Another successful in-cell NMR application was examining protein dynamics and PPIs
with calmodulin (Serber et al., 2004). Calmodulin (CaM) is a ubiquitous calcium-sensing
protein among eukaryotes. Over the years, CaM was used as a tool to study calcium
signalling in research. In-cell NMR analysis of calmodulin has been achieved by labelling
its methyl group, and they were able to identify its structure (Grant & Marshall, 2019). In
other research, Calmodulin signalling pathways have been also studied by in-cell NMR in
how CaM interacts with and activates its targets. Among those targets, CaM has been
shown to be an essential component of a calcium-sensing regulatory apparatus for several
voltage-gated ion channels. In-cell NMR was used for structural characterization of CaM-
peptide complexes, in particular for the study of 1Q motifs, which binds CaM at that basal

level of calcium in cells and thereby serve to localize CaM to its sites of action. The

42



application of a titration method of CaM with 1Q motif peptides to determine the
stoichiometry of the complex and to identify the residues at the binding interface was their
approach (Damo et al.,2013). The resulted changes in amide chemical shifts were observed
in the N-H HSQC spectrum of °N-labeled CaM to dissect the stoichiometry of peptide
binding, as well as to identify residues perturbed upon peptide binding as there were
involved in the signalling pathway. The achievements were valuable for understanding the
transduction of calcium signals by CaM and the activation of the intracellular signalling
pathways (Damo et al., 2013). The list of successful in-cell NMR applications extends to
analysing protein folding, such as, human copper, zinc superoxide dismutase (SOD1)
(Banci et al., 2011). This protein is involved in the cadmium toxicity mechanism, and
aggregation of the protein causes neurodegenerative diseases such as lateral sclerosis in
human cells (Polykretis et al., 2019). SODL1 is an evolutionarily conserved antioxidant
enzyme that is present in most tissues at relatively high concentration, particularly in
neuronal cells, and is localized in the cytoplasm, nucleus, and mitochondria. In order to
reach the enzymatically active form, SOD1 needs to dimerize, bind one zinc ion and one
copper ion per monomer, and form an intramolecular disulphide bond. Analysis of the cell
lysates by in-cell NMR revealed that SOD1 could not bind zinc even when zinc is
supplemented after cell lysis forming irreversible aggregates which causing the disease,
indicating that the misfolding state of the cells occurs before metal binding (Luchinat &
Banci., 2018). In another study, SOD1 folding properties in living cells were investigated
using in-cell NMR. The study confirmed the interaction between SOD1 and ebselen, which

is an organo-selenium compound with broad antioxidant properties. In-cell NMR of
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oxidation of SODL1 in living cells by ebselen showed how is the interaction affected its

folding in the living cells (Grant & Marshall, 2019).

Although the use of in-cell NMR remains relatively uncommon, the method has proven its
value by way of its ability to reveal the activity of proteins inside cells. However, it must
be noted that this technique requires meticulous optimisation. Such modern in-cell NMR
techniques have opened a new field of analysis of macromolecules, and understanding
protein’s mechanism of action with in-cell NMR has supported drug development and
protein engineering (Burz & Shekhtman, 2012). Recently, in-cell NMR was used to study
antituberculosis imidazopyridine amide (IPA) in living cells and observed drug binding to
the cytochrome b in living cells (Kang, 2019). The study showed the engagement of an
IPA anti-TB drug with its bacterial target, which is cytochrome b. Furthermore, in-cell
NMR was used to characterize the hit—target binding affinity measurement mode by taking
into account the dynamics of the association. Such interaction information can be very

valuable for drug discovery programs (Bouvier et al., 2019).

1.7.2 The use of isotope labelling and protein overexpression in conjunction with
in-cell NMR
The introduction of isotopes labelling can facilitate the selective visualisation of proteins
of interest (Verardi et al., 2012). Target labelling not only aids the NMR-supported
detection of macromolecules but also reduces background signals and thus provides more
apparent results (Maldonado et al.,, 2011). However, the challenge with using the
technique, is that efficiently producing isotopically labelled proteins inside cells can be

achieved by two methods. Firstly, expressing the proteins in a labelled medium, where the
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cells are able to uptake the isotopes and produce labelled proteins through normal
metabolic functions. The second method is to inject labelled proteins directly into cells.

However, microinjection is only applicable to large proteins (Burz & Shekhtman, 2009).

The often-time-consuming process of preparing samples for in-cell NMR begins with the
overexpression of target protein within the cell system under study. Such overexpression
is pivotal because it produces a high yield of proteins within the cellular environment
without protein leakage (Maldonado et al., 2011). Many methods have been employed to
achieve a high yield of recombinant proteins inside bacterial cells, particularly in E. coli
(Mondal et al., 2013). The use of an inducible plasmid in bacterial cells has proven to be
an effective method of producing isotopically labelled targets during protein
overexpression. For example, bacterial T7 expression systems are capable of producing a
high yield of proteins, thereby generating isotopically labelled targets rapidly (Freedberg
& Selenko, 2014). Beyond that, using selective plasmids with specific induction time helps
to control the high concentration of overexpressed proteins (Maldonado et al., 2011).
During experiments, the induction time and temperature of the incubation of overexpressed
proteins should be monitored to ensure cell viability as well. As an example of monitoring
bacterial cell viability, Serber and colleagues (2005) managed to monitor the
overexpression process of NmerA protein in E. coli cells using in-cell NMR. They obtained
data every 2 h and determined that when protein signals started to form, they determined
that the cells remained viable for 6 h, and this was one of the successful applications of in-

cell NMR.
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1.7.2.1 ®°N labelling
The majority of studies on efficient isotope labelling have used E. coli as a model organism
due to the high level of protein overexpression obtainable from those cells (Rosano &
Ceccarelli, 2014). Proteins may be isotopically labelled with ammonium chloride >NH4Cl,
which incorporates the °N isotope nuclei into the protein’s peptide backbone, which
reduces the background signal from other proteins in bacterial cells (Maldonado et al.,
2011). A successful application of in-cell NMR with N labelling, its applicability with E.
coli, Xenopus oocytes, and HeLa host cells and, in such research, proteins have been
isotopically labelled and identified, and 3D structures have been determined, as indicated
by 1°N-H correlations (Burz & Shekhtman, 2012). However, it should be noted that using
15N Ilabelling in this manner ensures that every nitrogen molecule is labelled in the in-cell
NMR sample, which may complicate investigating the protein of interest. To overcome
that problem, some authors, such as the research of Burz & Shekhtman, 2012, have
suggested that when using the overexpression technique, bacterial cells should be grown
in an ordinary medium and then changed into a labelled medium only directly before
inducing protein overexpression, which will predominantly direct labelling only to the

induced protein of interest.

Another method of labelling the protein’s backbone is to label specific amino acids that are
incorporated in the newly synthesized protein, such as arginine, histidine, and lysine, which
significantly reduces the number of residues in the overexpressed protein. However, such
isotope labelling causes lower resolution because only labelled residues are visible in the
in-cell NMR spectrum (Maldonado et al., 2011). Also, isotope labelling them with N may

cause peaks to overlap due to large resonance line widths inherent in *°N labelling, labelling
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a specific type of amino acid with only N has been suggested. Even so, that technique
depends on many factors, including the role and the location of the targeted amino acid and

the effect of isotope labelling on other amino acids in the in-cell NMR samples.

Further research piloted another protocol to reduce the background of other labelled
proteins by adding an antibiotic (e.g., rifampicin) that inhibits protein biosynthesis by
affecting bacterial RNA polymerase but not bacteriophage T7. The results indicated that
because protein overexpression is under the T7 promoter, the production of proteins by
other mechanisms will be suppressed leading, to reducing the background of the labelled

molecule (Serber & Dotsch, 2001).

1.7.2.2 3C labelling
Another labelling protocol involves using *3C as a source of carbon to label atomic nuclei
in overexpressed proteins. However, *C labelling produces a high background of
metabolites owing to the normal metabolism of the cell producing labelled products. To
overcome that problem, 3C labelling the amino acid side-chain residues, especially those
in the methyl and methylene groups, reduces the background and clarifies the signals, as
commonly done with large molecules by labelling the methyl groups (Buescher et al.,
2015). In general, the application of $3C labelling is limited to small molecules, because of
the metabolic by-products. However, in the case of larger ones, the selective labelling of
methyl groups in overexpressed proteins is required. A study involving the isotope
labelling of methyl groups in proteins achieved a higher sensitivity with in-cell NMR than
any other group, including the amide group. Such high sensitivity was achieved because

the methyl group contains three *H protons coupled to 3C, whereas the amide group
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contains three bonds attached to the carboxyl or methyl group. Another advantage of
methyl group labelling is that methyl protons do not undergo chemical reactions with
water, which can cause the loss of signal, as in the case with the amide proton (Serber et

al., 2006).

1.7.2.3 1F labelling
Fluorine (*°F) labelling has been found to be particularly effective with globular or
disordered proteins. >N labelling of globular proteins tends to result in low signal intensity,
primarily due to the high viscosity and weak interactions that present within the cytoplasm.
Similar to *H labelling, *°F labelling results in high sensitivity to the NMR with a range of
chemical shifts more prominent than the range in protons. As natural proteins do not
contain fluorine, labelling the amino acids with °F may result in low background signals
during protein overexpression (Didenko et al., 2013). Additionally, *°F labelling is highly
sensitive in that it does not require a relatively high concentration of proteins due to the
short time needed for experiments. Further, it facilitates straightforward detection because
the °F labelling of globular proteins normally produces sharp, well-distributed peaks. *°F
labelling is exceptionally useful in the site-selective labelling of fluorine-containing amino

acids such as tryptophan and phenylalanine (Freedberg & Selenko, 2014).
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1.7.3 Advantages of in-cell NMR
NMR is a non-invasive method applicable in both in vitro and in vivo studies. In the case
of in-cell NMR, capturing the 2D and 3D structure of proteins would allow the study of
proteins and how they function inside cells (Burz & Shekhtman, 2009). In vitro NMR has
been applied to distinguish details of protein structure due to its well-resolved resonance,
particularly when adding isotopic labelled molecules to be NMR-visible, which either
disperse within the cellular membrane before their purification or are actively transported
inside the cells. To date, the analysis of protein dynamics and PPIs in vivo has been
performed successfully with a predominantly bacterial system, where it has been used as a

novel technique that shows NMR-active nuclei within the 3D structure (Pastore, 2017).

In studies on PPIs, in-cell NMR potentially allows a researcher to determine the precise
nature of the structural interactions through observation of the binding of the interacting
proteins in different forms: one isotope-labelled, the other not. As a result, the method can
capture the ability of molecules to adjust to the binding behaviour of a known interaction
between two proteins (Ito & Selenko, 2010). Ultrafast methods for 2D and 3D NMR have
been developed to support cell viability, which have reduced the time required for the 2D
experiments to mere seconds and 3D experiments to mere hours. The recent ultrafast NMR
methods are able to deliver 2D NMR spectra involving any kind of homo- or heteronuclear
correlation in a single scan (Giraudeau & Frydman, 2014). Also, the ability of in-cell NMR
analysis using the ultra-fast method has been extended to visualise folded and unfolded
proteins because the distribution of signals over the spectrum is capable of identifying the

difference between them (Poulsen, 2002).
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One more advantage of in-cell NMR is that it not only allows visualisation of the location
and dynamics of proteins and macromolecules but also shows changes in their structures
and any interaction(s) with other cellular components by measuring chemical shifts and
observing the position of resonance lines. A final set of advantages of in-cell NMR includes
that each signal identified represents an atom, its chemical shift resolves its location, and
the well-resolved spectra are always shown as narrow lines, which facilitates assigning

each resonance, makes it easier for interpretation (Marion, 2013).

1.7.4 Disadvantages of in-cell NMR
As previously stated, a disadvantage of in-cell NMR is the high concentration of proteins
required for the procedure. In-cell NMR experiments require cells to survive in generally
unfavourable conditions in NMR tubes with no nutrients or oxygen. Needless to say,
prolonged exposure to those conditions will undoubtedly affect the cells. To address that
problem, in-cell NMR experiments need to be conducted rapidly using only a few scans,
which is applicable only in high concentrations of proteins. At the same time, the
overexpression of the cells should be controlled, which could cause unwanted effects,
including that such toxicity might induce non-specific binding and protein leakage (Ito &
Selenko, 2010). Beyond that, producing high concentrations of proteins may prompt
protein aggregation, the formation of inclusion bodies, and high viscosity, all of which may
make the sample difficult to analyse in in-cell NMR. At the same time, low levels of
overexpression and long induction times can result in a high isotopic labelled background

in the spectra and reduce cell viability during that analysis (Freedberg & Selenko, 2014).
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Another disadvantage of in-cell NMR, as mentioned earlier, is that studying proteins under
physiological conditions entails some limitations, including overcrowding in the native
environment. This can cause non-specific interactions that obstruct detection of the protein

of interest (Pielak et al., 2009).

As a consequence of those potential disadvantages, Robinson and colleagues (2012) have
suggested two preliminary experiments need to be undertaken during in-cell NMR analysis
as important quality controls. The first is an analysis of ‘leakage’ signals in the culture
supernatants from the cells under study. The second is a viability test to assess the status
of the cells after the in-cell NMR measurement has been completed (Li & Liu, 2013).
Taken together, these two tests can be used to confirm whether the signals obtained by in-

cell NMR are truly intracellular, as described in chapter 6.

1.8 Optimising conditions for in-cell NMR sampling

It is difficult to determine the ideal conditions for in-cell NMR studies and which
environment the protein is best considered to be in its physiological optimum. With
reference to Burz and Shekhtman’s (2012) division of NMR techniques into three stages—
sample preparation, analysis, and data processing. Several factors should be considered
when preparing and running samples for in-cell NMR. First, the growth temperature of
bacteria should be at 37 °C due to the cytosol’s composition, and its solute concentration,
and ionic strength because changes in these conditions might lead to peak variation, and in
turn, the protein detection would be difficult. Second, the cell density of the sample is

important because a very high concentration of cells causes deterioration of the proteins;
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thus, the cells should form approximately 20% of the sample’s volume. Third, protein
degradation should be monitored, which is why the experiment should be run after cell
collection. Finally, the cell viability should be monitored before and after the experiments

using a colony plating test (Sharaf et al., 2010).

1.9 Aim of the thesis

Colicin could be a powerful, fast-acting alternative to antibiotics because of its cytotoxic
activity mediated by cellular components disruptions, which are similar to most of the
classic antibiotics (Behrens et al., 2017). The flexibility of different engineering types of
colicins opens up the field to discover novel antibiotics to control bacterial infections (Jin
etal., 2018). With the appreciation of the complexity of the intracellular environment when
studying these colicins and how they are produced by bacteria as a general property of
every living organism to proceed in this field, studying the details of colicin is required

((Bryant et al., 2005).

The gap of knowledge in colicin entry is that many questions remain unanswered about
colicin import (Kleanthous, 2010). In order to fully understand the translocation process of
colicin into the periplasm of E. coli cells, PPIs have to be investigated using CLSM and in-
cell NMR. Through analysing the effect of ColE9 (nuclease colicin) on E. coli cells
expressing the (T) domain of ColA. Is treating those cells with ColE9 result in protein-

protein interactions?
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This thesis aims to further the understanding of colicin internalisation within E. coli in
order to elucidate the fundamental mechanisms that enable these molecules to deliver their
cytotoxic effect. In order to achieve this aim, the following objectives will be addressed.
The first objective is to clone the relevant genes and gene fragments (TA, TolA box, and
TolB box) into appropriate vectors (e.g., pEt-15b and pBAD/gllIc) to allow for both
cytoplasmic or periplasmic expression. Secondly, to optimise overexpression and efficient
labelling. Third, CLSM will be used to investigate the effect of colicin E9 on the viability
of E. coli cells expressing TA, TolA box, and TolB box. Finally, in-cell NMR will be
utilised to detect TA, TolA box, and TolB box domains within the cells. This will be a

combination of experiments to optimise the condition suitable for in-cell NMR detection.
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Chapter 2

Materials and methods



2.1 Materials and methods

2.1.1 Chemicals and Reagents
All chemicals and bacteriological media used were purchased from Sigma-Aldrich
UK/USA, Oxoid (UK) or Thermo Fisher Scientific (USA) and Invitrogen unless stated

otherwise. Custom oligonucleotides were synthesised by Eurofins Genomics (UK).

2.1.2 Equipment
Living cells images were acquired using the Leica Application Suite Advanced
Fluorescence software 5 (Leica, UK), with an optical magnification of 40x using an oil-
immersion objective. Images were sized to 1024 x 1024 pixels and recorded by scanning
lasers over an area of 50 x 50 um. An argon-based laser was employed for excitation at
488 nm, and an HeNe laser for excitation at 543 nm. The emission was set at 528 nm for
SYTO 9 and 645 nm for propidium iodide (PI). Via sequential scanning, the images were

obtained and processed in Image J software for quantification of bacterial cells.

The NMR research was initially conducted in the NMR facility at King Saud University in
Riyadh, Saudi Arabia, NMR spectrometer -1E a Bruker Avance I11 (700 MHz) fitted with
5mm triple resonance TCI cryoprobe, after which it continued at the Manchester Institute
of Biotechnology in Manchester, United Kingdom, using a Bruker Avance 111 (850 MHz)
also fitted with a 5mm triple resonance TCI cryoprobe. All NMR spectra were obtained at

37 °C The spectra were acquired and processed using Bruker Topspin software v4.7.
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2.1.3 Bacterial strains, growth conditions and media
Bacterial strains used are indicated in Table 2.1. E. coli DH5a was used as the host strain
for plasmid stocks, whereas E. coli BL21(DE3) served as the host strain for plasmid
expression. Bacterial cultures were grown at 37 °C overnight in Lysogeny broth (LB)
medium supplemented with 100 pg/mL of ampicillin and stored as glycerol stocks at -80°C

for further use.

Bacterial Description Source

strain

E. coli F~endA1l gInV44 thil recAl relAl gyrA96 deoR nupG purB20 ¢80dlacZAM15A(lacZYA- | Invitrogen

DH5a argF)U169, hsdR17(r« mk*), A~ (USA)

E. coli F~ ompT gal dem lon hsdSg(rs mg™) MDE3 [lacl lacUV5-T7p07 ind1 sam7 nin5]) New

BL21 [ma|B+]K.12(7\.S) England

(DE3) Biolab
(UK)

Table 2.1. Bacterial strains used and their sources. Genotype description listed in the

Appendix A.

2.1.4 Cloning and expression vectors
Two vectors were used for construction of recombinant clones (Table 2.2), both were
cultured on LB agar supplemented with 100 pg/mL ampicillin. One is pBAD/glllc (4.1
Kb). Figure 2.1 shows the sequence map’s multiple cloning sites for pBAD/gllIc indicated.

The other vector used is pET-15b (Novagen, USA) (5.7 Kb) its sequence map of its
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multiple cloning sites is shown in Figure 2.2 similarly indicated. The restriction sites used

in the cloning of the constructs is listed in Table 2.3. Recombinant pColA and pColE9 were

a kind gift from Dr Chris Penfold (University of Nottingham) (see Appendix A).

Construct name Description Cloning vector
pTA/pTAL TA (full) amino acid residues 1-172 pBAD/glllc / pET-15b
pTolA box TA amino acid residues 52-172 pBAD/glllc

pTolB box TA amino acid residues 1-52 pBAD/glllc

Table 2.2 Construct names and their descriptions.
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A
A,B,C
B
. 0, Region X
1 AAGAARCCAA TTGTCCATAT TGCATCAGAC ATTGCCGTCA CTGCGTCITT TACTGGCTCT TCTCGCTAAC CARACCGGTA
81 ACCCCGCTTA TTAAAAGCAT TCTGTAACAA AGCGGGACCA AAGCCATGAC AAARACGCGT AACAARAGTG TCTATAATCA
Forward site
Q4 Reglon CAP, site
161 CGGCAGAAAR GTCCACATTG ATTATITGCA CGGCGTCACA CTTIGCTATG CclhTAGChTT TTTATCCATA AGATTAGCGG
Iz and Iy Reglon
-35 =10 RBS
| —— | — Ly |
241 ATCCTACCTG ACGCTTTTTA TCGCAACTCT CTACTGTTTC TCCATACCCG TTITTTGGGC TRACAGGAGG AATTAACC
— gene lll signal seq b Neo | Not
r 1 1
319 ATG ARA ARA CTG CTG TIC GCG ATT CCG CTG GTG GTG CCG TTC TAT AGC CAT AGC AC CAT
Met Lys Lys Leu Leu Phe Ala Ile Pro Leu Val Val Pro Phe Tyr Ser His Ser‘mm ) sk
> ol Bgill Pst| Parll AspT18] Kpn|  EcoR|BsBIHindll  Xbal myc apltope
=t L)
384 TCGCTCGAGAT CTGCAGCTGG TACCATATGG GAATTCGAAG CTTICTA GAA CAA AAA CTC ATC TCA GAA GAG GAT
Glu Gln Lys Leu Ile Ser Glu Glu Asp
Safl ] Polyhisticine reglon . H'rlnl
458 CIG AAT AGC GCC dTC GAC CAT CAT CAT CAT CAT CAT TGA GTTT AARCGGTCTC CAGCTTGGCT GTTTTGGCGG
Leu Asn Ser Ala Val Asp His His His His His His *»*»
—
631 ATGAGAGAAG ATTTTCAGCC TGATACAGAT TAAATCAGAA CGCAGAAGCG GTCTGATARA ACAGAATTTG CCTGGCGGCA
mBTyand Ty ptional
611 GITAGCGCGGT GGTCCCACCT GACCCCATGC CGAACTCAGA AGTGAAACGC CGTAGCGCCG ATGGTAGIGT GGGGTCTCCC
6891 CATGCGAGAG TAGGGAACTG CCAGGCATCA AATARAACGA AAGGCTCAGT CGRAAGACTG GGCCTTTCGT TTTATCTGTT

Figure 2.1 Map sequence of the pBAD/gll1 vector (Thermofisher.com). A) Shows the
vector’s map of pBAD/gIII (A, B, C), derived from pBR322 encoding ampicillin resistance
gene, using the araBAD promoter (PBAD), and the regulatory protein, AraC, that allows
regulation of PBAD. B) Shows pBAD/glllc multiple cloning site sequence with restriction
sites used for cloning, Ncol and Xhol, indicated by blue arrows. While black arrow
indicates gene 11l sequence which utilized for secretion of recombinant protein into the
periplasmic space.
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2

T7 promoter primer #69348-3

Bl T7 promoter ) lac operator Xbal tbs

AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACT TTAAGAAGGAGA
ige
> Ncoll His*Tag Nde| ™ Xho| BamH |
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGBCCTGGTGCCGCGCGECAGCE ATATGCTCGAGGATCCGGCTGCTAACAAAGCCCGA
MetGlySerSerHisHisHisHisHisHisSerSerG! ValP Q | uAsoProAlaAlaAsn AlaAr
etslyseroe ShisnisniIsnisnisoercersiyLeuvyalrr 3 ) UASPFrOAIQRIQGASNLYSA QArQ

H .
Bpui1021 thrombin T7 terminator
AAGGAAGCT TGGCTGCTE CGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGETCTTGAGGEGTTTTTTC

LysGluAlaGluLeuAlaAloAlaThrAlaGluGlnEnd

T7 terminator primer #69337-3

Figure 2.2 Map sequence of the pET-15b vector (Novagen.com). A) Shows the vector’s
map of pET-15b. derived from pBR322 encoding ampicillin resistance gene, using the T7
promoter and the lac operator for controlled expression. B) Shows vector’s multiple
cloning site sequence with restriction sites used for cloning, Ncol and Xhol, indicated by
blue arrows.
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2.1.5 Bacterial constructs and PCR primers
Figure 2.3 Shows the sequence of the TA region with the TolA and TolB box regions

indicated in black and blue lettering respectively. The primer sequences used for the

amplification of the TA regions are listed in Table 2.3.

ORIGIN
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121

181

241

301

361

421

481

ATGCCTGGAT

AGTGGTCCAG

TCTTCCAACG

CCGTGGGGAA

ACCGCTGATA

CTGGTCAATA

GCTGTGGAAA

AATGGCAAGG

GGGAACGAGC

TTAATTATGG

AGCCGGGTGG

TAGGTAATGA

AAGTCATCAT

ATTCATCGAT

ATCCTGTTTC

ATTATCTGAT

TTATGACGGA

TGGAAAAGGT

TGGTAGCCAT

GTCTGTGACG

CAATGCTGCA

GGTTCCTTAC

GCCGGCAGGT

GGTACAGTCA

GGTTCGTGAG

GATGGAACCG

GGAAATAGTG

GTAATGARAC

GGCCAGCCGA

GGCAGAGGGT

CAGAATGGCG

GGAAACCTGC

GAACGTACTT

GAACCTGGAC TGTGAAAGTT CCCCGGGAAG

GCTGGAGCTC

GTGGGCACGA

CAGGGGATTC

CCATGAACGG

TTACACGGGT

GGAAGTCTCC

CACCGGGCTA

CTGGCGGCGG

TACCTCAGCT

AGAACGTGGG

TCGTGGAGAT

GTATAACACC

AACGGTGATG

TTTAAATTCC

TGTTCAGACT

CTGGCTCAGT

TGGGAAAAAC

TACGGCATCC

Figure 2.3 TA full sequence. The TolB box region is indicated in dark blue, the TolA box
region in black. The sequences highlighted in yellow, light blue or red represent the
priming regions used for PCR amplification and the introduction of the restriction sites
required for cloning of the different TA regions into the vectors used (see also Table 2.3).
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Primer  Oligonucleotide sequence 5°-3° | Description

GCCATGGCTGGATTTAATA | Forward primer to introduce the

TGGT Ncol site in ColA TA1-172
RI2 GCTCGAGCCGGGGAACTTT | Reverse primer to introduce the

CACAGTCCA Xhol site in ColA TA1-172
RI3 CGGCCATGGAACCAGGGG Forward primer to clone ColA

ATTCG TA52-172 and introduce an Ncol restriction site
RI4 CCCTCGAGCATTACCGTCA | Reverse primer to clone ColA

CAGA TAL1-52 and introduce an Xhol restriction site

pBAD ATGCCATAGCATTTTTATC | Forward primer for sequencing inserts in the

Fwd C pBAD/glllc vector.

pBAD GATTTAATCTGTATCAGG Reverse primer for sequencing inserts in the

Rev pBAD/glllc vector.

Table 2.3 List of polymerase chain reaction (PCR) primers used for amplification of
the different TA regions. The restriction endonuclease sites introduced to facilitate their
cloning are indicated by the underlined sequences.
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2.2 General methods

2.2.1 Chemical transformation of recombinant pColA using heat shock
transformation into E. coli DH5a and BL21 (DE3)
First, 50 ng of pColA was added to 100 pL of chemically competent E. coli DH5a and to
50 uL of E. coli BL21 (DE3) as well for future expression. After incubation on ice for 30
min, the cells were heat shocked at 42 °C and again placed on ice for 5 min, all according
to the manufacturer’s instructions. The cells were incubated at 37 °C and shaking at 200
rpm for 1 h after the addition of 400 uL of pre-warmed super optimal broth with catabolite
repression (SOC). 200 pL of the culture were plated on LB agar plates containing 100
pg/mL of ampicillin and grown for 18 h at 37 °C. Colonies were selected and recultured

for further experiments.

2.2.2 Purification of pColA
A single colony of the transformed cells containing pColA was grown overnight at 37 °C
with shaking at 200 rpm in 10 mL of LB supplemented with 100 pg/mL of ampicillin. The
recombinant vector DNA was purified using the QIlAprep Spin Miniprep Kit (Qiagen,
Germany) following the manufacturer’s instructions. The miniprep was checked by
agarose gel electrophoresis described in Section 2.2.3.2. With large-scale purification of
pColA, a 500 mL of overnight culture (LB +amp) was conducted using a Plasmid Maxi
Kit (Qiagen, Germany) in compliance to the manufacturer’s instructions, and the purified

plasmid was stored at -20 °C.
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2.2.3 Cloning of recombinant TA region into pET-15b to produce pTA1 or into

pBAD/glllc to produce pTA
2.2.3.1 Amplification of the DNA sequence using polymerase chain reaction

(PCR)
First, 20 ng of recombinant plasmid was used amplify each DNA sequence (TA or TolA
box or TolB box) by polymerase chain reaction (PCR) using a MyCycler™ PCR system
(Biorad laboratories, USA). Typically, the PCR reaction mix comprised the components
listed in Table 2.4, using the forward and reverse primer pairs as listed in Table 2.3. A
negative control lacking template DNA was carried out to rule-out cross-contamination of

reaction tubes and the various reagents.

Component ‘ Volume
DNase- and RNase-free H.O 23.3 uL
plasmid 20 ng 20 pL
Reverse primer (10 mM) 2.5 uL
Forward primer (10 mM) 2.5puL
dNTPs (dATP, dTTP, dGTP, dCTP)2 1.5 pL each
mM

1 U Taq polymerase 0.2 uL
Total reaction volume 50 pL

Table 2.4. Components used for PCR amplification of target sequences.
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Typical reactions consisted of a denaturing step performed at 95 °C for 1 min, followed by
30 cycles of 95 °C for 45 s, 55 °C- 60 °C tm for 1 min and 72 °C for 2 min. A final
incubation step performed at 72 °C for 30 min was used to ensure that full-length fragments
were synthesised after all of the PCR cycles were completed. (tm= Primer melting
temperature). PCR products were checked on agarose gel electrophoresis (see Section

2.2.3.2).

2.2.3.2 Agarose gel electrophoresis
Agarose gel electrophoresis using a GT™ Horizontal electrophoresis system, (Biorad,
USA) was performed on all products of each step, following the method described by
Sambrook and Russell (2001). Each sample is treated with DNA loading dye. A 10 pl
sample was then loaded onto a 1% agarose gel containing ethidium bromide (10 mg/ml
stock) to a 0.5 pg/ml final concentration was run at 110 V (constant voltage) for 45 min,
and DNA was photographed under UV light using a Gel Doc™ EZ Gel documentation

system (Biorad, USA). Fragments were sized by comparing them to the 1 kb DNA ladder.

2.2.3.3 Digestion of PCR product
Following the manufacturer’s instructions and using the buffer provided, a double
digestion of each PCR product (TA or TolA or TolB box) using Xhol and Ncol 1U/1 ug
DNA (New England Bio-Labs, UK) was performed. The 50 pl mixture was incubated at
37 °C for 2 h, after which DNA loading dye was added to the product to be checked and

visualized by agarose gel electrophoresis described in Section 2.2.3.2.
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2.2.3.4 Ligation and chemical transformation
80 ng of each DNA insert (TA or TolA box or TolB box) was ligated into the either
pBAD/glllc or pET-15b which also digested using same restriction enzymes (i.e., Ncol &
Xhol) by T4 ligase enzyme (Roche, UK), following the manufacturer’s instructions. After
the reactions were incubated overnight at 16 °C, the ligation product was transformed into
E. coli BL21 (DE3) by chemical transformation using heat shock as mentioned in Section

(2.2.1).

2.2.4 DNA quantification
Genomic and plasmid DNA samples were quantified on a NanoDrop ND-2000
spectrophotometer by measuring absorbance at 260 nm. The purity of samples was

estimated by the ratio of absorbance of nucleic acids (260 nm) to amino acids (280 nm).

Concentrations of nucleic acids can be directly calculated from their measured absorbance

values at 260 nm, using the Beer-Lambert's equation:

Where, C= nucleic acid concentration in molar (M). A=UV absorbance in absorbance units
(AU), e=wavelength-dependent molar absorptivity coefficient (or extinction coefficient) in

M-1cm?.

L= light path in cm (cm).
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2.2.5 DNA sequencing
Plasmid DNA was diluted to a final concentration of 100 ng/uL. A 15 pg sample was mixed
with 2 puLL sequencing primer (10 mM) was sent to Eurofin genomics, UK for sequencing.

Recombinant vectors were sequenced using primers listed in Table 2.3.

2.2.6 Pilot expression of constructs based on the pBAD/glllc vector
The experiment was designed to test for and optimise the expression of recombinant
proteins, using different concentrations of L-arabinose. A single colony from a stock plate
of the E. coli BL21(DE3) containing a bacterial construct (pTA) that based on the
pBAD/glllc was used to inoculate 5 mL of LB supplemented with 100 pg/mL of ampicillin
at 37 °C overnight, after which five separate tubes were prepared in each of which 10 mL
of LB containing 100 pug/mL ampicillin was added to 100 pL of the overnight culture and
grown at 37°C with shaking (200 rpm) until an ODsoo of 0.6 (log phase) was reached. At
that point, the prepared L-arabinose solution was added to final concentrations of (20%,
2%, 0.2%, 0.02%, and 0.002%). Five 10-fold serial dilutions of 20% L-arabinose with
sterile water were prepared, the details of which appear in the Appendix B. Grown at 37
°C with shaking for 3 h, the samples were centrifuged (Eppendorf 5804, USA) at 4 °C and
10,000 g for 12 min. Resulting cell pellets were stored at -20 °C overnight, they were
resuspended in with loading buffer (see Appendix B) and analysed by Sodium dodecyl
sulphate (SDS-PAGE) gel electrophoresis using a Mini Protean Tetra cell (Biorad, USA)

as described in Section 2.2.9.
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2.2.7 Recombinant protein overexpression of (TA, TolAbox and TolB box)
2.2.7.1 Recombinant protein overexpression
A single colony from a stock plate of transformants containing each bacterial construct was
used to inoculate 5 mL of LB supplemented with 100 pg/mL of ampicillin at 37 °C
overnight. A 100 pL of overnight culture was added to 10 mL of LB supplemented with
100 pg/mL of ampicillin, and the mixture was grown at 37 °C with shaking at 200 rpm
until the ODeoo 0f 0.6 (log phase). At that point, L-arabinose 0.002% (final concentration),
was added to the pBAD/gllic-based plasmids, and 1 mM of isopropyl B-D-1-
thiogalactopyranoside (IPTG), each added to the broth to induce overexpression. The
culture was incubated for another 3 h at 37 °C with shaking at 200 rpm. The bacterial
culture was then harvested, centrifuged at 10,000 g for 12 min at 4 °C in a benchtop
centrifuge (Eppendorf 5804), the supernatant was discarded and the cell pellet was then

stored at -20 °C for further use.

2.2.7.2 Isotope-labelled recombinant protein overexpression
A single colony taken from a stock plate of transformants containing each recombinant
vector (pBAD/glllc or pET-15b) was used to inoculate either 5 mL of LB or M9 minimal
medium supplemented with 100 pg/mL of ampicillin at 37 °C overnight. A 100 pL of
overnight culture was added to 10 mL of LB supplemented with 100 pug/mL ampicillin,
and the mixture was grown at 37 °C with shaking at 200 rpm until the ODsgo of 0.6 (log
phase) and in some conditions the ODsoo 0f 1.0 (stationary phase) was reached. At that
point, the culture was harvested by centrifugation at 800 g for 20 min at room temperature.

The resulting cell pellet was resuspended in 10 mL M9 minimal medium+ glucose (see
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Appendix B). °N isotope- labelled NH4Cl (1g/L) and *C isotope- labelled glucose (1g/L)
were added to the medium. In some experiments (described in chapter 4) °N isotope-
labelled NH4Cl was added alone. Then, L-arabinose 0.002% (final concentration), was
added to the pBAD/gllic-based plasmids, and 1 mM of isopropyl B-D-1-
thiogalactopyranoside (IPTG), was added to pET-15b based plasmids to the broth to induce
overexpression. The culture was incubated for another 3 h at 37 °C with shaking at 200
rpm. The bacterial culture then was harvested by centrifugation using (Eppendorf 5804,
KSA) at 400 g for 10 min at room temperature. The resulting cell pellet was then stored at

-20 °C for further use and the supernatant was discarded.

2.2.8 Protein concentration measurement (Bradford assay)
Total protein concentrations were determined using the Bradford assay (Bradford, 1976)
using reagents obtained from Qiagen according to the manufacturer’s instructions. The
absorbance of proteins at 595 nm was measured using a Nano-Drop ND2000
spectrophotometer, according to the manufacturer’s protocol. Bovine serum albumen was
used to prepare standards of known protein concentration (typically the concentrations used
were 1, 5, 7.5 and 10 pg protein /ml) to produce a calibration curve. The calibration curve
was obtained by plotting the ODsgs versus the concentration of the standards and the protein
concentration of the unknown sample(s) then read from the curve. All protein assays were

performed in triplicate
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2.2.9 SDS-PAGE
Protein samples prepared as described in Section 2.2.7 were analysed by SDS-PAGE. Prior
to SDS-PAGE analysis, cell pellets were resuspended in 50 pL lysis buffer (see Appendix
B) and sonicated on ice using three 10-second bursts at high intensity using a Q2000
sonicator (Qsonica, USA). The samples were allowed to cool on ice between each round
of sonication. The total protein concentration in each cell pellet was determined as
described in 2.2.8., and accordingly the SDS loading buffer was added to give a final
concentration 20 g/ pl of each sample. Then, samples were boiled for 3 min, 10 ul of 20
kg total protein sample was loaded in each well. Then, proteins were resolved for SDS-
PAGE as described by Laemmli (1970). 16% acrylamide resolving gels and 4% stacking
gels (see Appendix B) were prepared, along with a pre-stained protein marker. After the
separation of protein samples by SDS- PAGE at 150 V (constant voltage) for 1h using a
Mini Protean Tetra cell (Biorad, USA), the gel was transferred to Coomassie stain (see
Appendix B) for 1 h with shaking. Ultimately, the gel was transferred to a de-staining
solution (see Appendix B) — overnight. Then the gel was visualised using a gel

documentation system (Invitrogen iBright Imaging System, USA).
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2.2.9.1 SDS-PAGE analysis of proteins with low molecular weight (3-30 KDa)

(TolA box and TolB box)

Tricine-SDS-PAGE gels were prepared using a 16% resolving gel overlaid with a 4%
stacking gel, then running the sample through gel electrophoresis using a Mini Protean
Tetra cell (Biorad, USA), as detailed in the Appendix B (Schagger, 2006), using tricine
lysis buffers (see Appendix B), The sample was incubated at 37 °C for 60 min before being
sonicated on ice using three 10-second bursts at high intensity using a Q2000 sonicator
(Qsonica, USA). The samples were allowed to cool on ice between each round of
sonication for a 10 s. 20 pL of SDS loading buffer according to the protein sample
concentration to 20 pg/pl final concentration. 10 pL of each sample was loaded into each
well, the gel was run at 200 V (constant voltage) for 1.5 h. Gels were stained with
Coomassie blue for 1 h with shaking. Ultimately, the gel was transferred to a de-staining
solution for overnight and the size of the protein bands was determined by comparison with
a pre-stained protein standard marker and the protein bands were visualised using an

iBright Imaging System.

2.2.10 Immunoblotting technique
After analysis of samples by SDS-PAGE as described in section 2.2.9, the resolved proteins
were transferred to a polyvinylidene fluoride (PVDF) membrane in transfer buffer (see
Appendix B) using a Trans-Blot SD semidry transfer cell (Biorad, USA) at a constant
current of 14 mA for 1 h. Following transfer with shaking, the membrane was incubated
for 1 h at room temperature in blocking buffer comprising 5% bovine skimmed milk in

Tris buffered-saline, tween 20% (TBST) (see Appendix B). Mouse anti-pentahistidine-
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conjugated alkaline phosphate antibody which recognizes native or denatured, reduced
forms of proteins tagged with 6X histidine, expressed in selected vector. The antibody is
diluted 1:5000 in blocking buffer (5% skimmed milk and TBST) was then added and
incubated overnight at 4 °C with shaking, after which the membrane was washed twice
with TBST for 15 min, followed by incubation with a chemiluminescent alkaline
phosphatase substrate (CDP-Star® Western Blot Chemiluminescence Reagent

(PerkinElmer, USA)) which allows visualisation.

2.2.11 Recombinant protein purification under native conditions
The overexpressed protein ColE9-Imm9 in E. coli BI21 (DE3) cells was purified using a
Ni-NTA Spin Kit (Qiagen, Germany) following the manufacturer’s instructions. The purity
was checked by SDS as described in section 2.2.9. The protein sample was dialysed in
dialysis tubing using cellulose membrane with molecular weight cut off (MWCQO)=14,000,
against 1L phosphate buffered saline (PBS) (Appendix B) pH 7.4 at 4 °C overnight (twice)

and subsequently stored at -20 °C for further use.

2.2.12 Analysis of the antimicrobial activity of purified ColE9-Imm9 complex
against different E. coli cells using a spot test
To 10 mL of molten 0.7% agarose cooled to 60 °C, 100 uL of an overnight culture of
different E. coli bacterial culture (mentioned in chapter 5) in LB medium was added, and
the mixture was poured onto a single LB agar plate. Once the agar overlay had set, 10 pL

of the purified ColE9-1m9 complex at three different concentrations (5 nM, 10 nM and 100
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nM) was spotted on the agar. 10 uL PBS served as a control. The plate was incubated
overnight at 37 °C.
2.2.13 Analysis of the antimicrobial activity of purified ColE9-Imm9 complex

against E. coli BL21(DE3) in liquid culture.

A growth assay was performed to measure ColE9-Imm9 capacity to inhibit the growth of
an E. coli BL21(DE3) in liquid culture. An overnight culture was grown in LB broth with
shaking (200 rpm) at 37 °C. 10 ml of the culture was diluted to 1/100 in M9 minimal
medium+ glucose and incubated with shaking at 37 °C until it reached an ODeoo value of
0.1 (lag phase). 180-pL aliquots of this cell suspension were then added to each well of a
flat-bottomed 96-well microtiter plate (Thermo Fisher Scientific, USA). Purified ColE9-
Im9 was diluted in PBS to final concentrations of 10 and 100 nM and in some experiments
10 mM DTT was added, at which point a 20 pL of purified protein was added to each
aliquot. The microtiter plate was then incubated in a microtiter plate reader (iEMS,
Labsystems/Thermo Scientific, UK) at 37 °C for 12 h with shaking. ODe4o readings were
taken every 30 minutes with shaking for 5 s between each optical density reading. All
proteins samples were tested in triplicate, and PBS was used as a negative control for

antimicrobial activity.

2.2.14 Analysis of the antimicrobial activity of purified ColE9-Imm9 complex
against E. coli BL21(DE3) expressing different TA regions in liquid culture
A single colony of each of the E. coli BL21(DE3) carrying recombinant pTA or pTolA ot
TolB used to inoculate three separate 5 mL aliquots of LB supplemented with 100 pg/mL

of ampicillin at 37 °C overnight. To 100 pL of each of the overnight cultures, 10 mL of
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M9 minimal medium supplemented with 10 pg/ml ampicillin was then added, and the
mixture was cultured at 37 °C with shaking (200 rpm) until an ODsgo value of 0.6 (log
phase) was reached. At that point, 100 pL of L-arabinose was added to a final concentration
of 0.002% to induce overexpression, and the culture was incubated for a further 3 h at 37
°C with shaking (200 rpm), after which the culture was diluted to 1/100 and again incubated
with shaking (200 rpm) at 37 °C until it reached an ODsoo value of 0.1 (lag phase). Next,
180-pL aliquots of each of the three different cell suspensions were added to the wells of
three separate flat-bottomed 96-well microtiter plates (Thermo Fisher Scientific). Purified
ColE9-Im9 was diluted in PBS to final concentrations of 10 and 100 nM and in some
experiments 10 mM DTT was added, at which point a 20 pL of purified protein was added
to each aliquot. The microtiter plate was then incubated in a microtiter plate reader (IEEMS,
Labsystems/Thermo Scientific, UK) at 37 °C for 24 h with shaking. ODe4o readings were
taken every 30 minutes with shaking for 5 s between each optical density reading. All
proteins samples were tested in triplicate, and PBS was used as a negative control for

antimicrobial activity.

2.2.15 Sample preparation for confocal laser scanning microscope (CLSM)
An overnight culture of each bacterial construct was diluted in M9 minimal medium to
1/100 and grown at 37 °C with shaking (200 rpm) until an ODeoo value of 0.6 (log phase)
was reached. For cells in which protein overexpression needed to be induced, L-arabinose
0.002% (final concentration) was added (as described in section 2.2.14) to the pBAD/gll1c-
based plasmids culture, and the culture was incubated for another 3 h at 37 °C with shaking

(200 rpm). Following this, two 1 mL samples of the bacterial culture were taken, added to
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100 mL of M9 minimal media and incubated at 37 °C with shaking (200 rpm) until an
ODesoo value of 0.1 was reached (lag phase). Next, 50 puL of the ColE9-Imm9 complex
protein plus 10 mM of DTT in PBS was added to each bacterial culture, and the mixture
was incubated at 37 °C with shaking for 3 h, then one of the two 1 ml sample was followed
by centrifuging (Sigma 22003, UK) at 4000 g for 10 min at room temperature. Afterwards,
the supernatant was removed, the obtained cell pellet was re-suspended in 0.85% NaCl; the
sample was centrifuged again at 4000 g for 10 min, and the pellet was re-suspended in 1
mL of 0.85% NaCl, according the manufacturer’s instructions for the Live/Dead
BacLight™ (Qiagen) bacterial viability kit. The other 1-mL sample was incubated at 37

°C with shaking overnight, and the sample was processed after 18 h the same way.

2.2.16 Staining the bacterial sample for CLSM
Bacterial samples prepared as described in Section 2.2.15 were stained using the Live/Dead
BacLight® bacterial viability kit, consisting of the dual fluorescent dyes SYTO 9 and
propidium iodide (PI). A 1:1 mixture of SYTO 9 and Pl was mixed in Safe-Lock®
microcentrifuge tubes and centrifuged (Sigma 22003 centrifuge) for 1 minute at 5000 g at
room temperature, after which 3 pL of the dye mixture was added to 1 mL of each of the
bacterial samples in Safe-Lock® microcentrifuge tubes and incubated in the dark at room
temperature for 15 min. Subsequently, 5 pL of the resulting stained culture was placed on

a microscope slide and covered with a coverslip for analysis by CLSM.
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2.2.17 Sample analysis by CLSM
Samples prepared as described in Section 2.2.16 were examined with a confocal laser
scanning microscope (Leica TCS SP5, UK). Images were acquired using the Leica
Application Suite Advanced Fluorescence software 5 (Leica, UK). Each experiment was
conducted in triplicate with 20 fields of view counted each time, then the results achieved

were statistically analysed as described in chapter 5.

2.2.18 Plate counts to determine the effect of ColE9-Imm9 on E. coli BL21(DE3)
Using the bacterial culture as prepared in Section 2.2.13, seven 10-fold serial dilutions in
sterile normal saline were performed, after which 100 pL of each diluted culture was spread
on LB agar plate and incubated at 37 °C overnight and colonies were counted using (Stuart

digital colony counter, UK). The experiment was carried out in triplicate.

2.2.19 Sample preparation for in-cell NMR
The bacterial cell pellets obtained as described in Section 2.2.7.2 were each resuspended
in three different media (Spent medium, LB and M9 minimal medium under different
conditions) as described in Chapter 6 forming a bacterial slurry. A 10% D20 (v/v) was
added to bacterial slurry and transferred to 5-mm NMR tube. Along with a negative control

which was culture media only.
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2.2.20 *H-N correlation NMR of E. coli BL21(DE3) cytoplasmically expressing

labelled TA in an autoinduction NMR medium

A single colony was selected from the agar plate of E. coli BL21(DE3) carrying pTA1 and
inoculated into 3 mL of non-inducing medium from the auto-induction NMR medium kit
(Novagen, USA). The culture was incubated at 37 °C with shaking at 300 rpm. After 7 h,
The 3 mL culture was added to 100 mL of non-inducing medium pre-warmed to 37 °C in
a 500 mL flask, placed in an incubator at 37 °C, and shaken at 250 rpm. After 18 h, 40 mL
of the 100 mL culture was transferred to a 2 L polyethylene terephthalate bottle containing
460 mL of auto-induction medium and incubated at 37 °C with shaking. After 18 h, the
cells were harvested by centrifugation for 20 min at 400 g at room temperature, re-
suspended in unlabelled M9 medium containing 10% DO (v/v), and transferred to a 5-mm

NMR tube.

2.2.21 Quality control test to detect protein leakage
Each representative NMR sample was centrifuged (Z206-A centrifuge, Hermle, UK) at
800 g for 10 minutes at room temperature, then the resulting pellet was re-suspended in
unlabelled medium containing 10% D0, and transferred to a 5-mm NMR tube while the
supernatant was transferred to other 5-mm NMR tube after adding 10% D,O (v/v) for in-

cell NMR analysis.
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Chapter 3
Cloning of recombinant colicin A

translocation domain and its reduntants
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3.1 Introduction

This project aimed to study the interaction of colicin and Tol proteins. As previously
discussed in Chapter 1, during the transfer of colicin A (ColA) protein across the
periplasmic space, ColA interacts with TolA and TolB proteins in the bacterial periplasm

at sites within the colicin structure called Tol boxes, leading to the formation of complexes.

ColA consists of three domains; 1-172 residue representing the translocation domain (TA)
with TolA and TolB boxes (i.e., the region where ColA and Tol proteins bind), 173—-388
residue spanning the receptor binding (R) domain, and 389-592 residue representing the
cytotoxic (C) domain with 10 a-helices that form a voltage-gated channel in the
cytoplasmic membrane (Penfold et al., 2012).

This chapter presents a method developed to clone the TA (residues 1-172), and the colicin
TolB box (residues 1-52), and TolA box (residues 52-172) to enable the investigation of
the interaction between them in the periplasm of E. coli cells.

As previously discussed in Chapter 1, ColA is synthesized in the cytoplasm of the
producing cells, and to attack sensitive cells, is exported and translocated into the periplasm
of the sensitive cells (Crozel et al., 1984). ColA begins entering a sensitive E. coli cell by
binding to an outer membrane (OM) receptor (i.e., vitamin B1, transporter BtuB) and to a
porin translocator called OmpF (Di Masi et al., 1973), which acts as a co-receptor, as
shown in Figure 3.1. The receptors facilitate the translocation of the unstructured region of
the (T) domain of TA by recruiting the Tol proteins to facilitate the entry of the (C) domain

through the OM to the inner membrane (IM) (Cao & Klebba, 2002; Housden et al., 2005).
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Figure 3.1 Proposed mechanism of ColA translocation (adapted from Lazdunski et
al., 1998). 1) Shows the three colicin domains on the black structure: Translocation (T)
domain, receptor binding (R) domain, and cytotoxic (C) domain of ColA. 2) At the outer
membrane (OM), where (R) domain binds to BtuB. 3)The (T) domain translocate into the
periplasm (P) through binding to OmpF, where TolB forms a complex with Pal and TolA,
allowing the crossing of the (C) domain into the peptidoglycan layer (PG). 4) The (T)
domain interacts with TolA and TolB, allowing the translocation of the (C) domain further
into its target in the inner membrane (IM).
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The direct interaction of ColA with TolA and TolB proteins is unique. In an extensive study
on ColA entry into the periplasmic space and the importance of the TolA box in
translocation, it was suggested that the TolA box might not be involved in the interaction
between ColA and TolA (Bouveret et al., 1998). However, in contrast, when their physical
interaction was examined in vitro by Bouveret and colleagues (2002) using a series of
deletion mutants in TolA, it has led them to the identification of regions involved in
interactions between ColA and both TolA and TolB. They proposed that during ColA
translocation, the TolB box first binds to TolB, after which its TolA box binds to TolA.
Later, Penfold and colleagues (2012) concluded the same results, but the nature of those
interactions remains unclear (Penfold et al., 2012).

Based on such assumptions, the first objective of this project was to clone the ColA (T)
domain (TA residues 1-172), and the TolB (TA residues 1-52) and TolA boxes (TA
residues 52-172) that have been identified in the literature (Cascales et al., 2007).

This chapter describes the separate cloning of recombinant TA, the TolA box, and the TolB
box into pBAD/gll1c vector for periplasmic expression for live imaging studies and cloning

of recombinant TA into pET-15b vector for cytoplasmic expression for in-cell NMR

studies and transforming into E. coli cells.
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3.2 Results

3.2.1 Cloning of recombinant TA region into pET-15b vector to produce pTAl
As described in Section 2.2.3.1, the TA domain in pColA was amplified by polymerase
chain reaction (PCR), and the PCR product was analysed on a 1% agarose gel. The

expected 500 bp band corresponding to the full length of TA domain is indicated in Figure

3.2.
bp
4000
1000 TAPCR
product
500
100

Figure 3.2 1% Agarose gel showing the PCR amplified TA region. Lane M: DNA
ladder 1 kb. Lane 1: negative control (with no template). Lane 2: TA PCR product of (500
bp) at 55 °C.

Following a double digestion with Ncol and Xhol the 500 bp product corresponding to the
TA domain was then cloned into pET-15b (as described in section 2.2.3.4) to create pTAL.
Figure 3.3 shows the result of a double digestion of this construct by Ncol and Xhol
enzymes. The TA insert at the expected size of 500 bp and the linearised pET-15b vector

at 5.7 KB can be clearly seen.
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Figure 3.3 Double digestion of pTAL. Lane M: DNA ladder 1 Kb. Lane 1: The expected
restriction fragments corresponding to pET-15b (with a linear size of 5.7 kb) and the TA
insert (500 bp) are indicated.

3.2.2 Cloning of recombinant region into pBAD/glllc vector to produce pTA
As described in Section 2.2.3.1, the TA domain was amplified by PCR and the PCR product
analysed on a 1% agarose gel. The expected 500 bp band corresponding to the full length

of TA domain as indicated in Figure 3.4.

Following double digestion with Ncol and Xhol the 500bp product corresponding to the
TA domain was then cloned into pBAD/glllc (as described in section 2.2.3.4) to create
pTA. Figure 3.5 shows the result of a double digestion of this construct by Ncol and Xhol
enzymes. The TA insert at the expected size of 500 bp and the linearised pBAD/glllc vector

at 4.1 KB can be clearly seen.
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Figure 3.4 1% agarose gel showing the PCR amplified TA region. Lane M: DNA ladder
1 kb. Lane 1: negative control (no template). Lane 2: amplified TA fragment with linear

size 500 bp.
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pBAD/glllc
4000
1000
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Figure 3.5 Double digestion of pTA. Lane M; DNA 1 kb ladder. Lane 1: The expected
restriction fragments corresponding to pBAD/glllc (with a linear size of 4.1 Kb) and the

TA insert (500 bp) are indicated.
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3.2.3 Cloning of recombinant TolA box and TolB box into pBAD/glllc vector to
produce pTolA box and pTolB box
As described in Section 2.2.3.1, the TolA box and TolB box regions were amplified by
PCR and the PCR product analysed on a 1% agarose gel. Then following Section 2.2.3.4,
they are both cloned into pBAD/glllc. The expected 363 bp band corresponding to the full
length of TolA box domain is indicated in Figure 3.6. And the expected band for TolB box

corresponding to 130 bp is shown in Figure 3.7.

TolA box PCR
product

<
w

Figure 3.6 1% agarose gel showing the PCR amplified TolA box. Lane M: DNA ladder
1 kb. Lane 1: negative control (with no template). Lane 2: amplified TolA box fragment
with linear size 363 bp.
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Figure 3.7 1% agarose gel showing the PCR amplified TolB box. Lane M: DNA ladder
1 kb. Lane 1: negative control (with no template). Lane 2: amplified TolB box fragment

with linear size 130 bp.
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3.3 Discussion

This chapter has focused on the procedures for cloning the TA, TolA and TolB boxes into
two different vectors; pET-15b for cytoplasmic expression and pBAD/glllc for periplasmic
expression. The recombinant vector pColA carrying the full length of TA region of ColA
was a kind gift from Dr Chris Penfold from University of Nottingham, UK. pColA was
transformed into E. coli DHS5a for future use and into E. coli BL21(DE3) for future
expression. The E. coli BL21(DE3) and its derivatives are the most used strains for protein
expression; the ADE3 prophage was inserted in the chromosome of BL21 and contains the
T7 RNAP gene under the lacUV5 promoter. In E. coli BL21(DE3), the expression of the
gene encoding the recombinant protein is transcribed by the chromosomally encoded T7
RNA polymerase (T7 RNAP), which transcribes eight times faster than E. coli RNA
polymerase (RNAP). E. coli BL21(DE3) is preferred host for protein expression because

the higher the mRNA levels, the more recombinant protein can be produced (Zhang et
al., 2015). E. coli BL21(DES3) strain was the chosen E. coli host for recombinant protein

overexpression in this project.

DNA cloning technique is a common technique used to study the genes involved in
biological processes (Lodish et al., 2000). Cloning technique using polymerase chain
reaction (PCR) was used in this project for isolating and reproducing a large numbers of
identical gene fragments (TA, TolA box and TolB box). On the basis of TA gene sequence
(Figure 2.3), primers (Table 2.3) were designed to amplify TA gene which contained Ncol
(CCATGG) and Xhol (CTCGAG) restriction sites for cloning into pET-15b to create pTAL

and into pBAD/gllIc to create pTA. Following the PCR amplification method described in
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Section 2.2.3.1, the TA PCR product was observed at 500 bp on agarose gel (Figure 3.2),
after which the recombinant vector was digested with same restriction enzymes Ncol/Xhol
as shown in Figure 3.3 and ligated into pEt-15b vector, where DNA ligase form
phosphodiester bonds between the 3’hydroxyl and the 5’ phosphate ends of the nucleic
acid molecules. To be able to take up foreign DNA, the bacteria cells need to be made
competent. This is often achieved by treating them with divalent cations under cold
conditions. For E. coli transformation with plasmid the DNA needs assistance to pass
through the cell membranes and to reach the site where it can be expressed and replicated.
The chosen competent cells as mentioned before, are E. coli BL21(DE3). And the
transformation involved heat shock of the solution to induce the cells to take up the
recombinant plasmid pTA1, which can be used for future cytoplasmic expression. The
reason behind choosing pET-15b is that the pET expression system is the most common
promotor used in protein cytoplasmic expression. It features the T7 promoter (see Figure
2.2), which can make up to 50% of all cellular proteins. The strain BL21(DE3) is a T7
expression host under the control of the lac promoter; when cells are induced with
isopropylyhio-f3 -galactoside (IPTG), the expression of T7 polymerase begins gene
transcription that leads to the production of recombinant proteins (Boomershine et al.,
2003). The highest level of expression from the lac promoter of E. coli only occurs when
lactose is available (and glucose, the preferred energy source, is absent). When there is an
absence of lactose, transcription of any associated recombinant protein from lac is blocked
by a repressor protein. If both are present, then the lac promoter can be fully induced after
the complete usage of both sugars. Consequently, using a low amount of glucose is a

preferred solution for lac promoter induction. Inthe T7 promoter system utilised in the pET
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vector, lactose, or its non-hydrolysable analogue, IPTG, is used for induction (Li et al.,

2011).

Following the same amplification PCR method in Section 2.2.3.1, Figure 3.4 and Figure
3.5 show the results for cloning TA region into pBAD/glllc vector that was chosen future
periplasmic expression, which can be seen at the expected linear size of 500 bp. The
pBAD/glllc plasmids are pBR322-derived expression vectors designed for regulated (see
Figure 2.1), secreted recombinant protein expression and purification in E. coli. The gene
I11 signal sequence is utilized for secretion of the recombinant protein into the periplasmic
space (Guzman, 1995)). The mechanism of araBAD promoter induction, which occurred
in the pBAD vector, the Arac (the regulatory protein), had two functions. First, it represses
translation by forming a protein-DNA complex that inhibits RNA polymerase from
binding to the promoter. However, once L-arabinose is added, the second function starts,

which involves the activation of transcription from the ara promoter.

The individual TolA and TolB boxes regions (i.e., where the interactions between colicins
and Tol proteins are thought to occur) were both cloned into pBAD/glllc for secretion in
the periplasm following the same technique. Other primers (Table 2.3) were used to
amplify TolA box and TolB box genes which contained Ncol and Xhol restriction sites for
cloning into pBAD/glllc. This will enable the study of each binding site separately in this
project. Figure 3.6 shows the expected band of the pTolA box at 363 bp. Whereas Figure
3.7 shows the expected band of pTolB box at 130 bp. All constructs were verified by

sequencing as described in Section 2.2.5 and checked using NCBI Blast (see Appendix A).
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Chapter 4
Optimising protein

overexpression
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4.1 Introduction

Colicin A (ColA) relies on Tol proteins to be translocated through the periplasmic space to
the cellular target of E. coli. The N- terminal (i.e., translocation domain) domain of ColA
(TA) interacts with both TolA and TolB through sites called the TolA box and TolB box
(Bouveret et al., 1998). Cloning of both the TA region as well as the cloning of individual
TolA and TolB boxes have been accomplished (as discussed in Chapter 3) to study their
role in the translocation process. Isolation and analysis of the individual TolA and TolB
boxes are essential to clarify the nature of the translocation process into the periplasmic
space. For extensive analysis, those proteins need to be overexpressed and induced through
an efficient expression system. This chapter discusses how the overexpression of certain
proteins of ColA translocation domain (T) domain has been optimised for in-cell NMR
analysis and imaging analysis to achieve the overall aim of the project.

Protein overexpression is a technique used to generate high levels of recombinant proteins
for analysis. Although high yields of recombinant proteins have been obtained by various
researchers, the level of production depends on many factors like the expression system
and the induction conditions used as well as the nature of the protein of interest (Schlapschy
et al., 2006). E. coli is the most common bacterial species used for protein overexpression.
However, cytoplasmic and periplasmic overexpression in that system continues to show
limitations, including incorrect folding and aggregation of recombinant proteins.
Nevertheless, protein overexpression in the periplasm of Gram-negative bacteria,
especially E. coli, is widely used in many fields, in both prokaryotic and eukaryotic studies
(Schlapschy et al., 2006). Using E. coli as a host for protein expression began in the late

1960s, and since then, researchers have adjusted parameters like the structure of the
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expression vector, incubation temperature, and induction temperatures used in order to
improve production levels. Since the 1970s, researchers have made several advances in
expressing isotope-labelled proteins promoter system as well (Mondal et al., 2013).
Overall, E. coli has been shown to be a useful host bacterium for molecular biology
experiments, as mentioned in Chapter 1 (Makino et al., 2011). Although high
concentrations of proteins can also be obtained via chemical synthesis or by using cell-free
protein expression systems, protein overexpression in E. coli remains one of the most
effective methods. During protein overexpression, the protein of interest is first cloned
using recombinant DNA cloning methods, and the protein is overexpressed using a suitable
promoter system, and this is the approach used in this project for subsequent analysis.

Efficient expression of proteins in bacterial cells requires the adjustment of a number of
specific cultivation parameters, including shaking for fast growth and aeration, which are
essential during incubation. Shaking increases oxygenation, promoting aerobic growth and
protein overexpression, but may also affect protein expression because as cell density
increases, levels of oxygen decrease and may slow growth (Jia et al., 2016). Time of
induction and incubation temperature are also important to avoid instability of protein by
controlling proteolytic degradation (Mondal et al., 2013). LB medium is the most
commonly used nutritionally rich medium. However, the required culture parameters can
differ depending on the type of protein of interest (Jia et al., 2016). For instance, for nuclear
magnetic resonance (NMR) techniques the use of an autoinduction medium is efficient for
labelled cytoplasmic expression. The medium is cost-effective to obtain a high level of
protein production and it was one of the chosen media for cytoplasmic expression in this

project (see Chapter 6). In such a medium, using glycerol instead of glucose as the source

91



of carbon is preferred because glucose counteracts autoinduction by lactose (Mondal et al.,

2013).

Another essential issue to consider when choosing an appropriate protein overexpression
technique is protein solubility. Recombinant protein solubility can be enhanced by
reducing the induction temperature to 15-18 °C. However, because the unstable pH of the
culture medium due to cell metabolites can sometimes cause protein aggregation, an
appropriate buffer should be added to the culture medium to maintain the desired pH level
(Jia et al., 2016).

To investigate the involvement of TA in the translocation process, the overexpression of
TA domain and the TolA and TolB boxes was optimised. As described in Chapter 3, target
genes were cloned into the pET-15b vector under the control of strong bacteriophage T7
transcription and translation signals; expression was then induced by providing a source of
T7 RNA polymerase in the host cell (Mierendorf et al., 1998). The other expression vector
used, pBAD/glllc is designed for secretion of recombinant proteins into the periplasmic

space using the gene 111 signal.

This chapter discusses how protein overexpression was optimised, how the best expression

system was chosen, and the best conditions used for subsequent analysis.
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4.2 Results

4.2.1 Pilot expression of constructs based on the pBAD/gllIc vector
This pilot experiment was carried out in LB medium as described in section 2.2.6 in order
to optimise the final concentration of L-arabinose required for maximal expression of TA
protein from pBAD/gllic (pTA). Maximal expression was achieved using a final
concentration of 0.002% L-arabinose (as illustrated in Figure 4.1) 0.002% L-arabinose was

therefore the concentration of inducer used for all pBAD/glllc constructs used thereafter.

kDa
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20 Recombinant TA
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Figure 4.1 Coomassie blue stained SDS-PAGE analysis of pilot expression experiment
using L-arabinose. Five 10-fold serial dilutions of L-arabinose. The induction of E. coli
BL21(DE3) expressing recombinant TA at 17 kDa was the optimal with 0.002% L-
arabinose. M: Dual pre-stained protein marker 10-250 kDa. Lane 1: non-induced cells;
Lane 2: 0.2% L-arabinose induced cells expressing recombinant TA; Lane 3: 0.02% L-
arabinose induced cells expressing recombinant TA; Lane 4: 0.002% L-arabinose induced
cells expressing recombinant TA; Lane 5: 0.0002% L-arabinose induced cells expressing
recombinant TA; Lane 6: 0.00002% L-arabinose induced cells expressing recombinant TA.
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4.2.2 Overexpression of recombinant TA cloned into pET-15b vector
The TA region of E. coli BL21 (DE3) cells was cloned into pET-15b vector and the
expression was induced in LB medium as described in section 2.2.7.1. SDS-PAGE was
performed as mentioned in section 2.2.9, SDS-PAGE, along with non- induced sample as

negative control revealed the expected band of the recombinant cytoplasmic TA at 17 kDa.
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Figure 4.2 Coomassie blue stained SDS-PAGE analysis of cytoplasmic recombinant
TA. Lane M: Pre-stained protein marker 10-250 kDa. Lane 1: non-induced cells as
negative control. Lane 2: 1 mM IPTG induced cells expressing recombinant TA at the
expected molecular weight of 17 kDa.
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4.2.3 Overexpression of recombinant TA cloned into pBAD/glllc vector
Periplasmic protein expression of TA was achieved in LB with 0.002% L-arabinose, as
described in section 2.2.7.1. SDS-PAGE of the sample, along with non- induced sample
as negative control revealed the expected band for recombinant TA at 17 kDa as illustrated

in Figure 4.3.

kDa M 1 2
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Figure 4.3 Coomassie blue stained SDS-PAGE analysis of periplasmic recombinant
TA. Lane M: Dual pre-stained protein marker 10-250 kDa; Lane 1: non- induced cells;
Lane 2: 0.002% L-arabinose induced cells expressing recombinant TA at the expected
molecular weight of 17 kDa.

95



4.2.4 Overexpression of isotopically labelled recombinant TA in pBAD/gllIc and
pPET-15b vectors in M9 minimal media
Protein overexpression from both constructs (i.e., pTA/pTALl) was carried out as
mentioned in Section 2.2.7.2. Both starter culture (i.e., overnight culture) was M9 minimal
medium, and at the time of induction, *®NH4Cl and **glucose were added both at same time
to same culture. Figure 4.4 shows the result of poor induction that resulted weak level of

expression at the expected molecular weight 17 kDa.

- Recombinant

Figure 4.4 Coomassie blue stained SDS-PAGE analysis of overexpression of
isotopically labelled recombinant TA in pBAD/glllc and pET-15b vectors in M9
minimal media. M: Dual pre-stained protein marker 10-250 kDa. Lane 1: 1 mM IPTG
induced cells expressing isotopically labelled recombinant TA in the cytoplasm (pET-15b
expression). Lane 2 & 4: non-induced cells as negative controls; Lane 3: 0.002% L-
arabinose induced cells expressing isotopically labelled recombinant TA in the periplasm
(pBAD/glllc expression). The expected recombinant TA protein should be observed at a
molecular weight of 17 kDa.
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4.2.5 Overexpression of isotopically labelled recombinant TA in pBAD/glllc and
pPET-15b vectors in LB then in M9 minimal media
The method of overexpression was modified in an attempt to increase the level of
recombinant protein expression over that described in Section 4.2.4. The starter culture
(i.e., overnight culture) was grown in rich medium (LB) instead of M9 minimal medium,
then switched to isotopically labelled M9 minimal medium just prior to time of induction
when the O.Deoo reaches 0.6. Nevertheless, the total protein concentration achieved which
was calculated by Bradford assay was broadly comparable to that obtained using the
methodology described in Section 4.2.4, and still low compared to the amount of protein
product yielded from the approach used in Section 4.2.2 and 4.2.3. As illustrated in Figure
4.5, the result was not acceptable. The gel indicates only low-level expression at the

expected size of 17 kDa.
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Figure 4.5 Coomassie blue stained SDS- PAGE analysis of isotopically labelled
recombinant TA in LB then in M9 minimal medium. M: Dual pre-stained protein
marker 10-250 kDa. Lane 1: ImM IPTG induced cells expressing the isotopically labelled
recombinant TA in the cytoplasm (pET-15b expression) at the expected molecular weight
of 17 kDa. Lane 2: non-induced cells as negative control; Lane 3: 0.002% L-arabinose
induced cells expressing isotopically labelled recombinant TA in the periplasm
(pBAD/glllc expression), at the expected molecular weight of 17 kDa.

4.2.6 Overexpression of isotopically labelled recombinant TA cloned in both pET-
15b and pBAD/glllc for overnight at low temperature.
Attempts to optimise protein overexpression, changes in conditions were applied to the
method in section 4.2.5. Via overnight induction instead of 3 h to yield higher concentration
of protein, the induction was carried out at a lower temperature of 25 °C instead of 37 °C
(i.e., the normal induction temperature). However, it produced very similar results to those
obtained in previous experiments (in Sections 4.2.4 and 4.2.5) i.e., the expression level of

isotopically labelled TA can be seen to be relatively low as illustrated in Figure 4.6.
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Figure 4.6 Coomassie blue stained SDS-PAGE analysis of an overnight expression of
isotopically labelled recombinant TA at low temperature. M: Dual pre-stained protein
marker 10-250 kDa. Lane 1: 0.002% L-arabinose induced cells expressing isotopically
labelled recombinant TA in the periplasm (pBAD/glllc expression). Lane 2: 1 mM IPTG
induced cells expressing isotopically labelled recombinant TA in the cytoplasm (pET-15b
expression). Lane 3: non-induced cells as negative control. All showing very low level of
expression at the expected molecular weight of 17 kDa.

4.2.7 Overexpression of isotopically labelled recombinant TA cloned in both
pPET-15b and pBAD/gllic; Induction at high cell density.
Using essentially the same method described in Section 4.2.5, but the bacterial culture to
be induced was instead grown to an O.Deoo 0f 1.0 before switching to isotopically labelled
M9 minimal medium. This gave the optimal results for the protein overexpression, SDS-
PAGE of sample along with non- induced sample as negative control, showed the expected

band at 17 kDa as illustrated in Figure 4.7.
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Figure 4.7 Coomassie blue stained SDS-PAGE analysis of isotopically labelled
recombinant TA protein; Induction at high cell density. Lane M: Dual pre-stained
protein marker 10-250 kDa. A) SDS-PAGE of isotopically labelled recombinant TA in the
cytoplasm (pET-15b expression) at the expected molecular weight of 17 kDa. Lane 1: non-
induced cells as negative control; Lane 2: 1 mM IPTG induced cells expressing isotopically
labelled recombinant TA at the expected molecular weight of 17 kDa. B) SDS-PAGE of
isotopically labelled recombinant TA in the periplasm (pBAD/glllc expression) at the
expected molecular weight of 17 kDa. Lane 1: non-induced cells as negative control; Lane
2: 0.002% L-arabinose induced cells expressing isotopically recombinant TA at the
expected molecular weight of 17 kDa.

4.2.8 Detection of recombinant TA protein using immunoblotting
Following the experiment in section 2.2.10, The TA protein domain cloned into either pET-
15b (pTA1) or pBAD/gllic (pTA) was detected using immuno-blotting to reveal the
expected band at 17 kDa (Figure 4.8) by analysing along the cells expressing recombinant
TA in LB medium as positive control for the isotopic labelled proteins, both cytoplasmic
and periplasmic recombinant TA were identified by SDS-PAGE, then they were detected

at the same expected molecular weight as the positive controls at 17 kDa.
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Figure 4.8 Coomassie blue stained SDS-PAGE analysis and immunodetection of
isotopically labelled recombinant TA protein. A) protein immunoblotting. B)
Coomassie blue stained SDS-PAGE. Lane M: Dual pre-stained protein marker 10-250
kDa. Lane 1: 1 mM IPTG induced cells expressing the recombinant TA in the cytoplasm
(PET-15b expression. Lane 2: 1 mM IPTG induced cells expressing the isotopically
labelled recombinant TA in the cytoplasm (pET-15b expression. Lane 3: 0.002% L-
arabinose induced cells expressing recombinant TA in the periplasm (pBAD/glllc
expression). Lane 4: 0.002% L-arabinose induced cells expressing isotopically labelled
recombinant TA in the periplasm (pBAD/glllc expression), all at the expected molecular
weight of 17 kDa.
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4.2.9 Overexpression of isotopically labelled recombinant TolA box and TolB
box in pBAD/glllc
Protein overexpression was carried out as described in Section 2.2.7.1. with the same
conditions mentioned in Section 4.2.7. Because the molecular weights of the expressed
proteins are low, it was necessary to use a tricine-based electrophoretic buffering system
(see Section 2.2.9.1) which revealed the expected bands for the TolB and TolA boxes of 5

kDa and 12 kDa as illustrated in Figures 4.9 and 4.10, respectively.

kDa M 1 2
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Figure 4.9 Tricine-SDS-PAGE analysis of isotopically labelled TolB box. M: Dual pre-
stained protein marker (3.5-100 kDa); Lane 1: non-induced cells as negative control; Lane
2: 0.002% L-arabinose induced cells expressing isotopically labelled recombinant TolB
box which showed the expected molecular weight of 5 kDa.
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Figure 4.10 Tricine-SDS-PAGE analysis of isotopically labelled TolA box. M: Dual
pre-stained protein marker 3.5-100 kDa. Lane 1: non-induced cells as negative control;
Lane 2: 0.002 % L-arabinose induced cells expressing isotopically labelled recombinant
TolA box which showed the expected molecular weight of 12 kDa.
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4.3 Discussion

Two of the most popular techniques employed to study proteins are living cell imaging and
in-cell nuclear magnetic resonance (NMR), both of which can provide rich information
about macromolecules and their interactions. Both techniques require high intracellular
levels of the protein(s) of interest and thus typically require the overexpression of
recombinant proteins in E. coli. NMR-based studies also necessitate the use of isotope-
labelled protein. The aim of the experiments described here was therefore, the optimisation
of high-level recombinant protein overexpression, both cytoplasmically and
periplasmically. To this end, this chapter describes the techniques used for optimising the
overexpression of recombinant TA protein using two different expression systems, pET-

15b and pBAD/gllIc, and overexpression of the TolA and TolB boxes in pBAD/gllIc.

One of the aims of this project to use in-cell NMR to visualise protein (s) of interest. The
other aim of this project is to investigate protein- protein interactions (PPIs) in the
periplasm, TolA and TolB boxes’ overexpression were carried out in the periplasm only.
Along with the investigation, overexpressing TA domain in both the cytoplasm and the
periplasm was used to compare the results. In most of the previously conducted studies,
researchers have investigated PPIs in vitro and in vivo in the cytoplasm. However, improper
folding of many target proteins may occur during this process despite successful examples.
In comparison, studies involving periplasmic localisation remained limited (Latifi et al,
2015). Given that the main subject of this study, the interactions between colicin and Tol
proteins occur within the periplasm, it was therefore vital that a high-level expression of

the proteins of interest in this environment is obtained.
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Understanding the nature of the periplasmic space of Gram-negative bacteria helps in this
optimisation process as in comparison to cytoplasmic expression, the periplasmic space
provides a very different environment for protein production. The other reason behind
using different vectors is to test which condition is best for in-cell NMR. The question is
would molecular crowding affects in-cell NMR detection or not. In-cell NMR has been
proved for its ability to detect folded proteins in the cytoplasm as proved by Pielak and
colleagues (2009) and because testing TA by in-cell NMR approach has not been done
before, this project attempts to visualize TA in the cytoplasm by this method. The
periplasmic expression also enables to detect any changes to TA domain due to its known

interactions with Tol system, components of which are present in this space.

Bacterial cytoplasm consists 25% proteins of the total volume. The complexity of the
cytoplasm affects the structural and the dynamic properties of the proteins, which cause an
increase in the thermodynamic activity, and proteins tend to fold (Smith et al., 2015).
Cytoplasmic production also involved several advantages. There is no need for outer-
membrane disruption to recover target proteins and avoid intracellular proteolysis by
periplasmic proteases, leading to higher recombinant proteins production (Latifi et al,

2015), which worth to be visualised by in-cell NMR.

While the periplasmic secretion of E. coli contains other advantages such as enhanced
product solubility and the ease of protein purification, although it is not needed in this
study, for instance, the periplasmic space contains fewer proteins than the cytoplasm, and

it is easily purified to conduct PPI analysis in the periplasm (Baneyx & Mujacic, 2004).
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Additionally, potential substrates for PPl (e.g., colicins) are able to cross the outer
membrane, unlike the cytoplasmic membrane (Bloois, 2012). However, periplasmic
expression can be a challenging environment as a result of low secretion of recombinant
proteins. Also, the level of recombinant proteins can be affected by proteolytic degradation

(Latifi et al., 2015).

In general, several pertinent factors influencing both cytoplasmic and periplasmic protein
overexpression should be considered, including culture medium, growth phase and optical
density at the time of induction, protein’s molecular weight, and induction conditions.
Although many researchers have observed that periplasmic protein expression is not
significantly affected by the size of the protein, they have found that the composition of
the culture medium can play a role. For example, protein expression in M9 minimal
medium has yielded optimal periplasmic expression compared to rich medium (Bloois,
2012). Accordingly, M9 minimal medium is one of the chosen media for protein

overexpression in this project.

The use of an appropriate promoter system for protein overexpression is another important
factor for optimising protein production. For high-level protein synthesis, the promoter
should allow the production of recombinant protein at more than 30% of the total cellular
proteins. The promoter should easily induce and allow basal transcriptional activity

(Makrides. 1996).
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Other factors do however, need to be considered when attempting to optimise protein
overexpression. For example, the nature of the starter culture (i.e., overnight culture) used.
Using E. coli as the host expression strain takes advantage of its fast growth kinetics
resulting in a 1/100 dilution of the starter culture reaching the stationary phase and a high
final cell density in a few hours. The most common protocols for starting protein expression
experiments involve using a diluted overnight culture typically, using a dilution factor of
1/100 into a large volume of fresh medium. After which, the inducer can be added at mid-
log phase or at an early stationary phase, depending on the protein of interest (Berrow,

2006). And this protocol was applied in this project as explained in Section 2.2.7.

Protein expression in this project started with periplasmic expression using the pBAD/glllc
vector. It is one of the most common commercially available vectors used for periplasmic
protein expression. It is tightly controlled compared to other periplasmic expression
systems, such as some of the relevant pET-series vectors. The control of expression levels,
based on catabolite repression, makes the pBAD system ideal for producing high protein
levels without leakage. Also, Guzman et al. (1995) identified that the use of araBAD
(PBAD) as a promoter using an optimised concentration of L-arabinose for induction could
modulate protein overexpression over 2000-fold above the level of basal expression,
greatly in excess of that typically achieved, for example, using the lacZY A operon in some
other vector systems (Sommer et al., 2010). As the pBAD system is modulated by the
amount of L-arabinose present in the culture, if a high level of recombinant protein is
needed, then more L-arabinose can be added. Thus, the yield of the desired protein can be
increased according to the amount of L-arabinose added to the culture (Schleif, 2010;

Marschall et al., 2017). Therefore, as described in Section 2.2.6, serial dilutions of 20% L-
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arabinose were used (see Appendix B) to attempt to maximise protein overexpression.
SDS-PAGE gel analysis showed the level of expression for each culture; Samples induced
with a 0.002% final concentration of L-arabinose gave an optimal level of expression, with
the protein of interest (recombinant TA) seen at the expected molecular weight of 17 kDa
as shown in Figure 4.1, which is in agreement with the work of Benedetti and colleagues
(1998). This amount of L-arabinose (i.e., 0.002% final concentration) was subsequently
used for all periplasmic expression experiments using the pBAD/glllc vector described in
this chapter. In general, the expression of the gene of interest is at very low basal levels in
the absence of L-arabinose and is repressed in the presence of glucose (Guzman, 1995).
However, this was not the case in this project; even with glucose added to the media (see

Chapter 2), some expression was still seen with non-induced cells on SDS-PAGE.

As described in Chapter 1, one of the aims of the project is the production of high level of
recombinant proteins. The first approach to achieve this aim is conducting protein
overexpression of TA in both chosen vectors (i.e., pPBAD/gllIic & pET-15b) in LB medium.
LB is the most common medium for culturing E. coli. It is easy to make, it has rich nutrient
contents, and its osmolarity is optimal for growth at the early log phase. It is ideal for

protein production (Sezonov et al., 2007).

The experiments were conducted as described in Chapter 2 (Section 2.2.7.1). After
standardising the gel loading of the samples after the total protein concentration was
determined as described in section 2.2.8. SDS- PAGE analysis was then used to resolve
the samples. Bands were observed at the expected molecular weight of 17 kDa for TA
protein, indicating the expression of the target protein as shown in Figure 4.2 for

cytoplasmic recombinant TA, and in Figure 4.3 for periplasmic recombinant TA.
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Because efficient labelling is required for in-cell NMR, there is a need for isotopic
enrichment media. M9 minimal medium was chosen because a minimal medium, such as
M9, + glucose (see Appendix B), is required to tightly regulate expression under reduced
growth rate conditions. It is a defined growth medium that consists of a number of essential
salts but excludes a carbon source. The buffering components in M9 salts maintain the pH
at optimal for E. coli growth. Traces of iron, in addition to amino acids, such as casamino
acid, were also added to the medium as suggested by Mondal and colleagues (2013) as this
can increase the growth rate as well as final cell density. The reduced growth rate in M9
minimal medium is thought by some to researchers be more advantageous for production,
for correct folding and most importantly, for incorporating specific residues into the protein
(s) of interest (e.g., **C amino acids) for structural studies or in-cell NMR (Cai et al., 2016).
Tighter control of expression can be achieved by the addition of 0.2-1% w/v glucose to the
medium as rich media prepared with tryptone or peptone may contain the inducer lactose
(Rosano & ceccarelli, 2014). The addition of glucose to the growth medium can suppress
basal expression due to a reduction in cellular cAMP levels. In a glucose-free medium,
such as M9, cAMP levels are high, and a cCAMP-CRP (catabolite activator protein) complex
bind to the pBAD promoter. This association is required for promoter activity, so the

addition of glucose will robustly repress expression of the gene of interest (Guzman, 1995).

Initial experiments were conducted in M9 minimal medium supplemented with glucose
and produced low levels of total protein (1 mg/mL, as determined by Bradford assay). The
cultures were also slow growing, the desired optical density being achieved only after
overnight incubation. SDS- PAGE analysis revealed low level of expression at the expected

molecular weight 17 kDa for TA protein, as shown in Figure 4.4. The low growth rate
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might be due to basal expression of the recombinant protein prior to induction, even in the
presence of glucose. In order to overcome this issue, the culture medium selection was
reconsidered. Sivashanmugam and colleagues (2009) suggested that growing the culture in
a medium that provides low growth rates, such as M9 minimal medium, can result in weak
expression unless it is used as an induction medium only, and the starter culture is
subsequently transferred to a rich medium for induction. Sivashanmugam and colleagues
(2009) suggested the reason for this is that the minimal medium only supports a low growth
rate. Therefore, during induction, the labelled 3glucose and **NH4CI might have been used
more for cellular reproduction rather than labelling of the protein(s) of interest. This can
reduce the efficiency of incorporation of isotopic labelled atoms (e.g., *C and *N).
Accordingly, the next attempt at high level expression of TA in both the periplasm and the
cytoplasm was as described in Section 4.2.5. In this experiment the host cells were cultured
in LB medium with the aim of increasing the cell density and consequently the yield of the
target protein. The culture was then switched to the labelled M9 minimal medium at the
time of induction. Figure 4.5 shows the SDS- PAGE gel results. The expression level was
slightly improved and the total protein concentration was 15 mg/mL, which is still
relatively low level of expression that could be due to many reasons. First, the translocation
of recombinant proteins into the E. coli periplasmic compartment is limited by the size of
the periplasmic space and by the export capacity of the cell (The periplasmic compartment

accounts for less than 20% of the total cell volume).
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Furthermore, it is not surprising that an excessive E. coli stress response induced by protein
overexpression could generate increased demand for protein folding and result in an
increased metabolic burden on the cells (Sandomenico et al., 2020). As for cytoplasmic
expression, normally, proteins are able to fold correctly spontaneously. However,
aggregation of overexpressed recombinant proteins in bacterial cells could result from the
accumulation of high concentrations of folding intermediates or from inefficient processing
by molecular chaperones (Sgrensen & Mortensen, 2005). This similarity in the results
between the cytoplasmic and periplasmic expression of isotopic labelled TA might be due
to the fact that TA is an intrinsically disordered protein, and steric factors could result in
incomplete folding, as suggested by Dunker and colleagues 2002, especially if that protein

is involved in critical cellular mechanism as TA is likely to be.

To overcome the potential issue of increased metabolic stress that could be placed on the
cells, another dynamic that merits attention for optimization of protein overexpression is
using a low temperature during the induction for a long period, which can help to generate
a high yield of proteins (Mondal et al., 2013). Slower rates of protein production give newly
transcribed recombinant proteins more time to fold properly. Moreover, the most
commonly used way to lower the rate of protein synthesis by reducing incubation
temperature ((Rosano & Ceccarelli. 2014)). Low temperature reduces the risk of culture
overgrowth, plasmid degradation, and antibiotic inactivation. Accordingly, the following
experiment for TA expression in both the periplasm and the cytoplasm was carried out
essentially as described in Section 4.2.5, but with modified induction conditions as
mentioned in Section 4.2.6. Induction was carried out overnight at 25°C, but this still did

not improve the yield of total protein and SDS- PAGE analysis revealed the same low level
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of protein expression as illustrated in Figure 4.6. This outcome may be due to working at
the lower end of the temperature range, as slower growth and reduced synthesis rates can
result in lower protein yields, which negates the potential benefits in terms of improved

protein folding.

Another factor considered was the optical density of the cell culture to be induced. The
yield of the desired protein can be increased by growing the culture to high densities. In
general, the time of induction is usually when the bacterial cell culture reaches the
exponential phase (i.e., ODeoo 0.6-0.8). However, when the cells expressing misfolded
proteins inclusion bodies could be formed, which might compromise cell function or
viability. Also, if the induction is conducted too soon after the inoculation and thus at low
cell densities, overexpressed recombinant proteins could inhibit bacterial growth thereby
resulting in low yield (Rosano & Ceccareli., 2014). The experiment described in Section
4.2.5 was subsequently modified by growing cultures to an ODsoo of 1.0 before induction,
and this was identified as the best approach for optimising protein overexpression. SDS-
PAGE analysis of TA expression from constructs using both pET-15b and pBAD/glllc
revealed a band at the expected molecular weight of 17 kDa for TA protein and indicated
a higher level of expression. Figure 4.7 shows that the use of a higher OD at time of
induction is superior as cells in stationary phase have reached a higher bacterial cell
densities that result in higher level of protein’s overexpression. This condition was optimal

and was used in the project.
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Immunoblotting to detect recombinant TA and to validate the results was carried out along
with the expressed TA in LB medium to confirm identity as shown in Figure 4.8. The C-
terminal poly-histidine regions for both vectors (i.e., pBAD/gllic & pET-15b) are
illustrated in Chapter 2. They form metal-binding site for affinity purification of
recombinant fusion protein on metal-chelating resins and also allow the detection of the

recombinant protein with Anti-His (C-term) antibody, as described in Section 2.2.10.

Conditions for protein overexpression as described in section 4.2.7, using an ODeoo 0f 1.0
at point of induction was similarly used on cells carrying the TolA box and Tol B box
plasmids. A different buffer system for SDS-PAGE analysis of protein overexpression was
used because of their small molecular weights (Schagger, 2006) has demonstrated a tricine-
SDS-PAGE protocol that improves the separation and resolution of small proteins. The
method used for tricine-SDS-PAGE electrophoresis is given in Section 2.2.9.1, which
proved valuable for the analysis of proteins smaller than 30 kDa. The low concentrations
of acrylamide used in this protocol had the additional advantage of enhancing protein
blotting and staining. Tricine-SDS-PAGE analysis revealed the presence of the TolB box
protein at the expected molecular weight of 5 kDa, and TolA box protein at approximately
12 kDa with an acceptable level of expression, as shown in Figures 4.9 and 4.10,

respectively.

113



Chapter 5

Analysis of colicin E9 effect on cells
expressing residues of colicin A
translocation domain using confocal

laser scanning microscopy
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5.1 Introduction

The aims of this chapter are as follows; to investigate the effect of Colicin E9 (ColE9) against
E. coli, specifically the ColE9-sensitive strain BL21(DE3). Secondly, to analyse the effect of
ColE9 on cells which overexpress TA protein—that is, the full-length translocation domain,
and the effect on cells overexpress TolA and TolB box domains (i.e., sub-regions of TA) as
detailed in Chapters 3 and 4, regarding how they were cloned and how protein overexpression

was optimised.

The overarching goal of the two aims is to determine whether the presence of those domains
within the periplasm of E. coli BL21(DE3) cells provides any protection against ColE9,
whether by interacting with cellular Tol proteins or, by competitively inhibiting interaction.
To achieve those aims, live-cell imaging with confocal laser scanning microscopy (CLSM)

was performed.

ColE9 is co-expressed with immunity protein 9 (Imm9), forming ColE9-Imm9 complex,
which binds to the C-terminal region of colicins (Section 1.5). In extensive studies on the
ColE9 N-terminal region, Housden and colleagues (2010, 2013, 2018) have observed that the
region is intrinsically disordered i.e., that it lacks an ordered three-dimensional (3D) structure,
and that it consists of two outer membrane protein F (OmpF)-binding sites: OmpF-binding
site 1 (OBS1), where ColE9 binds to OmpF porins in the bacterial OM; and OmpF-binding
site 2 (OBS2), where it binds to, or interacts with, a periplasmic TolB protein (Housden et

al., 2010). The organisation of those binding sites is illustrated in Figure 5.1.
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Figure 5.1 Porin binding of the intrinsically unstructured (T) domain (IUTD) of ColE9
(adapted from Housden et al., 2010). a) ColE9 N-terminal residue binds to the extracellular
side of OmpF (outer membrane porin F) at the positively charged OBS1 (OmpF binding site
1). b) whereas ColE9 C-terminal binds to the periplasmic side of the positively charged OmpF
at OBS2 (OmpF binding site 2) followed by the diffusion of the ColE9—-OmpF complex is
directed through the pore to the periplasmic space. c) the negatively charged ColE9—OmpF
complex interacts with TolB at the TBE (TolB binding epitope) binding site and, in turn,
translocate into the IM (inner membrane).

ColE9-Imm9 uses its disordered structure to engage the Tol-Pal system in the periplasm, yet
requires the proton-motive force (PMF) to provide energy for transport across the periplasm
via OmpF in the OM to the inner membrane (IM) to reach the target. In general, the ColE9
translocation mechanism becomes activated when ColE9 enters the OM of Gram-negative
bacteria. Despite providing a strong protective barrier against hydrophilic and hydrophobic
compounds alike, the OM contains small porins that facilitate the exchange of metabolites

and the transport of nutrients required by bacteria. Although bacterial cells cannot uptake
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molecules larger than (600-800 Da), colicins that target sensitive bacteria can nevertheless
penetrate the OM with the help of Tol proteins (Nikaido, 1994). As the ColE9 is co-expressed
with Imm9, the most important factor for ColE9 translocation is its interaction with Tol
proteins, which disrupts the membrane permeability, and creates energy used to dissociate
the ColE9—Imm9 complex. According to Housden and colleagues (2018), the dissociation of
the ColE9—Imm9 complex allows ColE9 to enter the OM and travel through the periplasmic
space to the IM, where it exerts its activity, confirming the results achieved by James and

colleagues (2002) shown in Figure 5.2.

A I [ Mz Colicin E9 domains
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PG l
Periplasmic
space I Crossing the CM I
M l
Cytoplasm

DNase

Figure 5.2 ColE9 mechanism of action (James et al., 2002). A) ColE9 has three structural
domains: The translocation (T) domain, the receptor binding (R) domain is connected to the
deoxyribonuclease (i.e., C) domain by a linker region (L). B) Along with the binding of ColE9
(R) domain to BtuB and OmpF porin, the (T) domain enters the periplasmic space through
binding to TolB-Pal complex in the peptidoglycan. The presence of Tol-AQR in the inner
membrane (IM) facilitates the energy transfer to the OM (outer membrane) and the activation
of the deoxyribonuclease domain’s cytotoxic activity against DNA.
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After identifying the mechanism of ColE9 translocation through the cells, the role of Tol
proteins has been studied. Vanemmelbeke and colleagues (2009) used a deletion mutation
study to show that in bacterial strains such as E. coli that lack cytoplasmic Tol proteins,
especially TolA, the release of Imm9 from ColE9-Imm9 complex is compromised, which
confirmed the proposed indirect interaction between TolA and ColE9 and the TolA role in
the dissociation of the ColE9—Imm9 complex before reaching the target. They additionally
proposed that the energy created by the TolA-TolB interaction also allows the release of
Imm9 before the translocation of ColE9, and that proves how TolA is involved in the

translocation process of ColE9 (Vankemmelbeke et al., 2009; Garinot-Schneider et al., 1997).

Other researchers have also investigated the displacement of the cognate Imm9 from ColE9.
Collins and colleagues (2002), for instance, who examined the dissociation of the ColE9—
Imm9 complex, observed that the energy transduced from the IM is crucial for ColE9
translocation in sensitive cells and, in turn, its cytotoxic effect. The authors added that because
ColE9 is an energy-dependent colicin, with energy produced in the IM and transduced to the
OM, TolA could be the driving force for Imm9 release by being active without any direct
interaction with ColE9. Also, they demonstrated that when ColE9 C-terminal domain
translocate into the periplasm, the (R) and (T) domains remain bound to OM and periplasmic

proteins to complete the translocation process (Collins et al., 2002).

In addition to TolA, the other IM Tols (i.e., TolQ and TolR) have been studied recently.
Rassam and colleagues (2018) have demonstrated that ColE9 entry into cells and binding to
Tol-Pal proteins affects the mobility of Tol proteins in the IM and causes an indirect
interaction between the IM Tol proteins, TolQ, and TolR, and the Tol-Pal-ColE9 complex
as well. That binding process clarifies not only ColE9 translocation but also the way in which
protein complexes in the IM and OM become involved in the interaction process, which
produces energy that facilitates translocation of ColE9. The authors suggested that proteins
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in the IM reflect the roles of those in the OM. And because the mobility of proteins in the
OM s restricted to the OM, whereas those in the IM diffuse throughout the cytoplasm,
visualising colicin’s entry and translocation as well as the conformational changes that occur
upon its entry until reaching the target can elucidate the colicin’s mechanism of action and its

potential use in discovering novel antibiotics (Rassam et al., 2018).

Unfortunately, there are some gaps in the knowledge about the functionality of the cellular
Tol proteins with overproduced colicin domain residues in the periplasm when the cell is
treated with an external colicin. Bouveret and colleagues (2002) investigated the interactions
of colicins with Tol proteins in vivo, namely by overexpressing the (T) domain of ColA (TA)
fused to G3p in the periplasm, in order to determine whether their interaction disrupts the
function of the Tol-Pal system, as discussed in Chapter 1. The overexpression of TA has been
shown to cause cells to resist ColA activity. The possible explanation for the resistance is that
colicins’ domains which are produced in the periplasm, should competitively inhibit external
colicin’s entry into the cells with the aid of Tol- Pal system. However, the role of the Tol-Pal
system in colicin’s translocation, in general, has not been fully elucidated. Although Bouveret
and colleagues (2002) observed that any mutation in the Tol-Pal system affects the OM
integrity and that the system aids colicin in reaching its target, it remains uncertain whether
overproduced periplasmic proteins can generate the same effect as the (T) domain in terms of
binding to Tol proteins, and, if this is the case, could this effect be measured. A further
question is whether the presence of colicin domains in the periplasm of E. coli cells provides
any protection against ColE9. Examining the effect of ColE9 cytotoxic effect on E. coli cells

is essential, particularly whether TA domain in the periplasm protects the cells against ColE9.
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Indeed, the results obtained from live-cell imaging with CLSM could help to quantify the
effect of ColE9 and to determine the level of protection against it. This will be investigated
in this chapter, helping to close gaps in how the translocation of colicins is currently

understood.

As discussed in Chapter 1, live-cell imaging can serve as a rich source of information that
does not require disrupting basic cellular functions. Initially developed from basic light
microscopy, live-cell imaging later led to the creation of staining techniques used in
florescence microscopy and CLSM (Schneider & Basler, 2016). Of those two methods,
CLSM eliminates out-of-focus light by using a pinhole that illuminates a small volume of the
tested specimen called a “confocal spot”. CLSM produces light at narrow-wavelength bands,
most commonly by an argon laser, as used in the research for this thesis, which causes
excitation at 488 nm (Takeuchi & Frank, 2001). Generally, the choice of laser depends upon
the excitation and emission wavelengths of the dyes used (Sanderson et al., 2014). After
scanning the confocal spot with a laser for illumination, the image can be relayed to a
computer for analysis and for the quantification of bacterial cells (Raarup & Nyengaard,

2001), and this is the approach for this chapter.
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5.2 ColE9-Imm9 antimicrobial activity on E. coli BL21(DE3) cells
expressing recombinant TA and TolA and TolB boxes

To test the cytotoxic effect of ColE9 (nuclease colicin) against E. coli BL21(DE3) cells, a
ColE9-Imm9 mutant with the same cytotoxic activity as the wild type was provided by Dr
Chris Penfold at the University of Nottingham. According to Dr Penfold, the construct
(pColE9) was engineered by his team to ease the overexpression and purification of ColE9—
ImmO (see Appendix A). In this project, starting with the overexpression and the purification
of ColE9-ImmO9, its antimicrobial activity against colicin-sensitive cells E. coli BL21(DE3)
was tested, and plate counting as well as bacterial growth monitoring were performed after
treatment of E. coli BL21(DE3) cells with ColE9-Imm9. Bacterial cell viability was
determined by using CLSM with a Live/Dead® BacLight™ viability kit consisting of a
universal stain, SYTO 9, which internalises within both living and dead cells, and propidium
iodide (PI), which penetrates only dead cells and displaces SYTO 9. Using two contrasting
colours—SYTO 9 green for living cells, and PI red for dead ones—helped to distinguish and
count cells (Rosenberg et al., 2019). The dual staining results visualised by using CLSM were

quantified in terms of live versus dead cells and the results were compared.
5.3 Results

In this chapter, the results were demonstrated testing ColE9-Imm9 in the presence or absence
of dithiothreitol (DTT) against different cells. DTT reduces the disulphide linkage of the
ColE9-Imm9, and thus its effect was tested. To test all of the hypotheses, First, the data
obtained in this chapter were tested for normality by Shapiro Wilk test. The test rejects the
hypothesis of normality when the p-value is less than or equal to 0.05, and because the data
are not normally distributed. Secondly, testing the samples if they have equal variances, is
called homogeneity of variance. Levene test was used to determine if the variances are equal

for all samples, which they are not equal. Accordingly, Kruskal Wallis test was used for non-
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parametric data to determine the difference significance (p-value). All results and descriptive

statistical data are detailed in Appendix C.

5.3.1 Overexpression of ColE9-Imm9 in E. coli BL21(DE3) cells
ColE9-Imm9 was overexpressed in E. coli BL21(DE3) cells as explained in section 2.2.7,
then the sample was analysed by SDS-PAGE as described in Section 2.2.9. Figure 5.3 shows
the proteins expressed by IPTG-induced E. coli BL21(DE3) cells illustrating the band at 60
kDa expected for ColE9 and the band at 10 kDa expected for Imm9 on Lane 1. In comparison,

Lane 2 indicates low level of expression from non-induced cells.
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Figure 5.3 Coomassie blue stained SDS-PAGE analysis of recombinant ColE9—Imm0.
M: Pre-stained protein marker 3.5-100 kDa. Lane 1: recombinant ColE9-Imm9 in E. coli
BL21(DE3) cells, at the expected molecular weights: ColE9 at 60 kDa and Imm9 at 10 kDa.
Lane 2: non-induced cells which shows basal level of expression as the negative control for
the over-expression.
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5.3.2 Recombinant protein purification of ColE9-Imm9 complex under native
condition
As described in Section 2.2.11, the ColE9-Imm9 was purified and dialysed overnight, and
samples were collected for analysis with SDS-PAGE, as described in Section 2.2.9. Figure
5.4 illustrates the expected band for ColE9 at 60 kDa and the expected band for Imm9 at 10
kDa for those samples obtained under different preparation conditions; following IPTG-

induction, after purification, after overnight dialysis and following concentration.
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Figure 5.4 Coomassie blue stained SDS-PAGE analysis of recombinant ColE9-Imm9
complex after purification. M: Pre-stained protein marker 3.5-100 kDa. Lane 1:
recombinant ColE9-Imm9 in E. coli BL21(DE3) cells. Lane 2: recombinant ColE9—-Imm9
after purification under native conditions. Lane 3: recombinant ColE9-Imm9 after
purification followed by overnight dialysis. Lane 4: recombinant ColE9-Imm9 after
purification followed by protein concentration using (Pierce Slide-A-Lyzer™ Dialysis
Cassettes® 3.5K MWCO). Both parts of the complex showed the expected bands: ColE9 at
60 kDa and Imm39 at 10 kDa in all lanes.
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5.3.3 Analysis of the antimicrobial activity of the purified ColE9—Imm9 complex
against E. coli BL21(DE3)/ E. coli BL21(DES3) cells expressing TA/ TolA box /TolB box
using spot test
A spot analysis of the ColE9—Imm9 complex against E. coli BL21(DE3) cells was performed
as described in Section 2.2.12. The results revealed zones of inhibition formed within the
bacterial lawn due to the action of the ColE9-Imm9 complex produced under different
conditions, as illustrated in Figure 5.5. No inhibition of the bacterial cells was observed with
the negative control (PBS). While the other constructs pTA, pTolA and pTolB resulted no

inhibition of growth in the agar plate.
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Figure 5.5 Spot analysis of ColE9—Imm9 complex prepared by various means (10 pL)
added onto a lawn of E. coli BL21(DE3) cells grown on LB agar. A) 1 and 2- are duplicates
which show zones of inhibition resulting from spotting recombinant ColE9-Imm9; 3 and 4-
are duplicates which show zones of inhibition resulting from spotting recombinant ColE9—
Imm9 after purification followed by overnight dialysis and protein concentration. B) zones
of inhibition resulting from spotting recombinant ColE9—-Imm?9 after purification followed by
overnight dialysis at different concentrations; 1 - negative control (PBS, no ColE9-Imm9); 2,
3 and 4 — show zones of inhibition resulting from spotting recombinant ColE9-Imm9 at 5, 50
and 100 nM, respectively.

5.3.4 Analysis of antimicrobial activity of purified ColE9—Imm9 complex against E.
coli BL21(DES3) cells in liquid culture
The colicin-sensitive BL21(DE3) strain was assayed in triplicate to test the antimicrobial
activity of ColE9-Imm9 in liquid culture, as determined using optical density measurements,
as described in Section 2.2.13. Figure 5.6 shows a graph plotting the optical density (OD) of
E. coli BL21(DE3) cells treated with ColE9—-Imm9 (10 or 100 nM) over time, compared to
untreated E. coli BL21(DES3) cells (i.e., negative control, bacterial cells only). All treatments

showed approximately the same increase in the optical density over 12 h.
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Figure 5.6 The antimicrobial activity of ColE9-Imm9 complex on the growth of E. coli
BL21(DE3) cells in liquid culture. The graph shows no change in the optical density of E.
coli BL21(DE3) cells when they are treated with 10 or100 nM of ColE9 compared to the
optical density of untreated E. coli BL21(DE3) cells (n = 3; error bars represent the standard
error of the mean).

5.3.5 Analysis of the antimicrobial activity of purified ColE9-Imm9 complex

against E. coli BL21(DE3) cells in the presence of DTT in liquid culture

In order to reduce the disulphide linkage of ColE9-Imm9, the assay was performed as
described in Section 2.2.13, with the following modifications. Immediately before treating
the E. coli BL21(DE3) cells with ColE9—Imm9 (10 or100 nM) at room temperature, 1 M of
DTT was added to the ColE9-Imm9 sample resulting in a final concentration of 10 mM of
DTT. Figure 5.7 presents a graph of the mean optical density for E. coli BL21(DE3) cells
treated with ColE9—-Imm9, with and without DTT. The control group consisted of untreated
E. coli BL21(DE3) cells, BL21(DE3) cells treated with 10 nM ColE9-Imm9 (BL21(DE3)/10)

and 100 nM ColE9-Imm9 (BL21(DE3)/100), whereas the experimental group consisted of E.
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coli BL21(DE3) cells treated with ColE9-Imm9 the same as the control plus DTT. In the
control group, the highest mean optical density (ODg20 Nm) was 0.301, which occurred with
the untreated E. coli BL21(DE3) cells, followed by 0.297 in the BL21(DE3)/10 group and
0.297 in the BL21(DE3)/100 group. After the addition of DTT, the highest mean optical
density was 0.161, which occurred with the E. coli BL21(DE3) cells with DTT but no ColE9-
Imm9 complex, followed by 0.145 in the BL21(DE3)/10 group with DTT and 0.122 in the
BL21(DE3)/100 group with DTT. The reduction in the final optical density observed

demonstrates that cell growth was affected by ColE9—Imm9 plus DTT.

Although the significant difference shown with the mean values, taking into account small
sample (n=3) and violation of assumptions was tested with Levene test. It revealed
(p<<0.001) which variances are not equal. The Shapiro-Wilk test was employed to determine
whether the data are normally distributed, which revealed (p<<0.001) that the data are not
normally distributed. As such, a non-parametric Kruskal-Wallis test was used to test for
significant differences which revealed that there is no statistically significant difference

between mean rank values of BL21(DE3) cells groups (T (2) =4.511, p=0.105).
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Figure 5.7 The antimicrobial activity of ColE9-Imm9 (control), and ColE9-Imm9 plus
DTT (experimental) on the growth of E. coli BL21(DES3) cells in liquid culture. The graph
shows the mean optical densities for the control group of E. coli BL21(DES3) cells treated with
different concentrations of ColE9-Imm9; 10 nM (BL21(DE3)/10) and 100 nM
(BL21(DE3)/100), and the experimental group of BL21(DE3) cells treated with different
concentrations of ColE9—-Imm9 (10/100 nM) plus DTT. The experimental group shows that
treating E. coli BL21(DE3) cells with ColE9—Imm9 plus DTT at different concentrations
resulted in no significant decrease in the final optical density of BL21(DE3)/10 and
BL21(DE3)/100 as well as untreated cells of the experimental BL21(DE3) plus DTT
compared to the control group. (n = 3; error bars represent the standard error of the mean).

5.3.6 Analysis of the antimicrobial activity of ColE9—Imm9 complex plus DTT
against E. coli BL21(DE3) cells expressing TA, TolA box and TolB box in liquid
culture
The antimicrobial activity of ColE9—Imm9 against E. coli BL21(DE3) expressing TA, TolA
box and TolB box in the presence of DTT in liquid medium was tested as described in Section
2.2.14. Results presented in Figure 5.8 pinpointed the effect of ColE9—Imm9 plus DTT
against E. coli BL21(DE3) cells expressing the TA, TolA box and TolB box compared to E.

coli BL21(DE3) (D/C) treated cells with ColE9-Imm9 plus DTT as a positive control for the
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antimicrobial activity of ColE9-Imm9 plus DTT. Figure 5.8 illustrates the findings for the TA
group (E. coli BL21(DE3) cells expressing TA). The mean optical cell density (ODs20 nm)
was 0.334 for TA/C cells (i.e., untreated TA), 0.331 for the TA/10 cells (i.e., TA cells treated
with 10 nM ColE9-Imm9 plus DTT) and 0.351 for the TA/100 cells (i.e., TA cells treated
with 100 nM ColE9-Imm9 plus DTT) the last of which was higher than the control. When
compared to E. coli BL21(DE3) cells treated with ColE9-Imm9 plus DTT(D/C), after testing
the normality and homogeneity of variances (see Appendix C), the non-parametric Kruskal-
Wallis test revealed here is a significant difference (p<<0.001) between the rank values of

TA cells groups and the control cells (D/C).

For the TolA group (E. coli BL21(DE3) expressing TolA box), the mean optical density was
0.344 in the TolA/C group (i.e., untreated TolA cells), 0.342 in the TolA/10 group (i.e., TolA
cells treated with 10 nM ColE9-Imm9 plus DTT) and 0.337 in the TolA/100 group (i.e., TolA
cells treated with 100 nM ColE9-Imm9 plus DTT), the last of which was slightly lower than
both the TolA/C and TolA/10 groups. After testing the normality and homogeneity of
variances (see Appendix C), the non-parametric Kruskal-Wallis test revealed there is a
significant difference (p<<0.001) between rank mean values for TolA groups and D/C control

cells.

Lastly, for the TolB group, the optical density was 0.345 in the TolB/C group (i.e., untreated
TolB cells), 0.360 in the TolB/10 group (i.e., TolB cells treated with 10 nM ColE9-Imm9 plus
DTT) and 0.373 in the TolB/100 group (i.e., TolB cells treated with 100 nM ColE9-Imm9
plus DTT). After testing the normality and homogeneity of variances (see Appendix C), the
non-parametric Kruskal-Wallis test revealed there is a significant difference (p<0.001)

between rank mean values of TolB groups and D/C control cells.
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Figure 5.8 Graph of mean optical densities of E. coli BL21(DE3) constructs with and
without ColE9-Imm9 at concentrations of 10 nM and 100 nM plus DTT. E. coli
BL21(DE3) cells expressing TA (TA), E. coli BL21(DE3) cells expressing TolA box (TolA)
and E. coli BL21(DE3) cells expressing TolB box (TolB) were treated with different
concentrations of ColE9—-Imm9 (i.e., 10 nM and 100 nM) plus DTT and compared to
untreated cells of each construct type (C; negative controls with DTT), and E. coli BL21(DE3)
cells plus 100 nM ColE9-Imm9 plus DTT (D/C) as a positive control for the antimicrobial
activity of ColE9-Imm9. ColE9-Imm9 plus DTT exerted no inhibitory effect on the bacterial
constructs except the E. coli BL21(DE3) cells (D/C). (n = 3; error bars represent the standard
error of the mean).

130



5.3.7 Analysis of the antimicrobial activity of ColE9-Imm9 on E. coli BL21(DE3)
cells using Live/Dead staining in conjunction with CLSM
5.3.7.1 CLSM imaging of E. coli BL21(DE3) cells

The effect of ColE9—Imm9 in conjunction with DTT on the viability of E. coli BL21(DE3)
cells was investigated using LIVE/DEAD® BacLight™ stain in conjunction with CLSM as
described in Section 2.2.15. E. coli BL21(DE3) cells were treated with either 10 nM of
ColE9—Imm9 plus DTT (BL21(DE3)/10) or 100 nM of ColE9-Imm9 plus DTT
(BL21(DE3)/100) for 3 h or 18 h and were compared with an untreated control group
(BL21(DE3)). Post-treatment bacterial samples were stained, as described in Section 2.2.16,
and visualised using CLSM-—Figure 5.9 shows the results for untreated BL21(DE3) cells
(control), where the vast majority of cells are stained green indicating viability, with few cells
stained red (red being indicative of membrane damage). There was no visible difference
between the samples incubated for 3 h and 18 h, in terms of the relative proportion of green

and red cells.
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Figure 5.9 CLSM images of untreated E. coli BL21(DE3) cells with an optical
magnification of 40x using an oil-immersion objective. The figure shows green cells
stained with SYTO 9, red cells stained with PI, and the merged cells (live/dead). A) E. coli
BL21(DE3) cells after 3 h of incubation at 37 °C. B) E. coli BL21(DE3) cells after 18 h of
incubation at 37 °C. There was no visible change in the number of live/dead cells between
the two incubation periods.

Across 60 fields of view, an average of 59% of BL21(DE3)/10 cells were found to be living
cells (i.e., green), and 31% were found to be dead (i.e., red) after 3 h of incubation. While
after 18 h, dead cells (i.e., red) represented 36%, whereas living cells (i.e., green) represented

64% of the total cells as shown in Figure 5.10.
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Figure 5.10 CLSM images of E. coli BL21(DE3) cells treated with 10 nM of ColE9-
Imm9 plus DTT (BL21(DE3)/10) with an optical magnification of 40x using an oil-
immersion objective. The figure shows green cells stained with SYTO 9, red cells stained
with PI and the merged cells (live/dead). A) E. coli BL21(DE3) cells treated with 10 nM of
ColE9-Imm9 plus DTT after 3 h incubation at 37 °C. B) E. coli BL21(DES3) cells treated
with 10 nM of ColE9-Imm9 plus DTT after 18 h incubation. The viability of E. coli
BL21(DE3) cells visibly began to be affected by the presence of ColE9—Imm9 plus DTT,
given the slight increase of red cells (i.e., dead cells) during the two-incubation periods with
the appearance of yellow cells that are considered to be damaged cells.

Across 60 fields of view, an average of 46% of BL21(DE3)/100 cells were found to be living
cells (i.e., green), and 54% were found to be dead (i.e., red) after 3 h of incubation. While
after 18 h, an increase in dead cells (i.e., red/yellow) at 66% was observed, whereas living

cells (i.e., green) represented only 33% of the total cells as shown in Figure 5.11.
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Figure 5.11 CLSM images of E. coli BL21(DE3) cells treated with 100 nM of ColE9-
Imm9 plus DTT (BL21(DE3)/100) with an optical magnification of 40x using an oil-
immersion objective. The figure shows green cells stained with SYTO 9, red cells stained
with P1 and the merged cells (live/dead). A) E. coli BL21(DES3) cells treated with 100 nM of
ColE9-Imm9 plus DTT after 3 h of incubation at 37 °C, most of the cells were yellow and
thus damaged. B) E. coli BL21(DE3) cells treated with 100 nM of ColE9—Imm9 plus DTT
after 18 h of incubation at 37 °C, most of the cells appeared red indicating death due to the
high concentration of cytotoxic ColE9-Imm9 added.
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Figure 5.12 The difference in percentage of live versus dead bacterial cells from 60
randomly selected fields of view of E. coli BL21(DE3) cells with and without ColE9-
Imm9 plus DTT following 3 or 18 h of treatment. The graph shows the highest percentage
of live cells in untreated E. coli BL21(DES3) cells during the two incubation periods. For the
BL21(DE3)/10 sample, the percentage of dead cells rose during the two incubation periods
due to the addition of 10 nM ColE9-Imm9 plus DTT but didn't exceed the live cells. For the
BL21(DE3)/100 sample the percentage of dead cells increased further leaving live cells low
in number after the addition of 100 nM ColE9-Imm3. (n= 3, error bars represent the standard
error of the mean).

According to the data shown in Figure 5.12, after testing the normality and homogeneity of
variances, the non-parametric Kruskal-Wallis test revealed that after 3 h of incubation, there
is no significant difference (p=0.203) between live cells with and without the treatment with
ColE9-Imm9 (10 nM, 100nM), whereas, there is a statistical difference (p<0.001) between
the dead cells. While, after 18 h, both live and dead cells revealed a significant difference
(p<0.001) between them due to the effect of ColE9-Imm9 plus DTT as they exceed the

number of living cells.
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5.3.8 Analysis of the antimicrobial activity of ColE9-Imm9 on E. coli BL21(DE3)

cells expressing TA using Live/Dead staining in conjunction with CLSM

5.3.8.1 CLSM imaging of E. coli BL21(DES3) cells expressing TA
To examine E. coli BL21(DE3) cells exposed to different conditions using CLSM, bacterial
samples were prepared as described in Sections 2.2.15 & 2.2.16, and visualised as described
in Section 2.2.17. The experiment was conducted on cells expressing TA (i.e., control), TA/10
(i.e., cells expressing TA treated with 10 nM of ColE9—Imm9 plus DTT) and TA/100 (i.e.,
cells expressing TA treated with 100 nM of ColE9—Imm9 plus DTT) after two incubation
periods;3 h and 18 h. Figure 5.13 shows the results for untreated TA cells (i.e., control), where
the vast majority of cells are stained green indicating viability, with few cells-stained red
which indicating dead cells. There was no visible difference between the samples incubated

for 3 hand 18 h, in terms of the relative proportion of green and red cells.
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Figure 5.13 CLSM images of untreated E. coli BL21(DES3) cells expressing TA (TA cells)
an optical magnification of 40x using an oil-immersion objective. The figure shows green
cells stained with SYTO 9, red cells stained with PI and the merged cells (live/dead). A) E.
coli BL21(DE3) expressing TA cells after 3 h of incubation at 37 °C. B) E. coli BL21(DE3)
cells after 18 h of incubation at 37 °C. There was no visible change in the number of live/dead
cells between the two incubation periods.

Across 60 fields of view, 76% of cells were found to be living cells (i.e., in green), and 23%
cells were found to be dead (i.e., red) after 3 h incubation. While after 18 h, a slight increase
in dead cells (i.e., in red) at 31% was observed, whereas living cells (i.e., green) represented

69% of the total cells as shown in Figure 5.14.
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Figure 5.14 CLSM images of E. coli BL21(DE3) cells expressing TA after the addition
of 10 nM of ColE9-Imm9 plus DTT (TA/10 cells) with an optical magnification of 40x
using an oil-immersion objective. The figure shows green cells stained with SYTO 9, red
cells stained with Pl and the merged cells (live/dead). A) E. coli BL21(DES3) cells expressing
TA after the addition of 10 nM of ColE9-Imm9 plus DTT after 3 h incubation at 37 °C. B)
E. coli BL21(DES3) cells expressing TA after the addition of 10 nM of ColE9—Imm9 plus DTT
after 18 h incubation at 37 °C. The viability of TA/10 cells has not been visibly affected by
the presence of ColE9—-Imm9 plus DTT, given the high number of green cells (i.e., live cells)
during the two-incubation periods, although the red cells (i.e., dead cells) have increased
slightly in numbers.

Across 60 field of view, an average of 60% of TA/100 cells were found to be living cells (i.e
green), and 40% were found to be dead (i.e., red) after 3 h of incubation. While after 18 h, the
dead cells (i.e., red) were found to be 41%, whereas living cells (i.e., green) represented 59%

of the total cells as shown in Figure 5.15.
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Figure 5.15 CLSM images of E. coli BL21(DES3) cells expressing TA after the addition
of 100 nM of ColE9-Imm9 plus DTT (TA/100) with an optical magnification of 40x
using an oil-immersion objective. The figure shows green cells stained with SYTO 9, red
cells stained with Pl and the merged cells (live/dead). A) E. coli BL21(DES3) cells expressing
TA after the addition of 100 nM of ColE9—-Imm9 plus DTT after 3 h incubation at 37 °C. B)
E. coli BL21(DE3) cells expressing TA after the addition of 100 nM of ColE9—-Imm9 plus
DTT after 18 h incubation at 37 °C. The viability of TA/100 cells has not been visibly affected
by the presence of ColE9Q-Imm9 plus DTT, given the high number of green cells (i.e., live
cells) during the 3 hand 18 h incubation periods with slightly similar number of red cells (i.e.,
dead cells).
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Figure 5.16 The difference in percentage of live versus dead bacterial cells from 60
randomly selected fields of view of E. coli BL21(DE3) expressing TA with and without
ColE9-Imm9 plus DTT following 3 or 18 h of treatment. The graph shows a high number
of live cells in the control TA sample during the two incubation periods. With TA/10 the
number of dead cells increased during the two incubation periods but didn't exceed the
number of live cells. The number of dead cells has increased but didn’t exceed live cell
numbers on TA/100 (n= 3, error bars= Standard error of the mean)

According to the data in Figure 5.16 unlike the data presented in Figure 5.12, the number of
dead cells did not exceed the number of living cells even when the cells were treated with
ColE9-ImmQ9 plus DTT. Although the non-parametric Kruskal-Wallis test revealed that there
is a significant difference (p<0.001) between both live and dead TA groups after 3 h of
incubation. After 18 h there is no significant difference (p=0.306) between live TA groups,
but there is significant difference (p<0.001) between dead TA groups. However, the
percentages of live cells still remain high among all TA cells unlike colicin sensitive E. coli

BL21(DE3) cells in Section 5.3.7.1
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5.3.9 Analysis of the antimicrobial activity of ColE9-Imm9 on E. coli BL21(DES3) cells
expressing TolA box in conjunction with CLSM

5.3.9.1 CLSM imaging of E. coli BL21(DE3) cells expressing TolA box

As described in Section 2.2.17, to investigate E. coli BL21(DE3) cells expressing TolA box
in different conditions with CLSM, bacterial samples were prepared as described in Section
2.2.15 & 2.2.16, and visualised as described in Section 2.2.17. E. coli BL21(DE3) cells
expressing TolA box were divided into three groups: control cells (i.e., TolA); cells treated
with 10 nM of ColE9—Imm9 plus DTT (i.e., TolA/10); and cells treated with 100 nM of
ColE9—Imm9 plus DTT (i.e., Tol/100). Figure 5.17 shows the results of untreated TolA cells
(control), where the vast majority of cells are stained green indicating viability, with few cells
stained red indicating dead cells. There was no visible difference between the samples

incubated for 3 h and 18 h in terms of the proportion of green and red cells.
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Figure 5.17 CLSM images of E. coli BL21(DE3) cells expressing TolA box (TolA cells)
with an optical magnification of 40x using an oil-immersion objective. The figure shows
green cells stained with SYTO 9, red cells stained with Pl and the merged cells (live/dead).
A) E. coli BL21(DE3) expressing TolA box after 3 h of incubation at 37 °C. B) E. coli
BL21(DE3) expressing TolA box after 18 h of incubation at 37 °C. There was no visible
change in the number of live/dead cells between the two incubation periods.

Across 60 fields of view, 66% of TolA/10 cells were found to be living cells (i.e., in green),
and 43% cells were found to be dead (i.e., red) after 3 h incubation. While after 18 h, a slight
increase in dead cells (i.e., in red) at 36% was observed, whereas living cells (i.e., green)

represented 68% of the total cells as shown in Figure 5.18.
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Figure 5.18 CLSM images of E. coli BL21(DE3) cells expressing TolA box after the
addition of 10 nm of ColE9-Imm9 plus DTT (TolA/10 cells) with an optical
magnification of 40x using an oil-immersion objective. The figure shows green cells
stained with SYTO 9, red cells stained with Pl and the merged cells (live/dead). A) E. coli
BL21(DE3) cells expressing TolA box after the addition of 10 nm of ColE9—Imm9 plus DTT
after 3 h incubation at 37 °C. B) E. coli BL21(DE3) cells expressing TolA box after the
addition of 10 nm of ColE9-Imm9 plus DTT after 18 h incubation at 37 °C. The viability of
TolA/10 cells has not visibly been affected by the presence of ColE9—Imm9 plus DTT, given
the high number of green cells (i.e., live cells) during the two incubation periods. Although
the number of red cells (i.e., dead cells) has slightly increased.

Across 60 fields of view, an average of 58% of TolA/100 cells were found to be living cells
(i.e., green), and 42% were found to be dead (i.e., red) after 3 h of incubation. While after 18
h, a decline in dead cells (i.e., red) at 27% was observed, whereas living cells (i.e., green)

represented 73% of the total cells as shown in Figure 5.19.
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Figure 5.19 CLSM images of E. coli BL21(DE3) cells expressing TolA box after the
addition of 100 nm of ColE9—Imm9 plus DTT (TolA/100) with an optical magnification
of 40x using an oil-immersion objective. The figure shows green cells stained with SYTQO9,
red cells stained with Pl and the merged cells (live/dead). A) E. coli BL21(DE3) cells
expressing TolA box after the addition of 100 nm of ColE9-Imm9 plus DTT after 3 h
incubation at 37 °C. B) E. coli BL21(DE3) cells expressing TolA box after the addition of
100 nm of ColE9—Imm9 plus DTT after 18 h incubation at 37 °C. The viability of TolA/100
cells has not been visibly affected by the presence of ColE9—-Imm9 plus DTT, given the high
number of green cells (i.e., live cells) during the two-incubation period. Also, the number of
red cells (i.e., dead cells) has declined after 18 h.
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Figure 5.20 The difference in bacterial cell percentage of live versus dead cells from 60
randomly selected fields of view of E. coli BL21(DE3) expressing TolA box with and
without ColE9-Imm9 plus DTT during two incubation periods. The graph shows high
number of live cells in control TolA cells during the two incubation periods. While with
TolA/10 the number of dead cells rose during the two incubation periods but didn't exceed
the live cells number. The number of dead cells has declined in TolA/100, giving the high
number of living cells after the addition of 100 nM ColE9-Imm9 plus DTT. (n= 3, Error bars=
Standard error of the mean).

According to the data in Figure 5.20 unlike the data presented in Figure 5.12, the number of
dead cells did not exceed the number of living cells even when the cells were treated with
ColE9-ImmQ9 plus DTT. Although the non-parametric Kruskal-Wallis test revealed that there
is a significant difference (p<0.001) between both live and dead of TolA groups after both
incubation period (3 h & 18 h). However, the percentages of live cells still remain high among

all TolA cells unlike colicin sensitive E. coli BL21(DE3) cells in Section 5.3.7.1
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5.3.10 Analysis of the antimicrobial activity of ColE9-Imm9 on E. coli BL21(DE3)
cells expressing TolB box in conjunction with CLSM
5.3.10.1 CLSM imaging of E. coli BL21(DE3) cells expressing TolB box

To examine E. coli BL21(DE3) cells expressing TolB box in different conditions under
CLSM, as described in Section 2.2.15, bacterial samples were prepared as described in
Section 2.2.16 and visualised as described in Section 2.2.17. E. coli BL21(DE3) cells
expressing TolB box (TolB cells) were divided into three groups: untreated control cells (i.e.,
TolB); cells treated with 10 nM of ColE9—Imm9 plus DTT (i.e., TolB/10); and cells treated
with 100 nM of ColE9—Imm9 plus DTT (i.e., TolB/100 group). Figure 5.21 shows the results
for untreated control TolB cells, where the vast majority of cells are stained green indicating
viability, with few cells stained red indicating dead cells. There was no visible difference
between samples incubated for 3 h and 18 h, in terms of the relative proportion of green and

red cells.
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Figure 5.21 CLSM images of E. coli BL21(DE3) cells expressing TolB box (TolB cells)
with an optical magnification of 40x using an oil-immersion objective. The figure shows
green cells stained with SYTO 9, red cells stained with Pl and the merged cells (live/dead).
A) E. coli BL21(DE3) cells expressing TolB box after 3 h of incubation at 37 °C. B) E. coli
BL21(DE3) cells expressing TolB box after 18 h of incubation at 37 °C. There was no visible
change in the number of live/dead cells between the two incubation periods.

A\ .
B .
Green= live / Red= dead

Across 60 fields of view, an average of 60% of TolB/10 cells were found to be living cells
(i.e., green), and 40% were found to be dead (i.e., red) after 3 h of incubation. While after 18
h, a decline in dead cells (i.e., red) at 30% was observed, whereas living cells (i.e., green)

represented 70% of the total cells as shown in Figure 5.22.
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Figure 5.22 CLSM images of E. coli BL21(DE3) cells expressing TolB box after the
addition of 10 nm of ColE9-Imm9 and 10 mM of DTT (TolB/100) with an optical
magnification of 40x using an oil-immersion objective. The figure shows green cells
stained with SYTO 9, red cells stained with Pl and the merged cells (live/dead). A) E. coli
BL21(DE3) cells expressing TolB box after the addition of 10 nm of ColE9—-Imm9 and 10
mM of DTT after 3 h incubation at 37 °C. B) E. coli BL21(DE3) cells expressing TolB box
after the addition of 10 nM of ColE9—Imm9 and 10 mM of DTT after 18 h incubation at 37°C.
The viability of TolB/10 cells has not been visibly affected by the presence of ColE9—Imm9

plus DTT, given the high number of green cells (i.e., live cells) during the two-incubation
period. Also, the number of red cells (i.e., dead cells) has slightly declined.

Green= live / Red= dead

Across 60 fields of view, an average of 72% of TolB/100 were found to be living cells (i.e.,
green), and 28% were found to be dead (i.e., red) after 3 h of incubation. While after 18 h, an
increase in dead cells (i.e., red) at 46% was observed, whereas living cells (i.e., green)

represented 54% of the total cells as shown in Figure 5.23.
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Figure 5.23 CLSM images of E. coli BL21(DE3) cells expressing TolB box after the
addition of 100 nM of ColE9—Imm?9 plus DTT (TolB/100) with an optical magnification
of 40x using an oil-immersion objective. The figure shows green cells stained with SYTO
9, red cells stained with PI and the merged cells (live/dead). A) E. coli BL21(DE3) cells
expressing TolB box after the addition of 100 nM of ColE9-Imm9 plus DTT after 3 h
incubation at 37 °C. B) E. coli BL21(DE3) cells expressing TolB box after the addition of
100 nM of ColE9—Imm9 plus DTT after 18 h incubation at 37 °C. The viability of TolB/100
cells has not been visibly affected by the presence of ColE9—Imm9 plus DTT, given the high

number of green cells (i.e., live cells) during the two-incubation period. Although the number
of red cells (i.e., dead cells) has increased.

Green= live / Red= dead
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Figure 5.24 The difference in bacterial cell percentage of live versus dead cells from 60
randomly selected visual fields of E. coli BL21(DE3) expressing TolB box with and
without ColE9—Imm9 plus DTT during two incubation periods. The graph shows a high
proportion of live cells in control TolB (TolB/C) cells during the two incubation periods.
While with TolB/10 the number of dead cells rose during the two incubation periods but didn't
exceed the live cells number. The number of dead cells has increased in TolB/100 compared
to TolB/10 but didn’t exceed live cells number after the addition of 100 nM ColE9-Imm9
plus DTT. (n=3, error bars= standard error of the mean).

According to the data in Figure 5.24 unlike the data presented in Figure 5.12, the number of
dead cells did not exceed the number of living cells even when the cells were treated with
ColE9-ImmQ9 plus DTT. Although the non-parametric Kruskal-Wallis test revealed that there
is a significant difference (p<0.001) between both live and dead TA groups after both
incubation period (3 h & 18 h). However, the percentages of live cells still remain high among

all TA cells unlike colicin sensitive E. coli BL21(DE3) cells in Section 5.3.7.1
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5.3.11 Plate counts to determine the antimicrobial activity of ColE9—Imm9 plus

DTT on bacterial constructs

To supplement the results obtained from CLSM, spread plate counts were performed on
colicin-sensitive E. coli BL21(DE3) cells following challenge with 10 nM ColE9-Imm3 plus
DTT, as described in Section 2.2.18. Figure 5.25(A) shows the E. coli BL21(DE3)-sensitive
cells on an agar plate. Figure 5.25(B) shows the colonies obtained after the cells were
challenged with100 nM of ColE9—Imm9 plus DTT. After calculating the colony forming units
(CFUs) for E. coli BL21(DES3) before and after adding ColE9—-Imm9, the average count of E.
coli BL21(DE3) cells after adding 10 nm of ColE9-Imm9 plus DTT equalled 2.6 x 10°
CFU/mL. While the average count of E. coli BL21(DE3) cells after adding 100 nm of ColE9

equalled 1.8 x 10° CFU/mL.

For untreated E. coli BL21(DE3) and other constructs expressing TA and the TolA and TolB
boxes of ColA, all revealed how the colonies were too many to count on a 107 plate with
estimated minimum of 300 colonies (i.e., the maximum countable number) even after ColE9—

Imm9 plus DTT were added.

Assuming their CFU/ml is > 3.2 X 10°, and because of the small sample size the data were
tested by Kruskal Wallis to reveal (T (2) =7.261, p=.027) that there is a statistically significant
difference between three groups (i.e., untreated BL21(DE3), and 10 nM ColE9-Imm9 plus

DTT treated cells, and 100 nM ColE9-Imm9 plus DTT treated cells (see Appendix C).
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Figure 5.25 E. coli BL21(DE3) cells with ColE9—-Imm9 plus DTT. A) Colonies grown on
an agar plate after incubation with 10 nM of ColE9—-Imm9 plus DTT at 37 °C overnight. (B)
Colonies grown on the plate after incubation with 100 nM of ColE9—Imm9 plus DTT at 37°C
overnight, during which time the number of colonies decreased.
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5.6 Discussion

The aim of expressing and secreting colicin domains into the cell periplasm was to observe
the interaction between the Tol system and externally added colicins. Because that interaction
can be monitored by cellular patterns of sensitivity and resistance to externally added colicins,
this research involved investigating whether the expression of ColA translocation domains
protects sensitive cells, including E. coli BL21(DE3), from externally added ColE9. This
hypothesis derives from the fact that interactions between the translocation domain and
cellular Tol proteins preclude all subsequent interactions of Tol proteins with the (T) domains
of externally added colicins. Beyond that, the competitive inhibition of TolA affects cell
resistance more significantly than the inhibition of TolB, the examination of which may
provide new insights into the role of different Tol proteins in the translocation of different

colicins.

This chapter presents a novel approach for investigating protein—protein interaction and the
effects of the cytotoxic activity of the ColE9—Imm9 complex against various E. coli
BL21(DE3) cells. ColE9-Imm9 was tested against E. coli BL21(DE3) cells expressing TA,
TolA box and TolB box using several techniques, including testing ColE9—Imm9
antimicrobial activity in the absence and presence of dithiothreitol (DTT) in liquid culture,
live-cell imaging using CLMS, and plate counting. Penfold and colleagues (2004) previously
constructed a ColE9-Imm9 mutation by introducing two cysteine residues at position 496 in
the receptor-binding domain, or (R) domain, which caused a disulphide bond to form in the
centre of the domain. Subsequently, the mutation facilitated ColE9-Imm9 purification as a
means to produce recombinant ColE9—-Imm9. In their study, once the mutant was constructed,
the resulting plasmid was sequenced to confirm the presence of cysteine mutations in the (R)
domain. Their recombinant plasmid pColE9 encoded ColE9 containing the Y324C-L447C

mutations, as well as a poly-histidine tag on Imm9 for the purification of the (C) domain of
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the 10-kDa in the ColE9-Imm9 complex when both proteins were co-expressed in T7
expression vectors. The authors introduced an Xhol site in the place of the immunity gene’s
stop codon in the plasmid pColE9 during a PCR. The 2012-bp Ndel-Xhol PCR fragment was
cloned into plasmid pET-2la restricted with the same enzymes, and the resulting plasmid was

transformed into E. coli BL21(DE3) cells (Penfold et al., 2004).

In this research, the ColE9—-Imm9 mutant was the chosen cytotoxic protein for two major
reasons. Firstly, E. coli BL21(DE3) cells are sensitive to colicin (Ranjan et al., 2018), and,
secondly, ColE9—-Imm9 is easy to purify. Although the ColE9—Imm9 mutant’s cytotoxic
activity could constitute a limitation because of the mutations, other researchers have
examined the disulphide form of ColE9-Imm9 instead of the wild type owing to the flexibility
of the former’s (R) domain. That domain undergoes conformational changes that occur due
to the entry of colicins, an event that ensures that the disulphide bonds do not alter the ColE9
activity or its affinity to Imm9 (Klein et al., 2016). Those findings guided this research
approach in testing the ColE9-Imm9 mutant. In the research, the overexpression and
purification of ColE9-Imm9 in the cells was achieved in small- and large-scale bacterial
cultures, as described in Section 2.2.7. As a result, the expected bands for 60 kDa of ColE9
and 10 kDa of Imm9 confirmed the co-expression of the immunity protein with ColE9 as they

formed a complex as illustrated in Figures 5.3 & 5.4.

This chapter aims to address some fundamental questions regarding the translocation of
ColE9—Imm9. For one, how can the effect of ColE9—Imm9 on sensitive cells be measured?
Also, if the periplasm of the ColE9-ImmO9 treated cells is occupied by periplasmic proteins,
does it affect the translocation of ColE9 from the OM to the periplasm. If so, then is it due to
the competitive inhibition of protein—protein interactions in the periplasm or the compromised

dissociation of Imm9? To date, progress towards answering those questions has been limited
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by the lack of a sensitive, rapid assay for ColE9—Imm39 translocation other than by monitoring

the resulting inhibition of growth.

To determine the cytotoxic concentration of ColE9-Imm9 against the general host strain, E.
coli BL21(DE3)—, a spot test assay was performed, a traditional cell-killing assay in which
different concentrations of ColE9-Imm9 are spotted onto a lawn of sensitive cells to test their
antimicrobial activity. The results confirmed the sensitivity of E. coli BL21(DE3) cells to
ColE9-Imm9, which resulted in a zone of growth inhibition compared with a negative control
as shown in Figure 5.5 with minimum inhibitory concentration of 5 nM. By contrast, the E.
coli BL21(DE3) cells expressing TA, TolA box and TolB box showed complete growth and
no zone of inhibition, demonstrating that the expression of the proteins protected the cells
against the cytotoxic activity of ColE9-Imm9. This outcome supports the hypothesis that the
cells can be protected against ColE9—-Imm39 due to the expressed domains (TA, TolA box and
TolB box) in the periplasm. Spotting low (i.e 5 nM) and high (i.e., 100 nM) concentrations
of ColE9-Imm9 yielded a concentration-dependent effect, as expected, because the used
concentrations were above the lethal concentration of ColE9-Imm9 suggested by Li and
colleagues (2004). They also tested the sensitivity on another strain of E. coli (i.e., DH5a) to
ColE9 activity using a spot test assay and determined that 4 nM of ColE9 was a minimum

lethal concentration suitable for use in conventional assays.

Performing techniques other than the traditional cell-killing assay was necessary to improve
sensitivity and for ease of data analysis. To confirm the results of the spot test, i.e., that
ColE9-Imm9 affected the growth of E. coli BL21(DE3) but not the growth of the E. coli
BL21(DE3) expressing TA, TolA box and TolB box, a liquid growth assay was performed
whereby E. coli BL21(DE3) cells expressing TA, TolA box and TolB box were treated with
ColE9-Imm9. As shown in Figure 5.6, ColE9—-Imm9, once added to E. coli BL21(DE3) cells,
did not affect the growth of the cells, even when added in higher concentrations than the
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suggested lethal concentration (i.e., 10 & 100 nM), and the optical density achieved by the
treated cells was similar to that of the untreated ones. Those results, despite contradicting the
results of the spot test which showed inhibition of growth, they aligned with the findings of
Penfold and colleagues (2004), who observed that the double cysteine mutation performed in
ColE9 (R) domain, along with the formation of a disulphide bond, inhibited the activity of
ColE9 without significantly affecting BtuB binding or binding to the cellular TolB. They also
tested the mutant protein on E. coli DH5a, a colicin-Sensitive strain, in a liquid growth
inhibition experiment, the results of which confirmed the difference between the results of
the plate assay and liquid growth assay in terms of inhibitory activity. To investigate the
possible reasons for the loss of ColE9-Imm9 cytotoxic effect in liquid assay, they also
compared the interaction between the (T) domain of ColE9 and TolB with the (T) domain of
the ColE9 mutant and TolB using two-hybrid screening. The presence of disulphide in the
mutant protein had no inhibitory effect on the interaction between their TolB boxes and TolB,
although it did somewhat affect the activity of their nuclease activity, unless the bond was
reduced with a reducing agent. Adding DTT to the oxidised proteins containing disulphide
bonds restored the activity of ColE9, as previously demonstrated by Vankemmelbeke and
colleagues (2005), who investigated Imm9 release from the mutant ColE9-Imm9 complex by
conducting a fluorescence assay. Using DTT to reduce the disulphide linkage, which restored
the activity of ColE9-Imm9, they observed that Imm9 release occurred immediately after the
DTT-induced reduction, thereby restoring both flexibility in the (R) domain and the

interaction of the (T) domain with the Tol proteins.

In light of those findings, in this research 10 mM (final conc.) of DTT was added to the
ColE9-Imm9 complex before treating the E. coli cells. The results showed that ColE9-Imm9
activity was restored as expected. The results further indicated that the antimicrobial effect of

ColE9—-Imm9 with DTT on E. coli BL21(DE3) cells is concentration-dependent, as illustrated
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in Figure 5.7. However, this difference is not significant (p> 0.01) observed with Kruskal
Wallis test between ones treated with ColE9—Imm9 only (i.e., control), that showed no
difference in growth, and the ones treated with ColE9—Imm9 plus DTT (i.e., experimental).
Bacterial growth (i.e., optical density) decreased according to the concentration of ColE9—
Imm9 plus DTT. The E. coli BL21(DE3) cells treated with the higher concentration of 100
nM of ColE9 plus DTT showed a marginally lower optical density (employed as an indicator
of bacterial growth) than the E. coli BL21(DE3) cells treated with 0 nM and 10 nM of ColE9-
Imm9 plus DTT. Those results were expected and support the findings of Vankemmelbeke
and colleagues (2005) who challenged a colicin-sensitive E. coli strain, DPD1718, with a
range of concentrations of the ColE9—Imm9 complex, from 0.4 to 40 nM and observed dose-

dependent outcomes.

The hypothesis that the expression of ColA translocation domains could protect sensitive cells
such as E. coli BL21(DE3) from externally added ColE9 was tested in a liquid growth
inhibition assay, namely by monitoring the optical density of the growing cells after treating
them with ColE9—-Imm9 plus DTT. The optical density was not expected to be affected by
ColE9-Imm9 plus DTT, even when cells were exposed to a high concentration of ColE9—
Imm9 (100 nM), when compared to the untreated cells. As anticipated, the results confirmed
the hypothesis as shown in Figure 5.8. Also, the results revealed that there is a significant
difference (p<0.001) between the optical cell density of colicin sensitive strain E. coli
BL21(DE3) (i.e., D/C) and the other constructs that gained protection against the
antimicrobial activity of ColE9-Imm9 plus DTT. The same hypothesis was proposed by
Bouveret and colleagues (2002), who observed in their study that the Tol-Pal system can be
disturbed by the periplasmic production of the G3p protein, a protein produced in the inner
membrane of E. coli. Among other results, they found that the interaction of the overproduced

G3p with the Tol proteins inhibited their normal function—that is, the translocation of colicin.
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Those findings prompted the question that guided this research: ‘‘What if the domains
produced in the periplasm can be derived from colicins as well, instead of testing G3p we test

the translocation domain of colicin’’?

The results of spot testing and liquid growth assays support the hypothesis that the expressed
TA, TolA box and TolB box of ColA in the periplasm provide a certain degree of protection
to the cells against ColE9—Imm9 plus DTT. Quantifying that degree of protection requires
determining whether the level of protection afforded is the same for all examined cells needs
to be applied. The implications of this statement raise a few important questions. Firstly, does
the fact that ColE9 interacts only with TolB only for its translocation and cytotoxicity provide
the greatest level of protection? Secondly, how can the expressed TolA box protect cells,
especially since ColE9 does not appear to interact with TolA for its translocation, or, at least,
not directly? The exact mechanism of ColE9 translocation needs to be more thoroughly
investigated in order to pinpoint the exact role of TolA, which may be accomplished by
focusing on cells that express the TolA box of ColA and by studying their status upon being

treated with ColIE9—Imm9 plus DTT.

Given current knowledge about the mechanism of ColE9 translocation, it can be expected
that TA overproduction in the periplasm not only causes the interaction between cellular Tol
proteins and TA but also causes TA to occupy the binding sites with ColE9, making them
unavailable for ColE9 translocation in the periplasm. As explained in Section 5.1, ColE9
binds to TolB in the TolB box for its translocation into the cells. By extension, our hypothesis
was that the TolA box’s overproduction does not afford the same level of protection as the
overproduced TA and TolB box, because simply ColE9 doesn’t interact with TolA directly
for its translocation through the periplasm. However, the results of the liquid growth
inhibition assay indicated otherwise, and raised the question about the contribution of TolA
to ColE9 translocation when separated from the TolB box. To measure the level of protection
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resulting from the overproduction of the TolA box and compare it to both TA and TolB box,

a novel approach was applied: live cell imaging.

The BacLight™ kit is a differential stain comprising SYTO 9, which is able to enter all cells
staining them green, and propidium iodide (PI) which enters those cells with a compromised
membrane and displaces SYTO 9 staining the dead cells red. Viable cells remain green. In
treating the bacterial cells with the ColE9—Imm9 protein, which has a cytotoxic activity, if
the bacteria were sensitive, then their membrane would be damaged, thereby leading to
eventual cell death, and PI would displace SYTO 9 and stain the cells red. A yellow
fluorescence, meaning damaged cells, is commonly observed with BacLight™ Kkits, and
research has shown that PI cannot displace SYTO 9 completely, which probably accounts for
the evolution of yellow fluorescence (Stiefel, 2015). Brown and colleagues (2015) used live
cell imaging to investigate whether culturing colicin-sensitive bacterial cells with an
antimicrobial such as gentamicin would provide any protection against ColE9. Although that
hypothesis differed from the one presented in this thesis, relying on such a technique to

quantify the level of protection against ColE9 supported the choice of this methodology.

The first experiment involved testing E. coli BL21(DE3) cells (See Figures 5.9, 5.10 and
5.11), which were sensitive to ColE9—Imm9 plus DTT in the antimicrobial activity assay in
liquid culture. The findings supported the results of the liquid growth assay, that the effect of
ColE9-Imm9 plus DTT on the bacterial cell depends upon the concentration. Compared with
the control E. coli BL21(DE3) cells, a significant (p < 0.001) decrease in the percentage of
living cells occurred when treated with 10 nM ColE9—-Imm09 plus DTT reached 64 % after 18
h of incubation, which decreased even further with higher concentration of ColE9-Imm9 plus
DTT (i.e.,, 100 nM) to become only 33 %. However, against expectations, no significant
difference arose at the beginning between the treated and untreated living cells after 3 h of
incubation, but it significantly a decrease in the percentage of living cells after both incubation
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periods, as shown in Figure 5.12, which emphasises how the concentration of added ColE9-

Imm9 plus DTT concentration impacts the decrease of living cells.

The same method was applied to evaluate the other E. coli BL21(DE3) cells carrying plasmids
for TA, TolA box and TolB box. After expressing TA and achieving the induction of cells
with L-arabinose, the cells were prepared for CLSM in the same way as the colicin-sensitive
E. coli BL21(DE3) cells (see Figures 5.13, 5.14 and 5.15). Because the major function of TA
is ColE9 translocation, it is reasonable to assume that expressed TA would provide the
greatest level of protection represented in high percentage of living cells to the producing
cells against ColE9—-Imm9 plus DTT. The results included an unexpected difference in the
percentage of living cells when comparing to the expressed TolA and TolB boxes. Figure
5.16 shows the difference in the difference in the percentage of live versus dead of cells
expressed TA, the living cells were found to be 69 % and 59 % after treatment with 10 and
100 nM ColE9-Imm9 plus DTT. This is completely different from the results achieved with
sensitive strain (E. coli BL21(DE3) in Section 5.3.7 where the percentage of living cells were
only 33 % due to the antimicrobial activity of ColE9-Imm9 plus DTT. Also, the variability
shown in Figure 5.16 clearly does not relate to ColE9-Imm9 cytotoxic effect, unless,
possibly, if Tol proteins other than TolA and TolB are responsible for ColE9 translocation,
which would explain why the level of protection was not greater. Even with the high
concentration of ColE9—Imm9 plus DTT treated cells, the slight difference between the values
was not significant (p > 0.001). Even so, the findings support the hypothesis, because the
number of living cells among treated cells was relatively high indicated that TA
overproduction in the periplasm provided some protection against ColE9, but not as great a
level as was expected. As mentioned in Chapter 1, of the Tol proteins—for example, TolA,
TolB, TolQ and TolR—the involvement of TolQ and TolR in ColE9 translocation has not

been fully studied. However, Kim and colleagues (2014) were able to identify the contribution
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of TolR in the translocation of ColE3 (shared 80% identity with ColE9), and suggested that
TolR interacts with TolA by forming a complex that produces energy for ColE3—Imm3
dissociation and eventually aids the translocation of ColE3 into cells. If the same is true with
ColE9-Imm9, it could explain why the protection provided by TA (i.e., TolA box and TolB
box) was not as high as expected, namely due to TolR involvement. Another study suggesting
the same theory was conducted by Journet and colleagues (1999), who showed that the
overproduction of TolR central domain in the periplasm worked to protect the colicin-
producing cells against ColA. A similar result was later achieved by Bouveret and colleagues
(2001) while investigating how TolR overproduction affected ColE3. Their explanation was
that the possible interaction of the overproduced TolR with cellular TolR blocked ColE3
translocation. This raised another question, however. if TolR box is overproduced in the

periplasm, would it provide the same level of protection as TA?

Tol boxes were investigated separately. In particular, because ColE9 interacts with TolB in
TolB box for translocation and requires energy from TolA for Imm9 release, how the
overproduction of TolA and TolB boxes affects ColE9 action in cell viability was assessed
using CLSM. Because the interaction between ColE9 and TolA has not yet been confirmed,
and because their energy involvement via indirect interaction, the protection provided by the
overproduction of the TolA box in E. coli BL21(DE3) box (TolA) was expected to see a
substantial number of dead cells via live/dead staining due to the cytotoxic action of ColE9.
Surprisingly, the results were similar to the ones achieved by TA overproduction (see Figures
5.17, 5.18, 5.19). Despite a significant difference (p < 0.001) in bacterial growth of all tested
cells as shown in Figure 5.20, it is an expected variability in bacterial growth. However, live
cell counts exceeded dead cell counts and remained close to rates in the control group and
never exceeded the range of living cells (i.e., 60-70%), which is unexpected considering that

generally the status of bacterial growth after 18 h (late stationary phase) means that the
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numbers of live and dead cells are beginning to converge. Moreover, a decline in the number
of dead cells has been observed, and this is because during incubation period the bacterial
cells are still dividing, causing an increase in the proportion of live versus dead cells overtime.
ColE9 is known to lack TolA box (Carr et al., 2000), and the significant level of protection
against ColE9 conferred by expressing TolA box in the periplasm, which occurred in 70% of
living cells, indicates a major role for TolA in ColE9 translocation. It may be that the energy
transferred to a TolB-bound ColE9, probably via a conformational change caused by TolA—
TolB interaction, prompted Imm9 release and the translocation of the cytotoxic domain to its
target (Vankemmelbeke et al., 2009), which would explain the protection. Several colicin—
TolA interactions have been investigated using agar overlay technique, surface plasmon
resonance and two-hybrid screening for colicins A and E1 (Lazdunski et al. 2002). In vivo
cross-linking and co-immuno-precipitation have revealed a complex of TA, TolA and TolB,
the formation of which may contribute to translocation, in which the overproduced TolA box
in E. coli BL21(DE3) cells would occupy Tol and prevent both the formation of the TA-
TolA-TolB complex and consequent translocation of ColE9. Considering that possibility,
scholars have classified TolA as a hub protein, a class of proteins involved in numerous
interactions with other proteins and that are critical to maintaining the stability and function
of the interaction network. Hub proteins are classified into two groups: transient hubs, which
are engaged in only one interaction at a time, and obligate hubs, which can be involved in
multiple interactions at once. Other names and descriptions classifying hub proteins have
been introduced, including “date” and “party” as well as “sociable” and ‘“non-sociable”,
according to their number of binding sites, their size and their structures (Carro et al., 2018).
Researchers continue to investigate whether hub proteins have specific structural properties
to facilitate their participation in various interactions with other proteins, as well as to

determine whether they have any structural flexibility for folding and changing conformation.
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Because hub proteins can be recognised by their disordered regions, they are large unfolded
proteins with no secondary or tertiary structure (Patil et al., 2010). Penfold and colleagues
(2012) characterised TolA as a hub protein after discovering its binding site, or TolA box,
where it interacts with colicin. However, because no direct interaction occurs between ColE9
and TolA, the interaction between ColE9 and TolB causes a conformational change in TolB,
which consequently causes an interaction between ColE9 and TolA, resulting in the provision
of the energy required for Imm9 release and ColE9 translocation. TolA also has structural
flexibility between the OM and IM and participates in most protein—protein interactions,
including those with other cytoplasmic Tol proteins (i.e., TolQ and TolR). To pinpoint the
mechanism of the protein—protein interaction, an in vivo technique such as within-cell NMR
needs to be developed, which justifies the second aim of this research: to visualise
overproduced domains and determine their structural conformational changes before and after

challenging the cells with ColE9.

Because the TolB box pentapeptide is essential for ColE9 killing activity (Garinot-Schneider
etal., 1997), it is reasonable to speculate that if the TolB box is overproduced in the periplasm,
it will block the interaction between ColE9 and cellular TolB. Thus, the level of protection
was anticipated to be higher than for TolA and TA. Unexpectedly, however, the results
obtained (see Figure 5.21, 5.22, 5.23) were similar to those of the expressed TA cells. The
percentage of living cells was 54 % and only slightly less than that of living cells from treated
cells with expressed TA (i.e., 59%). Again, a significant difference between the bacterial
counts emerged, as shown in Figure 5.24, which is clearly related to normal variability in
bacterial growth. Even so, the percentage of living cells still higher than dead cells (54%).
However, the finding did not relate to ColE9-Imm9 cytotoxic effect upon concentration as

seen with colicin sensitive strain E. coli BL21(DE3) as demonstrated in Section 5.3.7.
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Overall, percentages of living E. coli BL21(DE3) cells expressing TA, TolA box and TolB
box ranged from 50% to 70% following treatment with ColE9-Imm9 plus DTT, the highest
being with E. coli BL21(DE3) cells expressing TolA box. That finding suggests that TolA
has an important function in ColE9 translocation and proves its function as a hub protein. The
lower percentage of living cells expressing the TolB box of ColA presumably related to
differences in the affinity of the TolB boxes of ColE9 and ColA, approximately 1 uM (Loftus
etal., 2006) ColA and 10 uM respectively, were found to bind with TolB, and the low binding
affinity could explain the unexpected result. The finding could also agree with the suggestion
of Hands and colleagues (2005) that residues outside the TolB box region have a high affinity

for periplasmic TolB, which could also explain the level of protection that we observed.

Using a liquid growth assay, CLSM and plate counting, this research revealed the significant
difference (p<0.01) between cells due to the effect of ColE9-Imm9 cytotoxic activity after its
reduction with DTT on E. coli BL21(DE3)-sensitive cells, and how that effect depends on the
concentration of ColE9—Imm9 as was also demonstrated by plate counting as illustrated in
Figure 5.25. Testing the same protein on E. coli BL21(DE3) expressing TA, TolA and TolB
revealed that the overproduced TA, TolA and TolB provided some protection to cells against
ColE9 activity. The presence of those proteins in the periplasmic space blocked ColE9
translocation due to other interactions between the overproduced proteins (TA, TolA box and
TolB box) and the cellular TolA and TolB of the host cells rendering them unavailable to
interact with ColE9, as shown using three methods. The statistical findings reported herein
indicate, however, that the level of protection is not cumulative. Because ColE9 interacts
directly with TolB, overexpressing TolB box and blocking the interaction with ColE9 should
have afforded a high level of protection, as represented in a higher live cell count. However,
this was not the case. Even considering TolA indirect role in Imm9 dissociation from the

complex, cells that express the whole TA should show a high level of protection. Those
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outcomes indicate that a series of interactions involving the Tol system and colicins have yet
to be discovered, and identifying them will involve grasping just how large and structurally
disordered the translocation domain is. To that end, in-cell NMR visualisation could allow

confirming the novel findings in this chapter.
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Chapter 6
Development of methodologies to study
protein-protein mteractions of
overexpressed translocation domain of
colicin A using in-cell nuclear magnetic
resonance
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6.1 Introduction

One of the common methods in studying protein-protein interactions (PPIs) is nuclear
magnetic resonance (NMR). As mentioned in Chapter 1, the use of NMR has proven its ability
to reveal protein status inside the cells (Ito & Selenko, 2010). This chapter discusses the
applicability of in-cell NMR spectroscopy to the analysis of PPIs of the overexpressed
translocation domain of Colicin A residues 1-172 (TA), TolA box (residues 52-172), and
TolB box (residues 1-52) in E. coli BL21(DE3) cells. In order to provide optimal results, the
most important parameters that should be monitored during in-cell NMR are chemical shifts,
signal intensities, and linewidths. The chemical shift is the resonant frequency of particular
nuclei relative to a standard in a magnetic field and it represents the position on the 6 scale
(in ppm) where the peak forms in the NMR spectrum (Williamson., 2013). Chemical shifts
result from differences in the local environment around particular nuclei, for example, from
changes in the electron density as the result of the application of an external magnetic
field that induces motion in the electron cloud surrounding the nucleus. These changes cause
electrons to generate their own magnetic fields, which contribute to the shifts observed. The
presence of hydrogen bonds and charged molecule can also similarly result in and/or
contribute to such resonance shifts (Balci, 2005). Signal intensities refer to the magnitude of
NMR signals which are proportional to the concentration of the sample. Thus, a small or
dilute sample will give a weak signal, while a concentrated sample increases the signal
strength proportionally and will influence the sharpness of the formed peak; The stronger the
signal, the easier for NMR detection. Lastly, the linewidths describe the width of the peak;

narrower peaks are more distinctive and easier to identify (Wang et al., 2015).
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Kumar et al. (2013) have found significant benefits in the use of in-cell NMR in studying
proteins. As mentioned in Chapter 1, to analyse a protein inside cells, two-dimensional (2D)
'H-'°N correlation is the most widely used method, which can allow the characterisation of
two NMR sensitive nuclei, like *H and *°N, such that each *H-'°N correlated peak represents
an amino acid in the backbone of the protein. That method is easily applied and requires only
the preparation of *>N-labelled protein samples to allow the visualisation of any variations in
the chemical shifts of the peaks (Kumar et al., 2013). The principal challenge of this method
is when it produces overlapping cross-peaks which is a common problem in in-cell NMR
analysis, which makes it difficult to identify every individual peak. Therefore, this requires
additional higher dimensional experiments, which will distribute those peaks over a larger
space facilitating their identification and thereby helping to assign the protein structure (Felli
etal., 2014). However, higher dimensional NMR is limited and not applicable when studying
large proteins because of the likelihood of overlapping cross-peaks (i.e., >30 kDa) or ones
that bind to large structures (Burz et al., 2009). Similarly, other researchers have shown that
small proteins (i.e., 6-14 kDa) are easier to analyse via in-cell NMR than large ones (Pielak
et al., 2009). Accordingly, the initial aim of the work described in this chapter, was to
visualise the expressed TA using NMR. Although the size of TA (17 kDa) is considered to
be small and thus should be detected easily by in-cell NMR, the approach chosen was to
simplify the protein sample by separating the TolA box domain (12 kDa) and TolB box
domains (5 kDa) of the intact TA region in order to further facilitate the analysis as according
to reported studies, this is likely to reduce the complexity of the resulting peaks (Selenko et

al., 2007).

168



The translocation domain of ColA (TA) is an intrinsically disordered region. In vitro NMR
reveals that when other protein(s) interact with TA, conformation changes occur to TA itself
as well as the other interacting protein(s). This was proven by showing the conformational
change in TolA when it interacts with TA using this technique. This demonstrates interaction
occurring between TA and TolA and raises the question of what occurs after translocation of
TA into the periplasm inside the bacterial cells (Hecht et al., 2009). To date, researchers in
the field continue to seek the best way to simplify the analysis of target proteins inside
bacterial cells and to improve their capacity to provide valuable information (Briendel et al.,
2019). And because in-cell NMR is powerful tool to visualise the structure and the dynamics
of intrinsically disordered proteins such as TA. The contribution of this project in this area is
an attempt to develop a methodology with appropriate conditions for visualising the
expressed TA inside E. coli cells using in-cell NMR, and to subsequently determine its

structure.

This chapter’s aims were firstly to provide the appropriate conditions necessary to provide
high-level recombinant protein expression, maintain protein stability and permit efficient
labelling of the expressed proteins. Achieving this aim requires the development of a novel
in-cell NMR methodology for the analysis or visualisation of TA interactions within E. coli
cells. *H NMR (Figure 6.1) is the fastest 1D NMR technique, that detects hydrogen atoms.
Every region of the H spectrum is a defined region for a functional group. It is also helpful
in determining the conformational status of the protein. If the observed NMR peaks are broad
and narrowly dispersed (i.e., the peaks cover only a small area of the spectrum), this means
that the protein is either partially folded or completely unfolded (Oktaviani, 2014). While
well-dispersed narrow peaks means that the protein is folded. This is because in folded
proteins each proton has a distinct conformation which depends on its position in the tertiary

structure of the protein (Page et al., 2005). This is shown in Figure 6.2.
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Figure 6.1 General 1H NMR spectrum of protein (Chou, 2008). The chemical shifts of H
atoms in methyl side chain (6= 0-2 ppm); H atoms of the aliphatic side chain (6= 2-4 ppm);

the HA atom of exchangeable amide (6= 5-5.5 ppm); H atoms of the aromatic groups (6= 6-
8 ppm); the HN atom of the amide group (6= 7-10 ppm).
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Figure 6.2 General 1D and 2D NMR spectrum of a folded and unfolded protein (Rehm
et al., 2002). A) 1D NMR peak of the folded and unfolded protein spectrum. The peaks are
more broadly dispersed over the spectrum, especially between chemical shifts 6= 7-10 ppm;
The peaks are narrower and sharper than in the unfolded protein spectrum. B) 2D NMR of
folded and unfolded proteins. The signal in the folded protein is more dispersed and
distinctive while the peaks are overlapping in the unfolded protein.
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Determination of protein conformation is crucial for understanding its functions and
interactions. Dispersion of the $3C and °N nuclei which are sensitive to amino acid sequence
helps with the resonance assignment of unfolded and partly folded proteins. The intrinsic
chemical shift dispersion for *N, 'H, and '*C, has been evaluated using full resonance
assignment data for unfolded apomyoglobin, a well characterized globular protein that has
been extensively employed as a model system for protein folding and stability studies, with
two other unfolded proteins and five folded proteins. The dispersion of *C, H resonances
for the unfolded proteins is poor, whereas the dispersion of *N, *H-*N and *CO is much
greater, because of the sensitivity of these nuclei to the nature of the adjacent amino acid in
the primary sequence. By contrast, the dispersion of the *3C, *H nuclei are much greater in
the folded proteins, because of the well-characterised environments around these nuclei and
the known effects on secondary and tertiary structure. These differences in chemical shift
dispersion necessitating the use of different strategies for accurate resonance assignment in
unfolded proteins compared to those most commonly used for folded proteins (Yao, et al.,

1997).
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6.2. Overview of methodologies

The main challenge presented in this study was the development of the in-cell NMR technique
itself. Optimisation of the methodology required careful consideration of the key parameters,
in particular the biological system under study, and the labelling technique utilised. In this
subsection, molecular and biological techniques, labelling techniques, and experimental

design are discussed.

6.2.1 Molecular and biological systems techniques
Analysis of macromolecules at the cellular level is facilitated by the use of a biological system
that is easy to manipulate, like E. coli as discussed in Chapter 1. The first in-cell NMR study
described by Serber et al. (2001) was performed in E. coli cells using a T7-dependent
overexpression system. E. coli has previously been used as a model organism in the in-cell
NMR field for analysis of both eukaryotic and prokaryotic systems. In this study, E.
coli BL21(DE3) was the host used for expression of the target proteins and was used to
determine the suitability of different overexpression systems, a T7 promotor-based system
(PET-15b) for cytoplasmic protein expression, and an araBAD system (pBAD/glllc) for
protein expression and translocation into the periplasm. Methods for the periplasmic
expression of the target proteins (TA, TolA box and TolB box) inside the cells have been

discussed previously in Chapters 3 and 4.
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6.2.2 Isotope labelling technique
Isotopic labelling of macromolecules can be carried out uniformly or selectively as described
in Chapter 1. Also, labelling can be achieved using °N or *C or both, depending on the nature
of the experiment to be performed and the information required. The labelling technique does
however require careful optimisation in order to obtain the best results. This chapter will now

discuss the different approaches that were taken to label the target proteins.

6.2.3 Assigning experimental controls
Using controls is necessary at this stage to prove that the technique is working. In this study
GB1 was employed as a control to demonstrate the potential to detect protein molecules using
in-cell NMR. GB1 is the B1 immunoglobulin-binding domain of streptococcal protein G
(6.24 kDa). This protein has been fully characterized by in-cell and in vitro NMR because of
its stability, solubility, and its small size (Gronenborn & Clore., 1993). GB1 is a globular
protein that gives well-resolved in-cell *H-1°N correlation spectra, and because it is not
intrinsic to E. coli, there is a low chance of any interaction with the cytoplasmic components
in the host cells (Selenko et al., 2006). Rather than studying the functional role of protein
GB1, the intent is to detect its structure in the cellular environment. However, it is not
considered to be a positive control for the target proteins in this project because they are
different in their properties, they do not localize in similar compartments, and their secretion,
distribution and their binding properties with other protein inside the cells are different (Xing

et al., 2016).
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6.4 Results

6.4.1 'H and **C NMR spectrum of E. coli BL21(DE3) expressing isotopically
labelled periplasmic TA

Following the experiment in Section 2.2.7.2, **N isotope labelled NH4CI and 3C isotope-
labelled glucose are both added at the time of induction. In order to induce the expression of
recombinant labelled protein. The 20% (v/v) in-cell NMR slurry prepared in a labelled M9
minimal medium: D20 (90:10 ratio). Figure 6.3 shows the similarity between the 'H NMR
spectrum derived from labelled M9 minimal medium (i.e., uninoculated medium-only
control) and the spectrum from E. coli BL21(DE3) cells expressing isotopically labelled TA
in the periplasm in the same medium. They both demonstrate sharp signals associated with
the labelled M9 minimal medium itself. Absence of characteristic peaks at the chemical shift

for amide functional groups (NH) (i.e., 8-9 ppm) revealed no signs for the TA target protein.

Figure 6.4 shows the *3C spectrum for the overexpressing cells and again there is no signal
relating to the target protein. The characteristic crowd of peaks at the chemical shift regions
that would represent the peptide chain of the TA target protein at 6 =170-190, and 70-10 ppm

are absent.
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Figure 6.3 'H NMR spectrum of E. coli BL21(DE3) expressing *H-3C isotopically
labelled periplasmic TA. A) *H NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled periplasmic TA. B) *H NMR spectrum of isotopically labelled M9
minimal medium (i.e., control), where 20% (v/v) in-cell NMR slurry was prepared in a
labelled M9 minimal medium: DO (90:10 ratio). For both spectra the chemical shift region
at 6= 0.7-2.4 ppm reveals sharp signals due to protons of casamino acids. Peaks at chemical
shift 6= 3.5-5.5 ppm are due to glucose and thiamine. A strong peak at chemical shift 6= 4.9
ppm derives from H,O. The small number of peaks at chemical shift region 6= 7-8 ppm
represent proton exchange with D20.
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Figure 6.4 3C NMR spectrum of E. coli BL21(DE3) expressing *C-°N isotopically
labelled periplasmic TA. The 20% (v/v) in-cell NMR slurry prepared in a labelled M9
minimal medium: D20 (90:10 ratio). The spectrum shows a few peaks relating to casamino
acids at chemical shift 6=183-175, 60-15 ppm. Some peaks representing thiamine at chemical
shift 6 = 170, 130, 118, 65, 35-26 ppm. And characteristic peaks of glucose showing at & =
100-60 ppm.
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6.4.2 'H NMR spectrum of E. coli BL21(DE3) expressing 1*C-*N isotopically

labelled periplasmic TA (different solvent)

Following the same technique mentioned in section 2.2.7.2, instead of preparing the 20%
(v/v) in-cell NMR slurry the spent medium, a fresh unlabelled M9 minimal medium: D,O
(90:10 ratio) was used. From the results shown in Section 6.4.1, both the sample and the
negative control spectra show the same peaks that represent some of the components of the
spent medium (the overexpression medium). As there is a possibility that these sharp peaks
are masking the expected peaks for expressed TA protein, the media used for sample
preparation was changed to unlabelled M9 minimal medium with 10 % D,O. Figure 6.5 shows
that less noise was present, but in the spectra for both the medium-only uninoculated control
(A) and the sample containing expressed TA (B) no peaks were detected in the amide region,
the presence of which would have indicated TA protein. Observed peaks were representative
of components of the medium only, with the disappearance of the overlapping peaks in the

spectrum as presented in Figure 6.5 (B).
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Figure 6.5 'H NMR spectrum of E. coli BL21(DE3) expressing *C-'°N isotopically
labelled periplasmic TA (different solvent). A) *H NMR spectrum of the unlabelled M9
minimal medium (i.e., control). B) *H NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled TA, where 20% (v/v) in-cell NMR slurry prepared in unlabelled M9
minimal medium: D0 (90:10). Both are showing the chemical shift region at 5= 0.7-2.4 ppm
reveals sharp signals due to protons of casamino acids. The peaks at chemical shift 6= 3.5-
5.5 ppm are due to glucose and thiamine. And strong peak at chemical shift 6= 4.9 ppm for
H>0. Few peaks at chemical shift region 6= 7-8 ppm are representing proton exchange with
D20.
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6.4.3 'H-1°N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled periplasmic TA (different labelling)

In order to simplify the peak detection by in-cell NMR, some modifications were employed
to the experiment in Section 2.2.7.2. The overexpression performed in *N-labelled M9
minimal medium and the 20% (v/v) in-cell NMR slurry also, prepared in unlabelled M9
minimal medium: D,0 (90:10 ratio). *°N labelled M9 minimal medium was used instead of
13C-15N labelled M9 minimal medium. Labelling the *N atoms only, instead of both *3C and
15N, gave better resolution of the peaks in the 1D *H spectrum. Those sharp peaks indicate
methy! hydrogens in the side chains. No amide hydrogen in peptide backbone, that is related
to target protein TA, was detected (Figure 6.6 (A)). Some new peaks were observed. in the
2D spectrum, narrowly dispersed over the spectrum with high background, most likely
derived from an amide hydrogen backbone. These suggest the unfolded nature of a short

peptide protein as shown in Figure 6.6 (B).
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Figure 6.6 In-cell NMR spectrum of E. coli BL21(DE3) expressing isotopically labelled
periplasmic TA (different labelling). The overexpression performed in **N-labelled M9
minimal medium and the 20% (v/v) in-cell NMR slurry prepared in unlabelled M9 medium:
D20 (90:10 ratio). A) *H NMR spectrum of expressed TA. Shows sharp peaks for side-chain
methyl hydrogens at chemical shift = 0-2 ppm. Peaks representing Serine hydrogen atoms
at chemical shift 6=3 ppm, and peaks for hydrogen atoms in aliphatic side chains at chemical
shift 5= 4 ppm can also be seen. B)*H-'°N correlation spectrum of expressed TA. Shows the
appearance of a few peaks lacking sharpness for Aspartate and Glutamine at *N chemical
shift 8= 117 ppm; Phenylalanine, Tyrosine and Tryptophane residues at >N chemical shift
8= 120-130 ppm, that suggests the presence of the target protein comprising a short and
unfolded peptide chain because of the high background.
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These peaks were not observed in the non-induced E. coli BL21(DE3) cells (negative
control), as sown in figure 6.7 A & B.

A

[to1_incett 820 1 C:Users ra2se Downtoads

" '(nr)

10

1H NMR chemical shift

tol Incell 821 1 CIUSery ra2sd Downloags

105 F1 (ppm)

110

.‘;0...
ISNNMR chemical shift

12

-~ -~ - - v -.-A'

2 10 s s 2 (ppm)

IH NMR chemical shift

Figure 6.7 In- cell NMR spectrum of E. coli BL21(DE3) carrying pTA (non- induced
cells). The 20% (v/v) in-cell NMR slurry prepared in unlabelled M9 minimal medium: D20
(90:10 ratio). A) *H NMR spectrum of non- induced cells. Shows sharp peaks that represent
the chemical shift region at 6= 0.7-2.4 ppm due to hydrogens of casamino acids present in the
medium, while the peaks seen representing a chemical shift 6= 3.5-5.5 ppm are due to
hydrogens in glucose and thiamine. B) *H-*N correlation spectrum of non- induced cells.
Shows absence of peaks and a high background level.
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6.44 'H-N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled periplasmic TA (different overexpression medium)

In order to optimise the detection of the target protein, other conditions were employed.
Cultures of E. coli BL21(DE3) expressing TA were grown in a rich medium, LB, and were
transferred to *°N labelled M9 minimal medium immediately prior to induction, and the 20%

(v/v) in-cell NMR slurry prepared in unlabelled M9 minimal medium: DO (90:10 ratio)

Similar results were obtained to those described in section 6.4.3; a strong protein signal
indicating structured TA was not detected. However, signals with high background level,

indicating an unfolded short protein, were observed (Figure 6.8).
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Figure 6.8 In-cell NMR spectrum of E. coli BL21(DE3) expressing isotopically labelled
periplasmic TA (different over expression medium). Bacterial culture grown in LB
medium then switched to *N-labelled M9 minimal medium at the time of induction and the
20% (v/Vv) in-cell NMR slurry prepared in unlabelled M9 minimal medium: DO (90:10 ratio).
A) *H NMR spectrum of expressed TA. Shows sharp peaks for side chain methyl hydrogens
at a chemical shift 6= 0-2 ppm. Peaks for hydrogens in Serine amino acid at chemical shift
&= 3 ppm. And peaks for hydrogens in aliphatic side chain at chemical shift 6= 4 ppm were
also seen. B)'H-'°N correlation spectrum of expressed TA. Few peaks are present other than
a few poorly resolved peaks representing Aspartate and Glutamine at chemical shift 6= 117
ppm; and Phenylalanine, Tyrosine and Tryptophane residues at chemical shift 6= 120-130
ppm, that indicates the presence of the target protein as a short and unfolded peptide chain.
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6.4.5 'H-1N correlation NMR spectrum of E. coli BL21(DE3) expressing

isotopically labelled cytoplasmic GB1 protein

As described in section 6.2.3, GB1 has been extensively studied using in-cell NMR, and
therefore it should be possible to detect it. Here, GB1 is employed as a positive control to
confirm the validity of the technique being used. Continuing with the same experiment, where
bacterial culture grown in LB medium then switched to *N-labelled M9 minimal medium at
the time of induction. The 20% (v/v) in-cell NMR slurry prepared in unlabelled M9 minimal
medium: D20 (90:10 ratio). The 20% (v/v) slurry of E. coli BL21(DE3) cells expressing
isotopically labelled GB1 protein generated weak signals of narrow peaks, representing low
amounts of folded protein (Figure 6.9). These results provided a reference to confirm the

technique itself was working.
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Figure 6.9 H->N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled protein GB1. The bacterial culture grown in LB medium then switched
to °®N-labelled M9 minimal medium at the time of induction, the 20% (v/v) in-cell NMR
slurry prepared in unlabelled M9 minimal medium: D,O (90:10 ratio). Shows low intensity
sharp peaks in the aromatic region 6= 7 ppm. Few low sensitive cross peaks in the amide
regions of protein backbone at 6= 8-9 can be seen. The low background level indicates folded
protein, while the weak signals indicate only small amounts of protein is present.
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6.4.6 1H-°N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled GB1 protein (high cell density).

The bacterial culture grown in LB medium then switched to ®N-labelled M9 minimal
medium at the time of induction. The culture of E. coli BL21(DE3) cells expressing GB1
protein was scaled up to a larger volume (100 mL) in order to make a more concentrated
slurry (60% v/v) in an attempt to improve signal strength and thereby detection. The spectrum
shown in Figure 6.10 (A) shows sharp peaks of high intensity relating to the GB1 protein
backbone and side chain resembling those of the published 2D NMR of protein GB1 in
solution in vitro as indicated in Figure 6.10 (B). This confirmed that detection of intracellular

protein was possible using this in-cell NMR methodology.
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Figure 6.10 'H-®N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled GB1 protein (high cell density). A) *H-**N correlation NMR spectrum
of E. coli BL21(DE3) expressing protein GB1. The bacterial culture grown in LB medium
then switched to °N-labelled M9 minimal medium at the time of induction. The 60% (v/v)
in-cell NMR slurry prepared in unlabelled M9 minimal medium: D>O (90:10 ratio). B)
Protein GBL1 in vitro (Lamley et al., 2014). The results show similarity of sharp broad peaks
in the amide region 6=8-10 ppm between the two spectra. The in-cell NMR method used
produced strong signals that are highly dispersed across the spectrum with low background
level, clearly representing GB1 protein as can be seen by comparison with the previously
published data of Lamley and collegues (2014).

After in-cell NMR analysis, the bacterial cells were collected and the supernatant was checked
by in-cell NMR, it indicated protein peaks in the extracellular medium, it is showing distinct
and well-distributed cross peaks see Figure 6.11(A). while the collected cells showed protein
peaks with the same cross peaks pattern as in (A) but some peaks are clustered together in the
middle region of the spectrum in Figure 6.11(B). That indicates protein leakage outside the

cells.
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Figure 6.11 'H-"N correlation NMR spectrum of GB1 protein after in-cell NMR
analysis. A) *H-°N correlation NMR spectrum of the collected cells. Shows the presence of
sharp peaks of GB1protein inside the cells. B) *H-1*N correlation NMR spectrum of the
supernatant. Shows the presence of GB1 protein with the appearance of clusters of some
residues due to the sonication process. This indicates GB1 has leaked outside the cells during

the expression.
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6.4.7 *H-°N correlation NMR spectrum of E. coli BL21(DE3) expressing

isotopically labelled periplasmic TA (high cell density)

The same large scale (60% v/v) production conditions, which led to successful detection of
expressed GB1 protein (Section 6.4.6), were applied to E. coli BL21(DE3) expressing TA.
Figure 6.12 shows high intensity, narrowly dispersed broad peaks with a greater number of
cross-peaks than seen in Figure 6.8 when 20% (v/v) slurry used at the same chemical shift
regions. Although there is better resolution and more peaks are apparent, the presence of
folded or structured protein was not detected. The partial distribution of those peaks indicates
either partial association of TA with other protein or unfolding of TA. A follow up experiment
was conducted to test if those peaks were derived from extracellular sources, indicative of
protein leakage after cell collection. Figure 6.13 A & B reveal clear spectra of the supernatant
(i.e., no protein leakage), while the spectrum derived from collected cells (Figure 6.14) shows

very weak signals for disordered protein which may represent the unstructured part of TA.
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Figure 6.12 'H-'*N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled periplasmic TA (high cell density). The bacterial culture grown in LB
medium then switched to **N-labelled M9 minimal medium at the time of induction and the
60% (v/v) in-cell NMR slurry prepared in unlabelled M9 minimal medium: DO (90:10 ratio).
Shows sharp peaks for hydrogens in aromatic side chains at chemical shift =7 ppm. Peaks
for hydrogens in the amide region at *H chemical shift 5= 8-9 ppm. Cross peaks appeared for
Aspartate and Glutamine at *N chemical shift &= 117 ppm. Phenylalanine, Tyrosine and
Tryptophane residues at **N chemical shift §= 120-130 ppm. Cross-peaks that are narrowly
dispersed over the spectrum. The presence of clusters of protein that indicates aggregation,
the broadness of peaks represents the unfolded protein, the linewidth indicated the presence
of a large molecule, the spectrum also showed a medium level of background. All indicate
the presence of unstructured part of TA.
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Figure 6.13 In- cell NMR spectrum of the supernatant of E. coli BL21(DE3)
periplasmically labelled TA after cell collection. A)*H NMR spectrum. Shows broad peaks
in the aliphatic area for culture medium contaminants. B) *H-'°N correlation spectrum. There
is no protein in the extracellular medium.
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Figure 6.14 In- cell NMR spectrum of collected cells expressing TA. A) 'H NMR
spectrum. Shows sharp peaks for side-chain methyl hydrogens at chemical shift 6= 0-2 ppm.
Peaks for hydrogens in Serine amino acid at chemical shift 6= 3 ppm. Peaks for hydrogens
in aliphatic side chain at chemical shift 5= 4 ppm. B) *H-**N correlation NMR spectrum. The
spectrum shows a high background level which probably suggests the presence of unfolded
protein which represents unstructured TA. The spectrum is consistent with a badly behaved
protein.
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6.4.8 'H-°N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled TolA (12 kDa) box
Continuing with the same method of in-cell NMR in Section 6.4.6, but on much smaller
protein that is periplasmically expressed inside the cells as described in Chapter 4. The in-
cell NMR spectrum obtained from non- induced E. coli BL21(DE3) cells carrying pTolA box
is shown in Figure 6.15. There is high similarity with the spectrum obtained from the induced
cells expressing TolA box, as seen in Figure 6.16. Both show no detectable signals

attributable to the target protein, only peaks for components of the growth medium.
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Figure 6.15 In-cell NMR spectrum of E. coli BL21(DE3) carrying pTolA (non-induced
cells), A) *H NMR spectrum. Shows peaks at chemical shift 8= 3.5-5.5 ppm due to glucose
and thiamine. Sharp peak for H,O at chemical shift 6= 5 ppm. The strong signals are
contaminants. B) *H-°>N NMR spectrum. Shows high background noise and absence of
signals, indicating no protein is detected.
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Figure 6.16 In-cell NMR of E. coli BL21(DE3) expressing isotopically labelled TolA box.
The bacterial culture grown in LB medium then switched to *N-labelled M9 minimal
medium at the time of induction and the 60% (v/v) in-cell NMR slurry prepared in unlabelled
M9 minimal medium: DO (90:10 ratio). A) *H NMR spectrum. Shows peaks at chemical
shift 6= 3.5-5.5 ppm due to glucose and thiamine. Sharp peak for H2O at chemical shift 6=5
ppm. The strong signals are culture medium contaminants. B) *H-*N NMR spectrum. Shows
high background level with very weak signals that are difficult to assign.
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6.4.9 'H-1°N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled TolB box (6 kDa)

The experiment to detect the presence of TolB box (6 kDa) was carried out. Figure 6.17 (A)
shows no well distributed peaks at the region of amide groups which would indicate the
presence of protein. While Figure 6.17 (B) shows weak signals and high noise level which

are characteristic for unfolded protein.
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Figure 6.17 In- cell NMR of E. coli BL21(DE3) expressing isotopically labelled TolB box.
The bacterial culture grown in LB medium then switched to 15N-labelled M9 minimal
medium at the time of induction and the 60% (v/v) in-cell NMR slurry prepared in unlabelled
M9 minimal medium: D20 (90:10 ratio). A) *H NMR spectrum. Shows sharp peaks for side-
chain methyl hydrogens at chemical shift 5= 0-2 ppm. Peaks representing for hydrogens in
Serine amino acid at chemical shift 6= 3 ppm. Peaks for hydrogen atoms in aliphatic side
chains at chemical shift 5= 4 ppm can also be seen. B)*H- *N correlation NMR spectrum.
Shows the appearance of weak signals in the amide region at *H chemical shift 5= 7-8 ppm.
The appearance of few peaks lacking sharpness for Aspartate and Glutamine peaks at °N
chemical shift &= 117 ppm. Phenylalanine, Tyrosine and Tryptophane residues at °N
chemical shift &= 120-130 ppm, all peaks narrowly dispersed over the spectrum with high
background level indicating the presence of short, unfolded protein.
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6.4.10 'H-N correlation NMR spectrum of E. coli BL21(DE3) expressing

isotopically labelled TA (17 kDa) using an autoinduction NMR medium

Due to un successful attempts to detect periplasmically expressed structured TA, the
cytoplasmic expression of TA was investigated to see whether improved detection and
spectral resolution of the structured region of this protein could be achieved. As can be seen
in Figure 6.18 the observed peak signals appear stronger, more distinct and more narrowly
distributed than tested sample for expressed periplasmic TA. In comparison with the spectrum
obtained for the periplasmic TA, it shows more cross peaks of better quality, i.e., more distinct
and better distributed cross peaks, indicative of higher protein content with more organised

structure that indicates less inter- or intra-associated protein content.
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Figure 6.18 In- cell NMR spectrum of E. coli BL21(DE3) expressing isotopically labelled
TA using autoinduction medium. A) *H NMR spectrum. Shows sharp peaks for side-chain
methyl hydrogens at chemical shift 5= 0-2 ppm. Peaks for hydrogens in Serine at chemical
shift 6= 3 ppm. Shows weak signals in the amide region at chemical shift 6= 7-8 ppm. B)
IH-®N correlation NMR spectrum. Shows strong signals, distinct and sharp cross peaks.
Sharp peaks for hydrogens of aromatic side chain at chemical shift 6= 7 ppm. Peaks for
hydrogens amide region at *H chemical shift 5= 8-9 ppm. Cross peaks appeared for Aspartate
and Glutamine at N chemical shift 5= 117 ppm. Phenylalanine, Tyrosine and Tryptophane
residues at *°N chemical shift 5= 120-130 ppm. C-terminal peak at >N chemical shift 5= 126
ppm. The narrow peaks indicate the presence of the unstructured part of TA with
intramolecular interactions.
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6.4.11 'H-°N correlation spectrum of E. coli BL21(DE3) expressing isotopically
labelled TA using autoinduction medium to perform the induction within the NMR
spectrometer

In order to monitor the appearance of NMR signals over time, and monitor the development
of transient peaks which may evolve and disappear as protein-protein interactions initiate and
conclude, the entire experimental process, from induction of expression, was performed in
the NMR spectrometer and monitored over a period of 16 h. However, as can be seen in
Figure 6.19, only very weak signals were obtained which were difficult to assign. The target

protein was not detected.
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Figure 6.19 'H-N correlation NMR spectrum of E. coli BL21(DE3) expressing
isotopically labelled cytoplasmic TA using auto induction medium within the NMR
spectrometer. No proteins peaks were detected.
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6.5 Discussion

This chapter discusses whether in-cell NMR is an appropriate technique for investigating the
conformational changes of TA, TolA box and TolB box that occur in the periplasm of E. coli
BL21(DE3) before and after cells are treated with ColE9—Imm9 (i.e., The nuclease colicin E9
co-expressed with an immunity protein). Before making such a determination, however, the
work involved identifying the most appropriate conditions for the technique. During this
work, the technique was performed on a small (i.e., 6 kDa) model protein, Streptococcal
protein GB1. GB1 is a thermodynamically stable, easily overexpressed protein that has been
shown to be readily detectable by in-cell NMR and thus provides verification of the ability to
detect small proteins using this technique. It therefore provides an ideal positive control.
Although the primary focus of the work was the overexpression of 3C—'°N-labelled target
proteins, as described in Chapter 3, once in-cell NMR commenced, the focus shifted to
finding the optimal conditions for the analysis.

The TA domain and the TolA and TolB boxes, the primary constituents of the translocation
domain of ColA, were cloned, and the recombinant vectors were transformed into E.
coli BL21(DE3) cells as described in Chapter 3. Subsequently, overexpression optimisation
was performed, as described in Chapter 4, because in-cell NMR require the target protein to
be at a higher concentration (i.e., millimolar) than other proteins. The results of CLSM
analysis shown in Chapter 5 imply that the expressed TA, and the TolA and TolB boxes in E.
coli BL21(DE3) interact with the cellular Tol proteins. Beyond that, the interactions provided
the host cell with protection against the external colicin (i.e., ColE9-Imm9), as quantified by
CLSM. The results obtained from CLSM also suggest that not only are TA and TolB involved
in the interaction but also that TolA plays a major role in the interaction with ColE9, which
could be further investigated by in-cell NMR. Such protection may be due to the interaction

between the overexpressed periplasmic proteins and cellular Tol proteins, which might have
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prompted the formation of large complexes that inhibited ColE9 from binding to TolB. If
present, it should be possible to visualise the conformation of that large complex by in-cell
NMR, which was one of the aims of this work. Added to that, the detection of a direct
interaction between TolA and ColE9 would support the possibility that the interaction of the
overexpressed domain and TolA also affected the energy transfer, which is responsible for
the immunity protein’s release from ColE9—Imm9 and the translocation of ColE9. That
possibility also takes support from the findings presented in Chapter 5. A better understanding
of the nature of those interactions and their mechanisms might answer several questions about
the translocation of colicins, including what kind of conformational changes occur during
their translocation and how TolA is involved in the process.

Accordingly, in-cell NMR was employed to analyse protein-protein interactions (PPIs)
involving TA and the TolA and TolB boxes expressed in E. coli BL21(DE3) cells. However,
producing efficiently labelled proteins suitable for analysis necessitates technical
optimisation, especially in the case of double labelling with both carbon (**C) and (**N)
nitrogen atoms. Because that initial approach proved difficult, a shift was made to (**N)
nitrogen labelling only.

The project’s overarching goal was to develop a straightforward, effective technique for
detecting the expressed protein by in-cell NMR. Various experimental methods were
explored to determine which parameters were important in performing an effective in-cell
NMR analysis on the proteins of interest in the E. coli system. The four parameters
determined to be the most important to examine were the culture medium used to grow the
bacterial cells, the expression system the proteins of interest were cloned into, the volume of
the starting culture and the concentration of the sample slurry, and the size of the expressed

protein (Sharaf et al., 2010).
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The TA domain, TolA and TolB boxes are mainly intrinsically disordered proteins hence their
analysis should produce some broad peaks and strong signals with *H in-cell NMR because
of the intrinsic flexibility of intrinsically disordered proteins. As the results achieved in
Chapter 5 of this project suggest the presence of interactions of the expressed proteins (TA,
TolA box and TolB box) with cellular proteins, the expected results from in-cell NMR
analysis would be that these proteins would produce wider overlapping peaks indicating their
involvement in protein-protein interactions (PPIs) inside E. coli cells which might causes loss
of signals.

Experiments were initially conducted at the NMR facility at King Saud University in Riyadh,
Saudi Arabia, beginning with 1 dimension (1D) *H and 3C experiments. The backbone
sequential assignment of the chemical shift of each spin preceding the amino acid residue was
performed using a cryogenic probe, which in addition to the use of a static magnetic field, has
been shown to improve the detection of *3C and *H nuclei, resulting in an overall increase in
the sensitivity and resolution of NMR (Emwas et al., 2019). In another important step, the
20% (v/v) in-cell NMR slurry was dissolved in 10% DO instead of H,O to prevent the amide
proton exchange that occurs when H>O is added as an NMR solvent, which causes the
formation of exceptionally sharp peaks that may overlap the resulting peaks in the NMR
spectrum (Zhang et al, 1995) obscuring detail. By contrast, adding D20 generally results in
!H exchange with deuterium, which is undetectable by NMR. In general, the 1D 'H NMR
spectrum for proteins (> 5 kDa) is difficult for researchers to assign the formed peaks because
of overlapping peaks, and the *H chemical shift of the protonation state in the spectrum is
usually small (i.e., <1 ppm). Lastly, *H chemical shifts are more sensitive to charges other
than the charges on the amino acid to which the proton is attached (Karplus et al., 1973).

Therefore, using a 1D 3C spectrum followed by a 2D *H-C correlation spectrum was
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considered to be a key step in analysing the expressed proteins (i.e., TA, TolA box and TolB
box).

The first attempt was performed with the sample for analysis prepared in the overexpression
medium. As shown in Figure 6.3, both samples yielded highly similar results, with slightly
broader signals derived from bacterial cells in which TA expression had been induced in
comparison to the sharper peaks seen for the medium alone that represented only components
of the medium. That outcome suggests that no signals were provided by the expressed TA. If
the expressed TA protein had been detected, then peaks should have been observable between
8 and 9 ppm on the *H spectrum, a region of chemical shift that represents the presence of an
amide group, indicative of labelled protein which did not appear in the experiment. The same
sample was tested using 3C NMR in an attempt to detect TA-derived signals. These results
similarly showed no protein-derived signals between 10-70 ppm or 170-190 ppm (Figure
6.4). The absence of a protein chemical shift in both experiments (i.e., with *H and **C) could
be due to several factors, including sub-optimal sample preparation and possibly an inefficient
labelling technique. Considering that the sample in Section 6.4.1 was prepared in the spent
medium (i.e., the overexpression medium), the essential nutrients in the medium had already
been used by the cells. That circumstance suggests that although the cells are still a live, the
growth might have been affected, which is indeed the primary requirement of in-cell NMR—
that is, to have signals developed from living cells that have been tested to confirm they retain
viability. Another potential source of the negative results was the presence of unincorporated
labelled isotopes in the spent medium, which could have caused the sharp cross peaks’ signals
observed. Because of their labelled status, NMR detection was more sensitive; however, the
formation of those peaks could have masked the formation of protein signals, if any were

present.
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In view of those results, further changes to the protocol were made and the final in-cell NMR
sample was instead prepared in fresh unlabelled M9 minimal medium instead of spent
medium (see Section 6.4.2). The medium was replaced with fresh, following the suggestion
of Luchinat and colleagues (2015) with the expectation that fresh medium would reduce stress
and promote growth by providing additional nutrients for the cells and additionally removing
toxic metabolic by-products that may have accumulated, all of which may improve the cell’s
growth and NMR detection. Research has revealed that the short lifetime of cells during
experiments such as the ones are conducted in this project, can be mitigated not only by
preparing the final in-cell NMR sample in fresh medium, but also by using a bioreactor. Using
a bioreactor, a constant flow of growth medium can be applied to the cells in order to provide
a good supply of oxygen and nutrients. The bioreactor improves cell viability for long periods,
thereby permitting relatively long NMR experiments, and allows investigating cellular
processes in real time (Barbieri & Luchinat, 2021).

However, as shown in Figure 6.5, the results obtained with samples prepared in fresh medium
were the same as those obtained with spent medium in Figure 6.4: no TA protein was detected.
That finding led to the conclusion that the problem might relate to the isotope-labelling
technique itself, rather than the sample preparation. Although *C NMR offers many
advantages for metabolomics research—among others, a wide spectral dispersion, narrow
singlets and a direct measure of the backbone structures of metabolites—using the 3C
isotopes tends to cause a relatively high background signal due to incorporation into many
metabolites and other metabolic products of biochemical processes (Burz et al., 2009).
Moreover, the dispersion of 1*C resonances is generally poor compared with that of >N owing
to the sensitivity of 3C nuclei to the nature of the neighbouring amino acid in the primary
sequence, especially if the protein of interest is unfolded. By contrast, the dispersion of 3C

nuclei is greater in folded proteins, given the well-known environments of those nuclei in
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relation to secondary and tertiary structures (Yao et al., 1997). Beyond that, because *H-3C
correlation experiments, one of the most common ways of analysing small proteins (i.e.,
especially <5 kDa) by NMR, for larger proteins such as TA (17 kDa) introducing a third
dimension for the N chemical shift should aid structural determination, according to Ferella
and colleagues (2012). Above all, the primary advantage of using *°N isotope labelling is that
every °N position, whether in the protein backbone or side-chains, is separated from
another N atom by at least two bonds. Therefore, no **N—N couplings are present that could
promote complicated, difficult-to-detect behaviour.

Thereafter, ® N NMR experiments were performed at the Manchester Institute of
Biotechnology (MIB) in the United Kingdom. The experiment described in Section 6.4.3 was
conducted, albeit using a slightly different isotope-labelling medium, **N isotope labelling
only, which was expected to simplify the experiment’s preparation and reduce the background
of the spectra such that the labelling isotope was **N only. The experiments conducted with
N-labelled M9 minimal medium were expected to produce clear spectra and easily
assignable signals. The detection of nitrogen atoms ranks among the most important sources
of information about protein backbones, because using nitrogen labelling (**N) helps to
reduce the protein’s background noise and thus allow the detection of amino acids in the
NMR spectrum, especially in 2D experiments with *tH-°N correlations. *H-**N correlations,
which represent coupling in the peptide bond, were the starting points in the analysis. Such
bonds appear in every amino acid residue except that of proline. Normally, the spectrum
reveals a °N-axis (i.e., x-axis) chemical shift and another axis for *H (i.e., y-axis), which
partly explains the usefulness of the 2D spectrum (Poulsen, 2002). The technique has also
proven applicable with E. coli cells, Xenopus oocytes and HelLa host cells, whose proteins

have been successfully assigned and their 3D structures determined this way (Burz &
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Shekhtman, 2012). Thus, at least in theory, shifting to uniformly $°N labelling should increase
the odds of detecting the TA protein with in-cell NMR.

Accordingly, tH->N correlation was performed with a small-scale (10 mL) culture of E. coli
BL21(DE3) cells periplasmically expressing TA in labelled M9 minimal media to produce
20% (v/v) slurry as described in Section 6.4.3. In general, when the protein of interest (i.e.,
TA) is overexpressed within cells in labelled media, the isotopic labels are incorporated into
all proteins and metabolites, and those labelled proteins should be easily detected. Although
the results of 1D *H shown in Figure 6.6 (A) were sharp and included higher resolution peaks
at 0—4 ppm, they indicate only the contents of the medium. By contrast, the 2D *H-*N
showed very weak signals that may represent amide hydrogens in the peptide backbone, as
shown in Figure 6.6 (B), which may indicate the presence of protein. The appearance of a
few weak peaks narrowly dispersed over the spectrum signifies the presence of unfolded
protein or a short peptide chain that may relate to the TA protein. Meanwhile, spectra from
non-induced E. coli BL21(DE3) carrying pTA (Figure 6.7) used as a negative control showed
no peaks for proteins, as expected, which indicates that the short peptide chain detected in
Figure 6.6 (B) is an in-cell protein with a low level of expression.

As a tentative conclusion, the weak formation of those peaks indicates the presence of a short-
unfolded protein. That dynamic is expected because individual proteins may behave
differently in different expression systems and because it is normally difficult to achieve the
best expression conditions for a particular protein. Another reason, one investigated in
Chapter 4 but with double labelling (i.e., *H and *3C labelling), is because the starter culture
medium was M9 minimal. Growing bacterial cells in M9 minimal medium results in a longer
lag phase than growing cells in rich media, which could have affected the protein expression
and the protein yield required for in-cell NMR. Researchers have managed to overcome that

problem to some extent by increasing the buffering capacity of the medium which can
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accelerate the growth rate, which ultimately leads to higher yields of expressed proteins
(O’Brien et al., 2018). By extension, the effectiveness of this approach was recently
confirmed by Azatian and colleagues (2019), who suggested that doubling the concentration
of buffering salts in minimal media facilitates protein production for an increased signal-to-
noise ratio and decreases the duration of experiments. Although future studies may involve
using that approach, it was not used here to overcome the low protein yield. Instead, the
effect of cell growth conditions was explored by changing the initial culture medium to a rich
medium, LB which would result in shorter lag phase.

The goal was simple: to increase the bacterial cell density such that the target protein was
expressed at a sufficiently high level to enable detection using in-cell NMR. The method
employed allowed for a significantly enhanced initial cell density at ODeoo Values of 1 before
induction. Following the procedure of optimised expression discussed in Chapter 4, the
experiment was conducted first in LB-rich medium in place of M9 minimal medium after
which a switch was made to labelled M9 medium at the time of induction. Growing the
bacterial culture in the LB-rich medium, as illustrated in Figure 6.8, revealed the appearance
of a few cross-peak signals representative of amide hydrogens in peptide residues although
these were of low intensity, which mirrored the results presented in Section 6.4.3 where the
bacterial culture was grown in M9 minimal medium except for the high background level
indicating the presence of unfolded protein. Obtaining the same results even with optimised
conditions for protein expression implies that the unfolded protein could be part of TA,
especially if it is accepted that the general structure of the (T) domain of all types of colicins
is relatively the same. Kim and colleagues (2014), who investigated the structural
conformation of two type A colicins, Colicin N (i.e., a pore-forming colicin) and Colicin E3
(i.e., nuclease), discovered that the (T) domains of both colicins are divided into two parts:

an intrinsically unstructured T domain (IUTD), which could be what had been observed in
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this work thus far, and a larger, structured (T) domain (STD) distal to the IUTD that we are
aiming to detect by in- cell NMR.

A positive control, a small 6 KDa protein, GB1, known to be stable, was tested next. GB1
had been cloned into pET-21a at the MIB and transformed into E. coli BL21(DE3) for
expression. Using the same conditions used to express TA in E. coli BL21(DE3), given the
low sensitivity of *H NMR, only the 2D *H-°N correlation was applied for NMR analysis of
the positive control. The resulting NMR spectrum for GB1 shown in Figure 6.9 was not
expected, however, for the peaks obtained implied a more complex folded protein than GBL1.
The weakness of signals allowing only poor, even invalid data with 20% slurry, could have
been due to the low amount of protein in the slurry or to the protein’s leakage into the medium.
The same findings were reported by Ikeya and colleagues (2016), who performed in-cell
NMR in eukaryotic cells to investigate both protein GB1 and the putative heavy-metal
binding protein TTHA1718 from Thermus thermophilus. They found that a low concentration
of GB1 in E. coli cells caused a much-reduced contrast between the NMR signals of GB1 and
the background, whereas their successful in-cell NMR of eukaryotic cells revealed that
TTHA1718 had been induced in a stable isotope-labelled medium (i.e., 100 ml) to high level.
As a final development of sample preparation for in- cell NMR, a 60% v/v cell slurry was
prepared for analysis. In previous attempts with in-cell NMR, the bacterial slurry used was
relatively dilute (approximately 20% cells (v/v)). It is possible that such a low cell density
caused the poor resolution obtained as well as the low intensity of the signals. Although
researchers who have performed in-cell NMR have recommended that the NMR sample
should contain at least 20% v/v cells in the slurry (Waudby et al., 2013), others have used
denser samples to prevent cell settling which, in turn, limits the ability of NMR to detect
signals (Burz & Shekhtman, 2012). Currently, the majority of in-cell NMR studies involve

using dense cell slurries (60% v/v) in standard NMR sample tubes (Siegal & Selenko, 2019).
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Accordingly, protein GB1 was further investigated using the same experimental conditions
described in Section 6.4.6, but with a larger starter volume of bacterial culture (100 ml) to
enable production of a slurry of approximately 60% cells (v/v). Although the non-
homogeneous and viscous sample might cause line broadening in the NMR spectrum that
could affect the magnetic field (Franks et al., 2005), the signal broadening and the low
intensity resulting from the reduced rate of tumbling (i.e., rotation of the molecule) resulting
from the high viscosity of the intracellular medium and interactions with the macromolecular
components of the cytosol (Pielak et al., 2009). Ultimately, using this approach, analysis of
the GBL1 positive control generated a spectrum closely resembling that of a published GB1
spectrum, as illustrated in Figure 6.10. The clear resolution of the spectrum and its close
similarity to published spectral data clearly indicate that this approach, using a higher cell
density of 60% v/v, is required for successful in-cell NMR.

A follow-up experiment was conducted to gauge the extent of the protein’s leakage into the
medium, which can occur due to cellular crowding and be detected by in-cell NMR (Pielak
et al., 2009). As explained in Chapter 2, the follow-up experiment involved harvesting the
NMR sample and testing only the supernatant to determine whether protein leakage had
occurred, and to confirm that the protein was indeed inside the cells. As shown in Figure
6.11(A), protein GB1 was inside the cells; however, as shown in Figure 6.10(B), a large
amount of extracellular protein GB1 also appeared, which indicates the partial unfolding or
slight aggregation of the extracellular protein GB1 or release from damaged cells during
centrifugation and sampling. Of course, that trend is quite common with protein GB1, which
has been reported to leak easily into media during NMR experiments (Burz & Shekhtman,

2012).

211



Following the success of the above approach, E. coli BL21(DE3) periplasmically expressing
TA was tested at a higher cell density (i.e., 60% slurry v/v). Although high cell densities pose
disadvantages that can include plasmid loss from E. coli or reduced pH due to higher
concentrations of cell metabolites, which could result in low protein production
(Sivashanmugam et al., 2009), the result achieved by protein GB1 was encouraging. As
depicted in Figure 6.12, the new resonance that appeared indicated the presence of some °N-
labelled protein, with more cross peaks and clusters that could indicate protein aggregation
or conformational flexibility. Again, the characteristics of the cross-peaks and the appearance
of amide residues all indicated the presence of an unfolded protein, which could be the
unstructured part of TA.

Resonance assignment is key to enabling the characterisation of a protein’s conformational
state. Although the linewidth of the peaks suggested the presence of a large molecule, the
complexity of the peaks within the spectrum limited the assignment of protein’s chemical
shifts. The indication of a large molecule supports our hypothesis that the interaction of TA
and cellular Tol causes the formation of a large complex. The fact that nitrogen forms only a
third of the protein backbone and is only present in the side-chains in six of the twenty amino
acids, means that >N NMR alone cannot provide full information about the conformational
structure of a protein except for a few positions (e.g., Asn, GIn, His, Trp, Lys and Arg), as
shown in Figure 6.12. Moreover, because the results indicate the presence of an unfolded
protein, hydrophobic groups could have been exposed that bound to components in the
cellular medium and caused the loss of signal, precisely because amide relaxation may be
insensitive to motions in the hydrophobic core of the protein. On that topic, Watt and Loria
(2010) have explained that certain motional modes of the protein backbone cannot be detected

by monitoring relaxation at the amide positions.
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The absence of signals in Figure 6.13 -shows that no sign of protein leakage manifested in
the cellular medium. However, the spectrum shown in Figure 6.14, derived from the cells
removed from the growth medium analysed in Figure 6.13 was consistent with a badly
behaving protein, which might have been the unstructured part of TA. The numerous low-
intensity peaks with broad linewidths seen may indicate the formation of large protein
complexes due to protein-protein interactions, engagement with the cellular membrane and/or
aggregation, as previously suggested and is typical of a ‘badly behaved protein’.

Thus far, the findings indicated the success of the technique using a 60% slurry and the
unstructured part of TA might have been detected. Reasons for the difficulty in detecting the
structured part of TA could be that proteins differ in their folding pathways and that some
proteins need pro-sequence or chaperones to fold correctly. That difference in the duration of
the folding process should be considered when applying NMR with quench-flow hydrogen
exchange method, to detect hydrogen-bonded amide groups (Wright & Dyson, 2004), These
changes were made in the NMR settings, however, the TA structured part was still not
detected.

Consideration of the most important parameters that would provide the best conditions for in-
cell NMR led to considering the size of the target protein as well. According to the literature,
although the largest protein successfully analysed with in-cell NMR is calmodulin at a size
of 16.8 KDa, which was specifically labelled, the best results have typically been obtained
with proteins less than 12 KDa (Burz & Shekhtman, 2012). In-cell NMR is far easier with
smaller proteins because their tumbling rate (i.e., movement or rotation) is greater than that
of larger proteins (Pielak et al., 2009). Accordingly, following the results achieved with TA,
the technique was applied to far smaller proteins, namely the TolA box domain (12 kDa) and
TolB box domain (7 kDa), both of which are parts of the translocation domain. The results

reported in Chapter 5 suggest that the overexpression of those proteins prompted an
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interaction with cellular Tol proteins of E. coli BL21(DE3). Figure 6.15 (A) and 6.15 (B)
shows the spectrum for the non-induced E. coli BL21(DE3) carrying pTolA box (i.e., negative
control); as expected, no signals were detected. The reason behind testing the non- induced
cells was the negative result obtained from the second attempt to analyse expressed TolA. As
shown in Figure 6.16(A) and 6.16(B) show how the analysis of periplasmically expressed
TolA box protein generated spectra with noise but no definite protein-related resonances,
which aligns with our other findings. The absence of protein resonance may have been due
to its major involvement in the interactions between TolA and cellular Tol (discussed in
Chapter 5), which might have caused the loss of signals and indicate either a need for better
resolution (i.e., higher dimension analysis) or more sequential experiments (repeated scans).
Despite the higher sensitivity analysis achieved with the TolB box, high noise level was
detected with low dispersion peaks (Figure 6.17), there was an indication of the presence of
an unfolded protein, and the weak signals obtained could have also indicated the presence of
PPls, as suggested in Chapter 5. Such findings imply that the relatively large size of the target
protein, TA, was not the cause of the complex spectra obtained, but potentially a characteristic
of the protein itself.

The final experimental parameter investigated was the expression system used. Although an
aim of the project was to study protein—protein interactions during the entry of colicins into
the periplasm, using protein GB1 as a positive control for the technique, one that is expressed
in the cytoplasm, influenced the method of testing the system. Researchers have shown that
the bacterial cytoplasm is a good model for the analysis of eukaryotic proteins specially to
study the influence of molecular crowding on protein folding and non-specific PPIs (Banci et
al., 2011). Therefore, instead of testing the protein TA in the periplasm, where the levels
achieved are typically limited, it was tested in the cytoplasm using a commercially available

auto-induction NMR medium. Although using the rich LB medium has yielded tightly

214



controlled and high level of recombinant proteins expression, it is also time-consuming (Burz
& Shekhtman, 2012) compared with using autoinduction, which was expected to save time
and effort by involving less intervention and, in turn, imposing less stress on the cells as they
work to maintain protein stability. The entire experiment depended on components of the
medium that are metabolised differently to produce high-density growth and the automatic
induction of protein expression from lac-based promoters (Grabiski at al., 2005). The auto-
induction medium contained glucose, lactose and other carbon sources. In general, when
lactose is the carbon source, it is imported into the cell, supports the growth of the host cells
and induces the expression of isotope-labelled recombinant proteins. The auto-induction
medium does not require the monitoring of optical densities, or centrifugation steps, meaning
less handling and potentially less human error (Tyler et al., 2005).

Therefore, as described in Section 6.4.10, E. coli BL21(DE3) cytoplasmically expressing TA
was tested. Figure 6.18 shows some of the characteristics of the spectrum of the periplasmic
TA that was obtained. More peaks were detected with cytoplasmic expression, and they were
sharper and more distinct than the peaks obtained from periplasmic expression, with a
resolution representing the amino acid side-chains of Aln, GIn, Try and Phe. Despite the noise
and poor quality of the spectrum, possibly because TA was cytoplasmically expressed, the
resolution for the unstructured part of TA was far better than the that obtained with
periplasmic expression. However, still no signals for the structured part of TA were detected.
In general, the production of overly high concentrations of isotopic-labelled protein in the
cytoplasm can have disadvantages. A study by Burz et al. (2012) suggested that very high
concentrations of proteins can cause protein leakage into the medium or non-specific
interactions that may complicate the detection of proteins with NMR, which could explain
our results. Added to that, Fawzi and colleagues (2010) have reported weak protein—protein

associations found by using NMR, including interactions between identical proteins (i.e., self-
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association). They proposed a two-step process to explain this starting with the formation of
an ensemble of transient, non-specific complexes dominated by electrostatic forces, followed
by a rearrangement along the protein surface to form a final, well-defined complex stabilised
by short-range hydrophobic interactions, hydrogen bonds and electrostatic forces. Johansson
and colleagues (2014) later confirmed the non-specific interaction of proteins and suggested
that the crowding of the cytoplasm as well as viscosity exert major effects on the development
of such interactions.

To further investigate different condition, an overnight NMR experiment has been employed,
that entailed monitoring the sample during in-cell NMR analysis by recording when the peaks
formed and what changes happened to developed peaks in the spectrum. Majumder and
colleagues (2014) previously reported being able to monitor changes over time in in-cell
spectra. The results of their analysis showed the distribution of singular, distinct peaks
followed by gradual changes in the spectra corresponding to specific interactions or the
random binding of the target protein to components in the cytosol. However, this kind of
monitoring is likely to affect the viability of cells due to the extended time that they must
spend in the NMR tubes. But for the hope to witness the formation of protein peaks before it
got lost. Therefore, attempt to investigate the developed signals of the spectrum, the same TA
was induced in the NMR tube, left overnight and tested in the NMR spectrometer. However,
the spectrum did not show any amide peaks, as shown in Figure 6.19, meaning that it was
more likely the expression of TA was affected and caused a loss of signal.

The optimisation of conditions and environment for the successful in-cell NMR of proteins
has proven difficult, especially as part of the TA target protein is intrinsically disordered. An
essential requirement for using in-cell NMR is the high concentration of the protein needed;
In this project, the crowding of the cytoplasm was not problematic, because the cells initially

expressed the protein in the periplasm. Viscosity was not problematic, either, in the case of
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the expressed protein GB1 but could have been for the expressed TA. Nevertheless, a more
homogeneous, dilute sample was tested first, and the results were the same as those achieved
with higher concentration samples: only signals of unfolded protein that might relate to the
unstructured part of TA were detected.

The spectra yielded from in-cell NMR experiments in the project were predominantly
characterised by broad signals. Barberiri et al. (2015) have explained that the broadening of
signals in a protein NMR spectrum is typically due to weak, non-specific interactions of the
protein with larger complexes or with cellular structures such as membranes, either of which
can lower the tumbling rate, prevent NMR detection and cause signal loss. As suggested in
Chapter 5, challenging the cells expressing the proteins of interest (i.e., TA, TolA box and
TolB box) with ColE9-Imm9 afforded protection against the nuclease effect of ColE9,
presumably due to the suggested interaction between the expressed proteins and cellular Tols
in the periplasm. That interaction might have caused the results reported in this chapter,
especially regarding the TolA box.

Another possible reason for the low-quality spectra obtained is the intrinsic behaviour of the
proteins of interest themselves. Sample preparation that entails centrifugation and
resuspension in different media is a stressful process that can result in the varied availability
of oxygen, which might also affect the stability of proteins (Lippens et al., 2018). Although
that outcome is entirely related to protein stability, it could have been the case with the

colicins.
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Chapter 7

General discussion
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7.1 General discussion

Colicins are a type of toxin that are produced by certain species of bacteria, and can be
cytotoxic to neighbouring bacterial cells which are competing for the same resources.
Colicins are produced in response to stress or DNA damage. Both of these processes can
activate the SOS response for DNA repair, and, in turn, upregulate the production of colicins
within bacterial cells. Once colicins are released in the environment external to the producing
cell (Zgur-Bertok, 2012), they are liable to exert a cytotoxic effect on neighbouring bacterial
cells that do not produce colicins. However, it is important to note that they are not effective
against bacterial cells which are producing colicins, because these cells are protected from
the cytotoxic effect due to the co-expression of an immunity protein (Imm) alongside the

colicin (Bouveret et al., 2002).

To exert their cytotoxic effect within cells, colicins first have to be translocated into the cells
via their translocation domain, or (T) domain, which is one of three functional domains within
the toxin. The other two being a receptor-binding domain, or (R) domain, and a cytotoxic
domain, or (C) domain (Cascales et al., 2007). Depending on their mechanism of
translocation, colicins can be divided into two groups. In Group A, colicins are Tol-
dependent, meaning that they interact with Tol proteins in the periplasm. These group A
toxins can be further classified into the pore-forming group (e.g., colicin A, or ColA), or the
nuclease group (e.g., colicin E9, or ColE9). In Group B, by contrast, colicins are Ton-

dependent, meaning that they interact with Ton proteins (Bonsor et al., 2008).

To date, researchers have observed a series of events that occur during the translocation of
different colicins, which is believed to influence their cytotoxic effect (Atanaskovic &
Kleanthous, 2019). Research indicates that, generally, the (R) domain of colicins binds to an

outer membrane (OM) receptor (i.e., BtuB) for E. coli cells, which consequently allows the
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(T) domain to bind to an OM porin, OmpF. As a result, a translocon forms that can translocate
the (T) domain through the OM. Once the (T) domain passes through the OM towards the
periplasmic space, it encounters the Tol-Pal system, which comprises proteins distributed
between the inner membrane (IM) and OM (Lloubes et al., 2001): Pal in the OM, TolB
between the OM and periplasmic space and various Tols (i.e., TolA, TolQ and TolR) in the

IM.

Next, after the (T) domain crosses the OM, the subsequent method of translocation via the
periplasm to the IM depends upon the type of colicin involved (Houdsen et al., 2012). Pore-
forming colicins (e.g., ColA) interact with both TolA and TolB and their binding sites, namely
TolA box and TolB box, respectively. Such interactions, when occurring simultaneously,
form a TolA-TolB complex in the periplasm that interacts with ColA. Next, the (C) domain
passes through to the IM, where it forms pores that will disrupt the IM, and ultimately kill the
cells (Benedetti et al., 1992; Cramer et al., 2018). Colicins in the nuclease group (e.g., ColE9),
however, translocate via a different mechanism. ColE9, for instance, is co-expressed with its
immunity protein, Imm9, with which it forms a complex. Once the (R) and (T) domains bind
to OM receptors, the (T) domain interacts with TolB and its binding site (i.e., TolB box). At
that point, the Imm9 protein is released from the complex, thereby allowing the (C) domain
to enter the periplasmic space, then to reach the IM and lead to DNA damage (Cascales,

2007).

Researchers who have studied Imm9 release prior to translocation have observed that TolA
plays an important role in ColE9 translocation, even in the absence of direct interaction
between ColE9 and TolA (Carr et al., 2000). At the same time, when the researchers mutated
TolA, the release of Imm9 became compromised, which suggested that an indirect interaction
could indeed occur between ColE9 and TolA. Subsequent research revealed that the energy
required for Imm9 release is generated by TolA activity in the IM and by other associated
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Tols (Houdsen et al., 2018). However, without that force, Imm9 cannot be released, and

ColE9 cannot perform its cytotoxic activity.

Examining the properties of colicins, as powerful antimicrobial agents that are easy to
generate, could pave the way for the development of novel antibiotics in response to
multidrug resistance in populations worldwide (Behrens et al., 2017). Of particular necessity
is research using new techniques that can fully illuminate the mechanism of colicin
translocation. Given that combined techniques typically provide more detailed information,
especially regarding proteins, the aim of this project was to investigate new techniques for
studying protein—protein interactions involved in colicin’s entry into E. coli cells. In this
project, the colicins of interest were ColA and ColE9, two Tol-dependent colicins with
different mechanisms of action. Col A, pore forming type colicin and ColE9 a nuclease type

colicin.

Before studying protein—protein interactions relating to colicin activity in the periplasmic
space of cells overexpressing the (T) domain or specific regions of that domain, as well as
ColE9 effects on those cells, it was hypothesised that colicin-sensitive strains could become
resistant to exogenous colicins if they overproduce the (T) domain or sub-regions of another
colicin. To test that hypothesis, the project was designed to introduce the (T) domain of ColA
for subsequent protein expression, and the (C) domain of ColE9 as an external antimicrobial
colicin, and the colicin-sensitive E. coli strain BL21(DE3) as a host strain for expression. In
those terms, the focal question was: what is the effect of ColE9-Imm9 on E. coli BL21(DE3)
expressing (T) domain or sub-regions of TA. In answering that question, our novel
contribution required live cell imaging, such that any effect possibly due to protein—protein
interaction was examined via in-cell nuclear magnetic resonance (NMR) to investigate its

applicability in detecting such interactions.
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To that end, as described in Chapter 3, constructs expressing the full length of the TA region
of ColA (i.e., Residues 1-172) in both the periplasm and the cytoplasm were engineered.
Similarly, the TolA box (i.e., Residues 52—172) and TolB box domains (i.e., Residues 1-52),
regions where interactions between colicins and Tol proteins occur were cloned into
pBAD/glllc for secretion into the periplasm, which permitted the study of each binding site
in isolation. Next, as described in Chapter 4, The overexpression of these constructs was
optimised in E. coli BL21(DE3). Live-cell imaging and in-cell NMR required a high
concentration of recombinant protein with efficient labelling. Although in-cell NMR has
demonstrated its ability to detect folded proteins in cytoplasm (Pielak et al., 2002), because
TA has never been tested with in-cell NMR, we sought to detect TA in the cytoplasm.
Meanwhile, periplasmic expression was performed to detect any changes in TA domain due
to its known interactions with the Tol system, because of where they are located and the

interaction occur.

To optimise conditions for both techniques, and thereby obtain high yields of recombinant
proteins, certain parameters had to be investigated in terms of ensuring the most efficient
implementation of the two expression systems, pET-15b and pBAD/glllc, and in the
overexpression of the TolA and TolB boxes in pBAD/glllc. pBAD/gllIc is one of the most
commonly used vectors in periplasmic protein expression, with expression from the araBAD
promoter more tightly controlled than that from equivalent promoters in other periplasmic
expression systems (e.g., the pET series vectors). The control of expression levels, based on
catabolite repression, makes the pBAD system ideal for producing high protein levels without
leakage (Sommer et al., 2010). Moreover, expression using the pBAD system can be very
effectively modulated by altering the amount of arabinose added to the culture (Sherif et al.,

2010; Marschall et al., 2017).
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The next step was overexpressing isotope labelled TA. Despite being a highly sensitive
technique, in-cell NMR cannot detect nuclei unless they are labelled. Although an ideal
method to that end is introducing labelled active nuclei inside the cells by labelling newly
expressed proteins, the challenge therein is producing a high concentration of the isotopically
labelled proteins of interest. To that purpose, a number of approaches were taken to optimise
the culture medium used. M9 minimal medium was chosen to induce expression under
conditions promoting a reduced growth rate, as suggested by Mondal and colleagues (2013).
This medium is also commonly used for incorporating specific residues into proteins of
interest (e.g., *C amino acids) in structural studies or in-cell NMR (Cai et al., 2016).
However, as demonstrated in Chapter 4, the results obtained indicated that the level of
expression was relatively low, and required improvement, possibly because the periplasmic
production of protein is limited by the periplasm’s size (Sandomenico et al., 2020). Moreover,
the attempt at cytoplasmic expression yielded a similar result see Section 4.2.5, both results
possibly because TA is an intrinsically disordered protein, and steric factors would make
completing the folding process impossible, as suggested by Dunker and colleagues (2002).
That possibility is particularly strong if the protein concerned is involved in critical cellular

mechanisms, which the TA undoubtedly is.

Mondal and colleagues (2013) suggested protein production over a long period at a low
temperature as a viable approach. However, following that procedure resulted in poor
expression of TA, likely because low temperatures reduce final cell density, plasmid
degradation and antibiotic inactivation (Rosano & Ceccarelli, 2014). Growing the culture to
an ODeoo of 1.0 before induction was found to be the best approach to optimising protein
overexpression and successfully yielded a high level of expression as shown in Section 4.2.7,
the high cell density provided an efficient production of recombinant proteins. After

achieving high level expression, confocal laser scanning microscopy (CLSM) was employed,
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a method developed to detect protein—protein interactions and the co-localisation of proteins
(Amos et al., 2003). In CLSM, bacterial viability was tested as indirect measure of the protein
interactions are detected using fluorescent dyes with specific excitation wavelengths that stain
the cellular region or regions of interest and allow visualisation via microscopy. Thus, to
study the nuclease effect of ColE9 on bacterial cell viability, a live/dead bacterial cell
assessment was undertaken employing BacLight™ LIVE/DEAD stain in conjunction with
CLSM. As reported in Chapter 5, after optimising the overexpression of the proteins, live cell
imaging was performed using CLSM, chiefly to challenge the constructs that were
engineered, as described in Chapter 3, and overexpressed, as described in Chapter 4, with

ColE9-Imm9, whose nuclease-related activity leads to eventual cell death.

In studies on colicins seeking to establish whether transport across the OM is energy-
dependent, a major problem has been the lack of appropriate measures of transport that are
not dependent on cell death as an end point. To address that problem, we developed a live
cell imaging platform using live/dead viability assessment to evaluate the effect of ColE9—
Imm9 on E. coli cells via live cell imaging, specifically with CLSM. This technique was
employed to elucidate the mechanism behind the translocation of colicins, which upon
entering cells bind to receptors on the OM and recruit Tol proteins, thereby allowing the (C)
domain to reach the IM and exert its Killing activity (Majeed et al., 2011). Knowing that the
Tol system’s chief function is to maintain the integrity of the cell membrane and that its
interaction with colicins disturbs the cell membrane and compromises its function (Bernadac
et al., 1998), it was expected that such disturbances would allow dyes to pass through the cell
membrane and stain the bacterial cells dye entry into damaged cells, but SYTQOQ9 enters intact
cells without membrane damage, Pl enters those with compromised membrane. The
techniques demonstrated in Chapter 5—namely, spot testing and liquid growth assay—

confirmed our hypothesis about the protection gained by E. coli BL21(DE) cells expressing
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TA, TolA box and TolB box, all overexpressed in the periplasm, when they are treated with
ColE9—-Imm9. The findings underscore the necessity of treating ColE9—-Imm9 with
dithiothreitol (DTT) before challenging cells in order to reduce the disulphide bond and, in
turn, allow ColE9 to exert its activity, which corroborates the findings of Penfold and

colleagues (2004).

Given current knowledge about the mechanism of ColE9 translocation, we expected that TA
overproduction in the periplasm would not only cause interaction between cellular Tol
proteins and TA but would also cause TA to occupy binding sites on ColE9, thereby rendering
them unavailable for ColE9 translocation into the periplasm. As explained in Section 5.1,
ColE9 binds to TolB in the TolB box region to achieve its translocation into cells. By
extension, our hypothesis was that the TolA box’s overproduction does not afford the same
level of protection as the overproduced TA and TolB box. However, live-cell imaging
revealed that E. coli BL21(DE3) cells expressing the TolA box showed the greatest protection
against ColE9—-Imm9 plus DTT, with a 20% difference between it and the results obtained
from cells overexpressing the TolB box. A higher-than-expected level of protected cells

expressing TA was also observed.

These findings cast doubt on a number of current theories concerning the ColE9 translocation
mechanism. As previous work on the translocation mechanism of group A colicins (e.g.
ColE9) has demonstrated, those colicins contact their periplasmic binding partners, typically
TolB and/or TolA, via a direct epitope delivery mechanism after binding to the receptor on
the cell’s surface (Housden et al., 2010; Jansen et al., 2020). By extension, the first
questionable fact is that ColE9 only interacts with TolB in the periplasm, specifically at the
TolB box binding site for its translocation. If true, then our results would show that cells
expressing the TolB box had considerable protection against ColE9. At the same time, the
lower percentage of viable expressing the TolB box of ColA could presumably relate to
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differences in the binding affinity of the TolB boxes of ColE9 and ColA—approximately 1
UM (Loftus et al., 2006) ColA and 10 uM, respectively—to bind with TolB. In that case, their
low binding affinity could explain the unexpected result. Even so, if the external colicin were
ColA instead of ColE9, it would supposedly show a higher level of protection with the

overproduced TolB box.

The second presumed fact that our findings question is the indirect interaction between ColE9
and TolA for translocation. Our study revealed that TolA is in fact likely to be more involved
in this process due to the high level of protection against ColE9 activity gained from the
overproduced TolA box. That finding supports the suggestion of Rassam and colleagues
(2018) that TolA can fully extend through the periplasm via colicin-bound TolB at the OM,
thereby displaying the TolA protein’s unrestricted Brownian motion prior to its recruitment
for translocation, which may explain the occupancy of TA binding sites and prevent the
interaction between Tol and ColE9. In that case, however, the outcome would differ with
overproduced TA (i.e., the combined TolA box and TolB box). Because the outcomes did not
differ, we have to question whether other Tol proteins might also be involved in the
translocation process, as previously suggested by Kim and colleagues (2014), who were able
to identify ToIR contribution to translocation. If the same were true with ColE9—-Imm9, then
it could explain why the protection provided by TA (i.e., a protein containing both the TolA
and TolB boxes) was not as high as expected, namely due to TolR involvement., Szczepaniak
and colleagues (2020) recently showed that the physiological role of the TolQ-TolR-TolA
complex is to drive the dissociation of TolB—Pal complexes in the OM, thereby releasing Pal
to bind the cell wall. As a consequence of that proton motive force (PMF)-driven cycle, TolB
is thought to be translocated through the cell wall by TolA. This finding proves the need to
investigate the other IM Tol proteins, especially TolR that might fill the gap of knowledge

about colicin’s translocation into the periplasm.
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Despite the level of protection that might vary between the constructs, we believe that the
occurrence of protein—protein interactions between overproduced proteins (i.e., TA, the TolA
box and the TolB box) and cellular proteins in the periplasm may result in structural
conformational changes, which it was hoped would be visualises with in-cell NMR (Burz et
al., 2006), if applied correctly. Using a highly sensitive spectrometer, in-cell NMR can reveal
macromolecules in multidimensional states as well as their dynamics and conformational
changes inside cells (Breindel et al., 2019). Although in-cell NMR has some limitations that
affect its use in biological systems, elucidating those limitations and identifying their factors
helped us to develop a method that, in turn, clarified the nature of the (T) domain and its
residues and produced some interesting findings in relation to our CLSM analysis, especially

regarding the TolA box of ColA.

In-cell NMR experiments have revealed the method’s limitations and challenges in this
project, especially with intrinsically disordered proteins such as TA. In response, the project’s
overarching goal was to develop a straightforward, effective technique for detecting the
expressed protein via in-cell NMR. We therefore investigated various experimental methods
to determine which parameters were important in performing an effective in-cell NMR
analysis of the proteins of interest in the E. coli system. The four parameters determined to
be the most important were the culture medium used to grow the bacterial cells, the expression
system the proteins of interest were cloned into, the volume of the initial culture to produce
higher cell density and the size of the expressed protein of interest. Even after attempting to
optimise conditions for in-cell NMR analysis, detecting the structured part of the TA protein
remained difficult, the results achieved did nevertheless provide some support for the live cell

imaging data obtained.
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Because the TA domain and the TolA and TolB boxes are intrinsically disordered proteins,
their intrinsic flexibility was expected to produce some broad peaks and strong signals with
'H in in-cell NMR. As the results reported in Chapter 5 suggest, the presence of interactions
of the expressed proteins (i.e., TA protein and the TolA and TolB boxes) with cellular proteins
from in-cell NMR analysis should result in those proteins producing wider overlapping peaks
indicating their involvement in protein—protein interactions inside E. coli cells, which might
cause a loss of signals. Kim and colleagues (2014), who investigated the structural
conformation of two type A colicins, ColIN (i.e., a pore-forming colicin) and ColE3 (i.e.,
deoxyribonuclease), discovered that the (T) domains of both are divided into two parts: an
intrinsically unstructured (T) domain (IUTD), which could be what was observed during these
studies, and a larger structured (T) domain distal to the IUTD, which we aimed to detect with

in-cell NMR, considering the high structural similarity between ColA and ColN.

The results achieved by analysing cells expressing TA with 1D *H and *C NMR did not
reveal any protein signal. Meanwhile, 2D *H-'°N correlation NMR could detect IUTD only.
Despite attempts to optimise conditions by several means: growing cells until the O.Dsoo
reached 1 before induction; and by growing the cells in LB medium first before switching
them to labelled M9 minimal medium, preparing a 60% v/v slurry for analysis gave the best
results and comes in agreement with Ikeya and colleagues research (2016). Some of those
conditions were recently reviewed by Sugiki and colleagues (2020), who determined that the
dependency of E. coli’s in-cell NMR spectra on the quality of the NMR spectra derived from
the protein of interest was dependent on the growth phase of the host culture at time of
expression target protein’s stage along the growth stage arises from a yield of soluble
recombinant proteins. For that reason, optical density is a sound tool for monitoring optimal

conditions for heterologous protein overexpression.
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The hypothesis concerning protein—protein interaction between overproduced proteins and
cellular proteins suggests the inevitable formation of a complex molecule with a large
molecular weight, which given the problems typically associated with NMR analysis of large
proteins or protein complexes would consequently be likely to generate numerous low-
intensity peaks with broad linewidths, as was seen in our analysis of the TA and the TolB box
proteins. The increased molecular weight of the target protein reduces relaxation time, T2,
which is the first step in any NMR experiment, and a delay or extension in this parameter will
typically result in broader cross-peaks (Wuthrich, 1986). The resulting NMR signal from
larger molecules also decays more rapidly and prompts line broadening (Burz et al., 2019),

which possibly happened in our study which provide some support to our hypothesis.

In light of poor results achieved with the TolA box (see Section 6.4.8), researchers have
continued to investigate whether hub proteins have specific structural properties that facilitate
their participation in various interactions with other proteins, as well as determining whether
they have any structural flexibility for folding and changing conformation. Because hub
proteins can be recognised by their disordered regions, they most are large, unfolded proteins
with no secondary or tertiary structure (Patil et al., 2010), it is reasonable to assume that the
inherent nature of the TolA complex makes its detection difficult with in-cell NMR. However,
the result supports our finding from live-cell imaging regarding a direct role for TolA in the
translocation of ColE9. Studies to date have shown that no structures are available for intact
TolA (Szczepaniak et al., 2020), while numerous laboratory experiments have demonstrated
that TolA is a hub for protein—protein interaction, one able to form complexes with Tol
proteins. Nevertheless, the proposed detail regarding most of those interactions have proven
controversial, either due to a lack of corroborating biochemical data or because they are

contradicted by other work (Szczepaniak et al., 2020). Thus, findings suggest the involvement
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of TolA in translocation process. However, the question remains: What is the exact role of

TolA in the translocation of ColE9?

Altogether, the primary goal of this project was to determine whether the intramolecular
binding properties for the TA of ColA are disrupted when interacting with the cellular Tol
protein. As demonstrated in Chapter 5, the overexpressed TA interaction with cellular Tols
provides protection against ColE9. At the same time, the results obtained here using in-cell
NMR may have resulted from the intramolecular binding of TA and cellular Tol proteins and
their interaction with Tol proteins, which could have generated larger complexes that are
difficult to detect with in-cell NMR. The overproduction of the proteins of interest might have
also caused the formation of large complexes, meaning that the target protein effectively
behaved as a large protein and thus could not be readily detected by in-cell NMR (Gibbs et
al., 2017). Another theory is that the overexpressed TA inside the cells needs be in an
unfolded state in order to interact with other proteins in a similarly way to that for external
colicins. As a case in point, when external colicins interact with cell membrane, and
subsequently translocate through the membrane, they unfold to become able to span the
periplasm and interact with the Tol proteins in the IM (Anderluh et al., 2003). The same
dynamic could occur with the TolB box domain expressed inside the cells, hence its

appearance in wide peaks but with a distribution similar to that of unfolded proteins.

Another difficulty faced in the project was that assigning the unstructured part of TA and the
TolB box was difficult. Their unstructured nature requires repeated scanning through the **N
planes of the 3D spectra in order to locate peaks at the desired chemical shifts, which is a
highly time-consuming process and therefore threatens cell viability and causes loss of
signals. In general, residue-type identification along the chain that requires removing
ambiguities is a slow process that would greatly benefit from better set-ups and advanced

equipment. Because the process is so slow, due to technical difficulties in analysing spectra
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and complications in the interpretation of NMR data, the number of proteins investigated in
their unfolded state to date has been far smaller than the number of folded ones (Luchinat et

al., 2020).

Despite progress in in-cell NMR methods, the presence of target molecules within cells with
other macromolecules requires an efficient, ideally targeted, labelling technique in order to
reduce the background of the spectra. Target proteins are liable to interact with other proteins
and thereby form large complexes, which can lower signal sensitivity. The mechanism of
action of colicins remains under investigation, and the results achieved thus far suggest that
the translocation domain is engaged in many interactions that have yet to be described.
Moreover, non-specific interactions may occur inside living cells and consequently reduce
NMR signals as well. Hecht (2012) tested the translocation domain of ColIN (TN), a pore-
forming colicin, by in vitro NMR, and the results were the same as obtained in this work for
the TA of ColA, which demonstrated the presence of a complex unstructured protein.
However, when titrated with TolA, TN-TolA also showed more peaks than TN alone, which
suggests a conformational change in the binding site and, in turn, intramolecular interactions
between the CoIN and TolA in the translocation domain. In view of such interactions, a
conclusion made that the fluctuating clusters of side-chain interactions affect the (T) domain’s
intramolecular bindings. Another conclusion is that the closed conformation of the (T)
domain is disrupted when it interacts with proteins in its target E. coli cell, which could also

be the case with TA.
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7.2 Future work

E. coli BL21(DE3) expressing TA, the TolA box and the TolB box were treated with ColE9—
Imm9 and analysed by CLSM. The results of CLSM indicated that the overexpressed TA
domain protects host cells against ColE9—Imm9, as well as the TolA and TolB boxes. The
level of such protection within the same range suggests that the TolA box interacts with
cellular TolA and that the occupied TolA blocks the activity of ColE9—-Im9. To confirm that
the responsible factor was the dissociation of Imm9 from the complex because TolA was no
longer available to transfer the energy required for Imm9 release, ColE9 and Imm9 could be
labelled with different fluorophores following their purification. With one fluorophore acting
as a fluorescent receptor, and the other as a donor, each would then fluoresce when Imm9
was released from the complex. To expand upon those findings, a time-lapse video of the
interaction could visualise the localisation and movement through the cells during CLSM and
clarify whether Imm9 release is affected by the overexpression of the TolA box inside the

cells.

TolR protein is believed to be involved in the translocation process of ColE9, applying the
same analysis employed in this project on E. coli BL21(DE3) cells expressing TolR, would
help answer the question about the unexpected level of protection that gained from cells

expressing TA and TolB box against the cytotoxic effect of ColE9.

The applicability of using in-cell NMR on proteins in the (T) domain could also be clarified
by determining whether those proteins are in unfolded states and could be subjected to a
higher-dimensional experiment (e.g., 4D or 5D), which would reveal a wider spectrum of
peaks and could facilitate the distribution of the signals. Increasing the dimensionality of the
NMR spectra in future work might help by distributing the peaks across a larger spectral space

and, in turn, reduce crowding (Grudziaz et al., 2018). A recent advance in in-cell NMR
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spectrometry is the development of multidimensional NMR with pulse sequences, including
5D NMR (Motackova et al., 2010; Novacek et al., 2011). The technique has the capability of
providing higher resolution but requires time-consuming measurements for each sample,
which could affect the stability of unfolded proteins given the potential for aggregation as
well as cell’s viability (Okataviani, 2014). Also, performing that method with an NMR device
with a magnet size exceeding 800 MHz would afford greater sensitivity. A new commercially
available NMR spectrometer operating at 1.2 GHz has attracted keen interest in the research
community, and the advantages of using the new instrument for NMR experiments have
already been shown (Banci et al., 2019), especially if provided with a bioreactor (i.e., a device
to provide oxygen and nutrients to cells to maintain their viability) and for investigating
biological processes with real-time in-cell NMR (Luchinat et al., 2020). Such techniques can
identify the location of all NMR signals in the slow exchange regime, where signals change
shape or chemical shifts occur as a function of time.

Another suggested approach is specific labelling instead of uniform labelling, which can
reduce the noise of the overlapping peaks, similar to labelling a specific amino acid. By
following those suggestions, future work could provide more knowledge about and direct

current understandings of the protein—protein interactions that occur inside bacterial cells.
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Al Genotype description

DHS a genotype description

* recAl ensures increased insert stability and prevents unwanted recombination.

» endAl improves the yield and quality of plasmid DNA prepared from minipreps.

» DHS5a competent cells support replication of M13mp vectors but do not support plaque

formation.

recAl and endA1 mutations in DH5a cells increase insert stability and improve the
quality of plasmid DNA prepared from minipreps.

The mutations that the DH5-Alpha strain has are: dlacZ Delta M15 Delta(lacZY A-
argF) U169 recAl endAl hsdR17(rK-mK+) supE44 thi-1 gyrA96 relAl. These
mutations correspond to the distinct characteristics that make the DH5-Alpha strain
excel in laboratory cloning procedures.

BL21(DE3) genotype description

T7 RNA Polymerase: (T7 genel) is encoded by the lambda DE3 prophage present
within the chromosome. T7 RNA polymerase is expressed from the lacUV5 promoter,
which is less sensitive to catabolite repression than the wt lac promoter.

DES3 strains may exhibit uninduced target protein expression. Although ADE3 is
normally dormant in the host chromosome, the induction of the SOS cascade can
occur as the result of expressing proteins that damage the E. coli chromosome, either
directly or indirectly. This may lead to cell lysis.

Protease Deficient ([lon] ompT): E. coli B strains are “naturally” deficient in the lon
protease which in K-12 strains serves to degrade misfolded proteins and to prevent
some cell cycle-specific proteins from accumulating. The OmpT protease resides at
the surface of wild type E. coli in both K-12 and B strains, presumably helping the
cells to derive amino acids from their external environment.

T1 Phage Resistant (fhuA2): T1, an extremely virulent phage requires the E. coli ferric
hydroxamate uptake receptor for infectivity. Deletion of this gene confers resistance
to this type of phage, but does not significantly affect the transformation or growth

characteristics of the cell.

235



A2 Vector maps

A
Immunity A
ColicinA (ImmA)
(Col) Lysis
3.7Kb (Lys)
pColA +
AmpR
B
ACYCOuetUP1
Primer $71178-3 T7 promoter-1

GCCATACCGCGARAGGTTTTGCGCCATTCGATGETGTCCGGGATCTCGACGLTCTCCCTTATGLGACTCCTGCATTAGGARATTAATACGACTCACTATA

T7 transcription start-1
ator —» Neo | His-Tag

loc operato
GOGEAATTGTGAGCGOATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTTITAATAAGGAGATATACCATGOECAGCAGCCATCACCATCATCACCAC
MetGlySerSerHisHisHisHi sHisHis

BepM | BeG |
Sac! Pl DuetUP2 Primer
BamH |EcoR | EICR 1 Asc 12201 Sall Hing il Not! Al I 2711803
AGCCAGGATCCOAAT TCOAGCTLGOCELGLCTGLAGOTCEACAAGCTTGCGECCOCATAATGCTTAAGT CGAACAGAAAGTAATCGTATIGTACACGELL
“of, - Sers LeuGiny. . - -
SerGlnAspProAznSerSerSerAladrgleutinValAsplysleuAlanlaAlaind DuatDOWN! Primee
711793
DuetUP2 Primer T7 transcription start-2
#71180-3 T7 promoter-2 > lac operator s Nde 1
GCATAATCGARAT TAATACGACTCACTATAGGGGAAT TGTGAGCGGATAACAATTCCCCATCTTAGTATATTAGT TAAGTATAAGAAGGAGATATACAT
DuotDOWN Primeor
271793 Noold IV Bao |
Nao ! Zral AcctS |
Ndgel _Bglll Mol Fen | AsiS | Astll Kpnl Xno!<€4— STag

ATGGCAGATCTCAATTGGATATCGGCCEGCCACGLGATCACTGACGTCOGTACCCTCOAGTCTGGTAAAGAAACCGCTGLTGCGAAATTTGAACGCCAG
NotAlaAsplLeuAsnirplleSerAlaGiyHisAlalleAlaAspValGlyThrieuGluSerGlyLysGluThrAlaalaAlalysPheGluArgbin

Eco01091
ST Pacl Avrll Bpl 17
CACATGGACTCGTCTACTAGCGCAGCTTAATTAACCTAGGCTOCTGCCACCOCTGAGCAATAACTAGCATAACCCCTTGOAGCCTCTAAACGOGTCTTG
HisMetAspSerSerThrSerAlaAlatnd Y7 Terminator Primor
$69337.3

Figure A1 Map sequence of the pColA vector (Novagen.com). A) Shows the vector’s map
of pColA. The vector has the COLA replicon from ColA (1), encoding ampicillin resistance
gene. B) Shows The vector encodes two multiple cloning sites (MCS) each of which is
preceded by a T7 promoter, lac operator, and ribosome binding site (rbs). Multiple cloning

site sequence with restriction sites used for cloning, Ncol and Xhol, indicated by blue arrows.
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T
B
T7 promoter primer #69348-3
—_—
Bgll T7 promoter lac operator Xbal rbs
" Eag| Aval ¥
» Ndel Nhel T7+Tag  gamH| EcoR| Sacl Sall Hindlll Nofl  Xhol His'Tag
: 21 A
Neol d
CATGG 21c.d .. . GGTCGGATCCGAATTCGAGCT CCG sSACAAGCTT
Met ) 31 leArgl leArgAloProSerTr
Bpu1102 | T7 terminator

T7 terminator primer #69337-3

Figure A2 Map sequence of the pET-21a vector (Novagen.com). A) Shows the vector’s
map of pET-21a, carry an N-terminal T7Tag sequence plus an optional C-terminal His*Tag
sequence. The cloning/expression region of the coding strand transcribed by T7 RNA

polymerase, encoding ampicillin resistance gene. B) Shows multiple cloning site sequence
with restriction sites used for cloning, Ndel and Xhol, indicated by blue arrows.
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A 3 Gene sequence of TA, TolA box and TolB box of ColA

TA (ColA 1-172)
A

TACCTGAAGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTGGGCTAACAGGAGGAATTAACC
ATGAAAAAACTGCTGTTCGCGATTCCGCTGGTGGTGCCGTTCTATAGCCATAGCACCATGGCTGGATTTAAT
TATGGTGGAAAAGGTGATGGAACCGGCTGGAGCTCAGAACGTGGGAGTGGTCCAGAGCCGGGTGGTGGT
AGCCACGGAAATAGTGGTGGGCACGATCGTGGAGATTCTTCCAACGTAGGTAATGAGTCTGTGACGGTAAT
GAAACCAGGGGATTCGTATAACACCCCGTGGGGAAAAGTCATCATCAATGCTGCAGGCCAGCCGACCATGA
ACGGAACGGTGATGACCGCTGATAATTCATCGATGGTTCCTTACGGCAGAGGGTTTACACGGGTTTTAAATT
CCCTGGTCAATAATCCTGTTTCGCCGGCAGGTCAGAATGGCGGGAAGTCTCCTGTTCAGACTGCTGTGGAAA
ATTATCTGATGGTACAGTCAGGAAACCTGCCACCGGGCTACTGGCTCAGTAATGGCAAGGTTATGACGGAG
GTTCGTGAGGAACGTACTTCTGGCGGCGGTGGGAAAAACGGGAACGAGCGAACCTGGACTGTGAAAGTTC
CCCGGCTCGAGATCTGCAGCTGGTACCATATGGGAATTCGAAGCTTTCTAGAACAAAAACTCATCTCAGAAG
AGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTT
GGCGGATGAGAGAAGATTTTCAGCCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGA
ATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCATGCCGAACTCAGAAGTGAAACGCCGTAGCG
CCGATGGTAGT
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Sequence ID: Query_64317 Length: 485 Number of Matches: 1

Range 1: 1 to 485 Graphics

Score Expect Identities Gaps Strand
891 bits(482) 0.0 484,/485(99%) 0/485(0%) Plus/Plus

Query 32  ATGGAACCGGCTGGAGCTCAGAACGTGGGAGTGGTCCAGAGCCGGGTGGTGGTAGCCATG 91

Sbjct 1 ATGGEAACCGGCTGGAGCTCAGAACGTGGGAGTGETCCAGAGCCGLGTGGTGGTAGCCACG 6@

Query 92  GAAATAGTGGTGGGCACGATCGTGGAGATTCTTCCAACGTAGGTAATGAGTCTGTGACGG 151

Shjct 681  GARATAGTGGTGGGCACGATCGTGGAGATTCTTCCAACGTAGGTAATGAGTCTGTGACGG 120

Query 152 TAATGAAACCAGGGGATTCGTATAACACCCCGTGGGGAAAAGTCATCATCAATGCTGCAG 211
CUEDELECEECEELEE L EE LT e e e e et et L e e nrr

Sbjct 121 TAATGAAACCAGGGGATTCGTATAACACCCCGTGGGGAAAAGTCATCATCAATGCTGCAG 130

Query 212 GCCAGCCGACCATGAACGGAACGGTGATGACCGCTGATAATTCATCGATGGTTCCTTACG 271
CECEECEEEEEE e e e e e e erynn |

Sbjct 181 GCCAGCCGACCATGAACGGAACGGTGATGACCGCTGATAATTCATCGATGGTTCCTTACG 240

Query 272 GCAGAGGGTTTACACGGGTTTTAAATTCCCTGGTCAATAATCCTGTTTCGCCGGCAGGTC 331
CLEECEELERE e e e e e e e e ey ng |

Sbjct 241 GCAGAGGGTTTACACGGGTTTTAAATTCCCTGGTCAATAATCCTGTTTCGCCGGCAGGTC 380

Query 332 AGAATGGCGGGAAGTCTCCTGTTCAGACTGCTGTGGAAAATTATCTGATGGTACAGTCAG 391

Sbjct 381 AGAATGGCGGGAAGTCTCCTGTTCAGACTGCTGTGGAAAATTATCTGATGGTACAGTCAG 360
Query 392 GAAACCTGCCACCGGGCTACTGGCTCAGTAATGGCAAGGTTATGACGGAGGTTCGTGAGG 451
it
Query 452 AACGTACTTCTGGCGGCGGTGGGAAAAACGGGAACGAGCGAACCTGGACTGTGAAAGTTC 511
i i
Query 512 nlzﬁtla? 516

Sbjct 481 CCCGG 485

Figure A3 Gene sequence of colicin A translocation domain (TA). A) Gene sequence of
Max ORF: 1-516, MW=17782. B) Sequence alignment’ result using BLAST.
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TolA box (ColA 52-172)
A

ATGGAACCAGGGGATTCGTATAACACCCCGTGGGGAAAAGTCATCATCAATGCTGCAGGCCAGCCGACCAT
GAACGGAACGGTGATGACCGCTGATAATTCATCGATGGTTCCTTACGGCAGAGGGTTTACACGGGTTTTAA
ATTCCCTGGTCAATAATCCTGTTTCGCCGGCAGGTCAGAATGGCGGGAAGTCTCCTGTTCAGACTGCTGTGG
AAAATTATCTGATGGTACAGTCAGGAAACCTGCCACCGGGCTACTGGCTCAGTAATGGCAAGGTTATGACG
GAGGTTCGTGAGGAACGTACTTCTGGCGGCGGTGGGAAAAACGGGAACGAGCGAACCTGGACTGTGAAA
GTTCCCCGG

B

Sequence ID: Query_57183 Length: 363 Number of Matches: 1

Range 1: 1 to 363 Graphics

Score Expect Identities Gaps Strand
665 bits(360) 0.0 362/363(99%) 0/363(0%) Plus/Plus

Query 123 ATGAAACCAGGGGATTCGTATAACACCCCGTGGGGAAAAGTCATCATCAATGCTGCAGGC 182

Sbjct 1 GGAACCAGGGGATTCGTATAACACCCCGTGGGEAAAAGTCATCATCAATGCTGCAGGE 66

Query 183 CAGCCGACCATGAACGGAACGGTGATGACCGCTGATAATTCATCGATGGTTCCTTACGGC 242

Sbjct 61 CAGCCGACCATGAACGGAACGGTGATGACCGCTGATAATTCATCGATGGTTCCTTACGGE 128

Query 243 AGAGGGTTTACACGGGTTTTAAATTCCCTGGTCAATAATCCTGTTTCGCCGGCAGGTCAG 382

Sbjct 121 AGAGGGTTTACACGGGTTTTAAATTCCCTGGTCAATAATCCTGTTTCGCCGGCAGGTCAG 188

Query 383 AATGGCGGGAAGTCTCCTGTTCAGACTGCTGTGGAAAATTATCTGATGGTACAGTCAGGA 362

Shjet 181 TGGCGEGAAGTCTCCTGTTCAGACTGCTGTGGAAAATTATCTGATGGTACAGTCAGGA 248
Query 363 AACCTGCCACCGGGCTACTGGCTCAGTAATGGCAAGGTTATGACGGAGGTTCGTGAGGAA 422
cove 200 ACHIMIIICIDIRT IR
Query 423 CGTACTTCTGGCGGCGGTGGGAAAAACGGGAACGAGCGAACCTGGACTGTGARAGTTCCC 482
sover 201 WU NIO NI
Query 483 ?T? 485

Sbjct 361 (GG 363

Figure A4 Gene sequence of colicin A TolA box (TA 52-172). A) Gene sequence of Max
ORF: 1-363, MW=12882. B) Sequence alignment’ result using BLAST.
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TolB box (ColA 1-52)
A

ATGGAACCGGCTGGAGCTCAGAACGTGGGAGTGGTCCAGAGCCGGGTGGTGGTAGCCATGGAAATAGTG
GTGGGCACGATCGTGGAGATTCTTCCAACGTAGGTAATGAGTCTGTGACGGTAATGAAACCA

B

Sequence ID: M37402.1 Length: 6720 Number of Matches: 1

Range 1: 3327 to 3457 GenBank Graphics

Score Expect Identities Gaps Strand

243 bits(131) 3e-60  131/131(100%) 0/131(0%) Plus/Plus

Query 1 ATGGAACCGGCTGGAGCTCAGAACGTGGGAGTGGTCCAGAGCCGGGTGGTGGTAGCCATG 60
. [CCCELEEECEDEEELEC LT

Sbjct 3327 ATGGAACCGGCTGGAGCTCAGAACGTGGGAGTGGTCCAGAGCCGGGTGGTGGTAGCCATG 3386

Query 61 GAAATAGTGGTGGGCACGATCGTGGAGATTCTTCCAACGTAGGTAATGAGTCTGTGACGG 120
_ CCECECELELEEEEDELEE LR L EEEE L P L e r

Sbjct 3387 GAAATAGTGGTGGGCACGATCGTGGAGATTCTTCCAACGTAGGTAATGAGTCTGTGACGG 3446

Query 121  TAATGAAACCA 131

[T
Sbjct 3447 TAATGAAACCA 3457

Figure A5 Gene sequence of colicin A TolB box (TA 1-52). A) Gene sequence of
MaxORF:1-156, MW=5032. B) Sequence alignment’ result using BLAST.
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B1 Buffers and reagents

PBS

NaCl 8¢
KCI 200 mg
NazHPO4 1.44 g
KH2PO4 245 mg

Made up 1L with dHO. The pH adjusted to 7.4
M9 salts

Na;HPOs 6 g/l

KH2PO4 39/

NaCl 0.5¢/

Dissolved with dH>O. The pH was adjusted to 7.4
Minimal medium broth

Casamino acid 2% (w/v)

Glucose 0.2% (w/v)
M9 salts 1x

Biotin 15% (w/v)
Thiamine 15% (w/v)
0.1 M CaCl2 1409

1 M MgS04 124 g

Made up to 1L with dH2O. The pH was adjusted to 7.4. then the broth is autoclaved.
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Labelled M9 minimal medium

Minimal medium broth 1L
15 NH4CI 19/l
13 Glucose 19/l

Coomassie stain
Acetic acid 10% (v/v)
G-250 Coomassie 0.025 % (w/v)

De-staining solution

Methanol 30% (v/v)
Acetic acid 10% (v/v)
Agarose gel

Agarose 1% (wiv)

TAE buffer 2 ml (5x)
Made up to 10 ml with dH2O. Melt and add 5 pl ethidium bromide (10 mg/ml)
Sodium dodecyl sulfate (SDS- loading buffer 4x)

1 M Tris HCI, pH 6.5 2ml

1MDTT 4ml
SDS 08¢
Bromophenol blue 40 mg
Glycerol 3.2ml

Made up to 10 ml with dH>O. make 500 ul aliquots and store at -20°C.
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Sodium dodecyl sulfate (SDS- running buffer 10x)

0.25 M Tris base 30.3¢g
2.5 M glycine 187.79
1% (w/v) SDS 109

Made up to 1L with dH-O.

Resolving gel

1.5 M Tris-Cl (PH 8.8)

30% (w/w) Acrylamide/Bis-acrylamide

10% (w/v) Ammonium persulfate (APS)
Tetramethyl ethylenediamine (TEMED)
dH20

Stacking gel

0.5 M Tris-Cl (pH 6.8)

30% (w/w) Acrylamide/Bis-acrylamide

10% (w/v) Ammonium persulfate (APS)

Tetramethyl ethylenediamine (TEMED)

dH>0

Lysis buffer

65 mM Tris 0.078 ¢
2% (w/v) SDS 029
10% (v/v) glycerol 1ml

Made up 10 ml with dH.O

1.7ml
2.33 mi
30l
30 ul

2.88 ml

1ml
0.8 ml
30 ul
30

2.18 ml
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Transfer buffer

Tris- base 5890
Glycine 2949
SDS 0.37g
Methanol 200 ml

Made up 1L with dH.O

Semi-dry blotting buffer

Tris- base 582¢
Glycine 293¢
10% (w/v) SDS 3.75ml
Methanol 200 ml

Made up 1L with dH>O

10x TBS buffer

Tris- base 24 ¢
NaCl 88 ¢

Made up 1L with dH>O. the PH adjusted to 7.6

TBST buffer
10x TBS 100 ml
Tween 20 1ml

Made up 1L with dH.O

1 M stock Isopropyl-B -d-1 thiogalactopropanoside (IPTG)
IPTG 239

dH20 10 ml

Sterilized by filtration and stored at -20°C
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Ampicillin stock

Ampicillin

dH20

lg

10 ml

sterilized by filtration and stored at -20°C

Volume (mL)

Stock solution Final

concentration

1 (1 ml) 0.1 0.002% 0.00002%
2 (L ml) 0.1 0.02% 0.0002%
3(1ml) 0.1 0.2% 0.002%
4 (1 ml) 0.1 2% 0.02%
5 (1 ml) 0.1 20% 0.2%

Table B1 Serial dilution of 20% L-arabinose.

Anode buffer 10x

Cathode buffer 10x | Gel buffer 3x

TrisHCIM 1 1 3
Tricine M 1

SDS 1 0.3
pH 8.9 8.25 8.45

Table B2 Tricine-SDS-PAGE buffers.

0.5mL 5mL
AB-3
Glycerol 3mL
APS 10% 45 uL 50 puL

Table B3 Tricine-SDS-PAGE gel components.
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Statistical data

Df= degree of freedom, SD= Standard deviation, Asymp. Sig= p-value based on chi-square

approximation.

C1 Analysis of the antimicrobial activity of ColE9-Imm9 with and without DTT complex
against E. coli BL21(DE3) in liquid culture

Bacterial Control Experimental
strains

Mean+SD
BI21DE3 0.301+0.073 0.249+0.049
BI21/10 0.296+0.076 0.145+0.032
BI21/100 0.296+0.076 0.122+0.008

Table C1 Descriptive statistics.

Levene statistics Dfl significance

13.252 2 44 0.001

Table C2 Homogeneity of variance.

Shapiro-Wilk statistic significance

Table C3 Normality test.

Chi-Square 4511

df 2
Asymp. significance 0.105

Table C4 Non-parametric Kruskal Wallis test.
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C2 Analysis of the antimicrobial activity of ColE9-Imm9 with and without DTT complex
against E. coli BL21(DE3) expressing TA, TolA box and TolB box compared to E. coli
BL21(DE3) in liquid culture

MeanxSD
0.338+0.056 0.340+0.058 0.359+0.060

Table C5 Descriptive statistics.

TA cells

Levene statistics Dfl Df2 significance

14.353 3 60 0.001

Table C6 Homogeneity of variance.

Shapiro-Wilk statistic significance

Table C7 Normality test.

Chi-Square 36.522

df 3
Asymp. significance 0.001

Table C8 Non-parametric Kruskal Wallis test
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TolA

Levene statistics Df1 significance

13.737 3 60 0.001

Table C9 Homogeneity of variance.

Shapiro-Wilk statistic significance

Table C10 Test of normality.

Chi-Square 35.740

df 2
Asymp. significance 0.001

Table C11 Non-parametric Kruskal Wallis test.

TolB

Levene statistics Df1 Df2 significance

13.133 3 60 0.001

Table C12 Homogeneity of variance.

Shapiro-Wilk statistic significance

Table C13 Test of Normality

Chi-Square ‘ 36.083

df 3
Asymp. significance 0.001
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Table C14 Non-parametric Kruskal Wallis test.

C3 Analysis of the antimicrobial activity of ColE9-Imm9 on E.coli using Live/Dead

staining in conjunction with CLSM

Group After 3 hrs After 18 hrs
MeanSD

Bl21 Live 314.17+344.48 541.78+232.28

Dead 82.27+98.60 41.28+40.75
BI21/10 Live 321.98+195.98 402.10+290.61

Dead 218.97+172.57 219.43+176.36
BI21/100 Live 311.65+294.25 311.65+190.50

Dead 362.65+294.54 372.52+184.45

Table C15 Descriptive statistics.
Levene statistics Dfl Df2 significance

3h
Live 3.5635 2 177 0.031
Dead 29.732 2 177 0.000
18 h
Live 6.137 2 177 0.003
Dead 43.973 2 177 0.000

Table C16 Homogeneity of variance.

Shapiro-Wilk

statistic

significance

3h
Live 0.874 180 0.000
Dead 0.172 180 0.000
18 h
Live 0.907 180 0.000
Dead 0.882 180 0.000
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Table C17 Test of Normality

Kruskal Wallis

Chi-square

Asymp.significance

Live 3.185 2 0.203
Dead 46.460 2 0.000
18 h

Live 59.813 2 0.000
Dead 102.509 2 0.000

Table C18 Non-parametric Kruskal Wallis test.

TA
After 3 hrs After 18 hrs
Mean+SD
TA Live 605.42+248.76 | 525.80£169.01
Dead 38.08+35.68 37.72+46.25
TA 10 Live 686.93+342.39 | 481.27+225.65
Dead 205.70+172.63 | 218.53+160.56
TA 100 Live 359.55+205.43 | 472.57+278.19
Dead 229.05+£172.06 | 293.85+213.08
Table C19 Descriptive statistics.
Levene statistics Df1 Df2 significance
3h
Live 4.478 2 177 0.013
Dead 28.129 2 177 0.000
18 h
Live 8.546 2 177 0.000
Dead 43.426 2 177 0.000
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Table C20 Homogeneity of variance

Shapiro-Wilk

statistic

significance

3h
Live 0.940 180 0.000
Dead 0.822 180 0.000
18 h
Live 0.907 180 0.000
Dead 0.882 180 0.000

Table C21 Test of normality.

3h

Kruskal Wilk

Chi-square

Live 38.479 0.000
Dead 78.096 2 0.000
18 h

Live 2.366 2 0.306
Dead 86.414 2 0.000

Table C22 Non-parametric Kruskal Wallis test.

TolA

Group

After 3 hrs

After 18 hrs ’

MeanzSD

TolA Live 747.72+204.52 | 510.35+177.05
Dead 36.32+31.75 31.63+36.64
TolA 10 Live 587.72+365.36 | 641.10+306.87
Dead 309.03+222.50 | 296.00+210.00
TolA 100 Live 597.90+503.28 | 639.20+£319.46
Dead 427.98+379.83 | 238.88+266.17

Table C23 Descriptive statistics.
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Levene statistics Df1

significance

Live 9.290 2 177 0.000
Dead 25.172 2 177 0.000
18 h

Live 9.487 2 177 0.000
Dead 22.252 2 177 0.000

Table C24 Homogeneity of variance.

Shapiro-Wilk statistic significance

3h
Live 0.890 180 0.000
Dead 0.768 180 0.000
18 h
Live 0.975 180 0.003
Dead 0.749 180 0.000

Table C25 Test of normality.

Kruskal Wallis

3h

Chi-square Asymp.significance

Live 18.606 2 0.000
Dead 94.641 2 0.000
18 h

Live 7.780 2 0.020
Dead 92.371 2 0.000

Table C26 Non-parametric Kruskal Wallis test.
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TolB

After 3 hrs

After 18 hrs

MeanSD

TolB Live 597.03+242.69 | 472.37+219.92

Dead 38.52+43.44 31.37+£32.44
TolB/ 10 Live 364.504266.05 | 872.17+533.54

Dead 242.32+£172.33 | 363.05+258.75
TolB /100 Live 528.08+280.40 | 755.20+417.32

Dead 206.77+£195.08 | 648.55+434.62

Table C27 Descriptive statistics.

Levene statistics Df1 Df2 significance
3h
Live 1.100 2 177 0.335
Dead 29.182 2 177 0.000
18h
Live 35.414 2 177 0.000
Dead 27.252 2 177 0.000

Table C28 Homogeneity of variance.
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Shapiro-Wilk statistic significance

3h
Live 0.947 180 0.000
Dead 0.825 180 0.000
18 h
Live 0.869 180 0.003
Dead 0.786 180 0.000

Table C29 Test of normality.

Kruskal Wallis

Chi-square

Asymp.significance

3h
Live 18.606 2 0.000
Dead 66.990 2 0.000
18 h
Live 16.540 2 0.000
Dead 103.409 2 0.000

Table C30 Non-parametric Kruskal Wallis test.

C4 Plate counts to determine the antimicrobial activity of ColE9-Imm9 plus DTT on
E. coli BL21(DE3)

Chi-Square ' 7.261
df 2
Asymp. significance 0.027

Table C31 Non-parametric Kruskal Wallis test.
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SD+M

BL21 (DE3) 3.20E9 + 1.000E8
BL21(DE3)/10 2.70E9 + 1.000E8
BL21(DE3)/100 1.83E9 + 5.774E7

Table C32 Descriptive statistics.
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