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Abstract

The need for efficient drug delivery systems / better treatment for human
disorders remains a challenge in medicine. This demand could be
addressed by developing a new strategy that assist the formulation to
act specifically. Some drugs would benefit from targeting the gastric
epithelium and retain the therapeutic in the stomach. However, drugs
absorbed through the stomach or upper small intestine have a narrow
absorption window. Developing a drug delivery system that can adhere
to the surface of the gastric epithelial cells will significantly increase drug

transit time and overcome this limitation.

The gastric bacterium Helicobacter pylori uses special proteins called
adhesins to adhere to the gastric epithelium, providing a novel strategy
for broadening the absorption window. Therefore, a novel drug delivery

system was adapted from these adhesins to facilitate drug absorption.

The best studied adhesin is Blood group Antigen Binding Adhesin (BabA),
which specifically mediates H. pylori adherence to ABO/Lewis b (LeP)
blood group antigens on the gastric epithelium. Recent co-crystal
structure of the extracellular region of BabA with LeP revealed a smaller
binding domain which was termed the BabA-Crown. In the present study,
BabA-Crown, as LeP minimal binding domain, was studied towards usage
as a gastric-targeting drug delivery system. By using this biomimetic

strategy, a novel cytoadhesive drug system could be developed.

In the beginning, protocols for recombinant expression of BabA-Crown
had to be established. We found that addition of Chloramphenicol to the
growth medium had a major beneficial effect on the yield of BabA-Crown

expressed in the periplasmic space of Escherichia coli. Then, BabA-Crown
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protein resistance to acidity and peptic digestion were studied. It was
revealed that BabA-Crown can partially resist peptic degradation.
However, binding studies showed that BabA-Crown did not retain LeP-
binding affinity. To tackle this issue, further adjustments were made.
These included structural modifications to increase the length of the
protein, incorporation of a Lysine-tag to increase the expression as well

as the creation of a new binding motif.

In conclusion, binding of BabA-Crown to LeP was not achieved, however,
BabA conjugated with microparticles still retained the binding ability to
Leb. The data generated in this study represents a good starting point for
utilization of the minimal binding region for both biomimetic-drug

platform and bacteriological studies.
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CHAPTER ONE

1. Introduction

1.1 The need for a novel gastric drug delivery system

Nano-medicine is the most recent application of nanoparticles in the medical field.
This fast-growing application opened a new era for disease treatment, including
cancers and fatal diseases (Hua et al., 2018, Patra et al., 2018). Nanoparticles are
small particles, ranging from 1-100 nanometers in size (Shi et al., 2017), which,
for therapeutic purposes, are usually synthesised from safe-to-use polymers, e.g.
polylactic acid. Natural/synthetic polymeric nanoparticles such as sugar-based
compounds (glycopolymers) have been extensively used to mediate formulation
delivery due to their biocompatibility and biodegradability (Zhang et al., 2015).
The polymer surface can be modified to perform specific functions, such as direct
cell targeting, bio-adhesion, controlling cellular behaviour or involvement in sub-
cellular interactions (Chen et al., 2018b). These functionalised nanoparticles are
formed after being loaded with a therapeutic formula, thus named drug carrier or
drug delivery system. There are mainly two forms: nanocapsules, in which the
formulation is encapsulated, and nanospheres, in which the formulation is
distributed in the polymeric matrix (George et al., 2019). Nanoparticles made from
biodegradable substances are more efficient, for therapeutic purposes, than other
conventional systems. They are characterised by high therapeutic effect,
controlled release, deep tissue penetration and reactivity within localised site with
reduced systemic side complications (Lai et al., 2009, Hua et al., 2015). However,
the effectiveness of these nanomaterials depends on the therapeutic moiety being
carried and their ability to sustain the association with the drug after

administration (Choi and Frangioni, 2010).



There are two major routes for drug delivery, either parenterally through injection
or orally through swallowing (Gupta et al., 2009). The oral route is the most
commonly used for drug administration because of its simplicity, lack of pain, ease
of dosage administration and high patient compliance (Viswanathan et al., 2017).
However, it is not effective compared to the parenteral route, which directly exerts
its therapeutic effects systemically, while drugs administrated orally need to be
absorbed before passing through the liver to the blood circulation. Absorption of
drugs in the gastrointestinal tract is affected by several factors including the drug
(i.e. type, dosage and solubility), patient situation (i.e. disease, body physiology
and fed/fasting condition), transit time (contact period between the drug and site
of absorption) and gastric emptying rate. The latter is defined as the rate of
emptying the solid and liquid from the stomach into the small intestine (Masaoka
et al., 2006, Rouge et al., 1996, Goyal et al., 2019). For any absorbed drug to
exert its systematic therapeutic action, a sufficient contact time with the site of
absorption is an essential requirement (Wen et al., 2015). Orally administrated
drugs have a short time window for absorption, due to rapid passage through the
stomach and the upper small intestine. The estimated transit time of the dosage
formula in the stomach is 2 hours and depends on the feeding status, while in the
small intestine it is ~3 hours and ~20 hours in the colon (Davis et al., 1986, Davis,
2005). Obviously, the colon has a longer transit time and represents an optimal
site for drug absorption. However, many features reduce drug absorption
efficiency such as high viscosity, low mixing ability, high water absorption capacity
and high content of diverse microflora which can metabolise many drugs (Philip
and Philip, 2010). Accordingly, increasing drug bioavailability could be achieved
by extending the therapeutics residence time in the upper gastrointestinal tract.
Therefore, various gastroretentive drug delivery strategies have been attempted
to significantly prolong drugs absorption in a controlled release and subsequently

maximise the dosage bioavailability (Kumar and Kaushik, 2018).

Gastroretentive drug delivery systems as a promising strategy could provide many
advantages such as broaden the narrow window, reduce the drug loss, increase
drug solubility and promote drug local activity in both the stomach and duodenum
(Lopes et al., 2016). Many conditions affect drug retention time in the stomach
related to the drug formulation, administration conditions and individual

physiological factors. Formulation-related factors are drug density, size and shape



of the formulation. Administration conditions are stomach state (fed/fasted), type
of diet and food caloric content, while the physiological factors are age, gender,

body weight and disease status (Alomar, 2014, Martinez and Amidon, 2002).

Based on the pH-partition hypothesis, weakly acidic drugs (non-ionised at gastric
acidic pH) would be absorbed through the stomach while basic drugs are absorbed
through the intestine as they are protonated (Charifson and Walters, 2014).
However, some weakly base drugs, such as the pain reliever antipyrine, are
absorbed in the stomach (Masaoka et al., 2006). Weakly acidic drugs such as
furosemide and misoprostol can also benefit from prolonged gastric residency
time. An example of a drug with high solubility in gastric acid but absorbed in the
upper small intestine is Levodopa. Furosemide is a potent loop diuretic drug used
for treating congestive heart failure (Oh and Han, 2015). It is unionized at gastric
acidity (pKa=3.9) and can be easily absorbed across the stomach (Patel et al.,
2010). Misoprostol is a synthetic analogue of prostaglandin E1, acts as gastric acid
anti-secretory drug and is used for treatment of peptic ulcers (Watkinson et al.,
1988). Levodopa, used for treatment of Parkinson’s disease, is a large neutral
non-proteinogenic amino acid absorbed mainly in the small intestine. It cannot
cross the membrane without amino acid carrier proteins. Thus, slowing its passage
in the stomach may add an advantage for its absorption (Nyholm and Lennernas,
2008). It is worth to note that prolonged residence time for some drugs, e.g.
nonsteroidal anti-inflammatory drugs (NSAIDs), could lead to undesirable effects

such as gastric lesions (Bjarnason et al., 2018).

To achieve high therapeutic levels in the stomach, some hurdles must be
overcome. Firstly, optimization of the dose/concentration that the nanoparticles
need to carry for efficient transit time and controlled release pose a challenge.
Therefore, site-specific interaction between the cellular receptor and coated
nanoparticles is needed. Secondly, gastric acidity and enzymatic action of pepsin
create a hostile environment, particularly for drugs of a proteinaceous nature.
Thus, peptide/ protein stability in this condition is an additional challenge.
However, directing the proteinaceous moiety of the gastroretentive drug system
to the apical region of the gastric epithelial cells, where a neutral environment
exists, would address the issue of peptic digestion, as pepsin is enzymatically
inactive at neutral pH. Thirdly, gastric mucus’ rapid trapping/shedding hinder drug

penetration and subsequent absorption. To overcome these limitations, two recent



approaches to preserve the therapeutic and nanoparticle formulations are being
developed. These are either encapsulation of the nanoparticle to dually shield the
drug and control drug release or by nanoparticle surface modification to decrease
the muco-adhesion ability while targeting specific cellular receptors (Ensign et al.,
Kalita et al., 2015). Despite these achievements, gastrointestinal absorption still
depends on the ability of the therapeutic molecules to penetrate and cross the
mucosal barrier (Kimura and Higaki, 2002). Thus, careful consideration of the
nature of the nanoparticle and their interaction with the mucosal barrier must be

taken into account (Laroui et al., 2011).

Encapsulation of nanoparticles with molecules having specific interactions with
gastric cellular receptor is a promising strategy for gastric drug delivery. If
peptide-coated nanoparticles conjugated with a drug was developed to be
administrated orally then cross the mucus layer to the plasma membrane, greater
therapeutic effects could result. Coating the particles with a proteinaceous ligand
to target a specific site, and hence, increasing the gastroretention time is the
ultimate goal of the current project. From the aforementioned, possible relevant
drugs can be candidates for developing the gastroretention system as categorised

below:

1. Locally active drugs in the stomach:-
These drugs are mainly used for either targeting the gastric epithelium cell
such as misoprostol or for neutralising the gastric acidity e.g. antacids or
targeting Helicobacter pylori e.g. amoxicillin (Kim et al., 2015,
Salmanroghani et al., 2018) .

2. Drugs primarily absorbed in the stomach or have a narrow absorption
window in the intestine:-
These drugs use the gastric acidic environment to free the active
compounds such furosemide or for drug that starts the action in the
stomach such as riboflavin, member of vitamin B family, which is
subsequently absorbed through carrier-mediated transport process after
hydrolysed into flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN) (Darandale and Vavia, 2012, Szczuko et al., 2019).



3. Degradable drugs in the intestine:-
This category used to improve bioavailability of drugs that are susceptible
to degradation by the microbiota present in the colon e.g. Ranitidine, H2
receptor antagonist used for peptic ulcer treatment (Swanson, 2015).

4. Low soluble drugs at high pH:-
This category includes some lipophilic drugs that are poorly water soluble
and highly soluble in acidic pH such as diazepam, antihypertensive (Sharma
etal., 2015).

1.2 Strategies for gastric retention

The stomach is a muscular organ located in the upper left part of the abdomen. It
breaks down the food and the resulting chyme is released in a control way through
the duodenum to the small intestine. Structurally, the human stomach (Figure
1.1) mainly consists of five anatomic parts: cardia (entrance), fundus, body
(regions for undigested foods), antrum and pylorus (mixing and emptying pump).
The pylorus presents in the proximal region of the stomach in contact with the
intestinal upper part, the duodenum. It represents the major determinant of

gastric residence time (Mandal et al., 2016).

At the cellular level, the stomach has different types of secretory cells (Schubert
and Peura, 2008).

1. The mucus cells (foveolar), which are subdivided into surface and neck cells.
These cells secret mucus and bicarbonate to neutralise the gastric acidity.

2. Parietal cells, which gave the stomach the acidity by secreting the gastric
acid, hydrochloric acid.

3. Chief cells, which produce the pepsinogen and lipase for protein and fat
digestion, respectively.

4. G cells, which secrete gastrin hormone.
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Many strategies have been tried to prolong the residence time of the therapeutic
formula in the stomach. In spite of the difference in the concepts, all aimed to
maximise the drug efficiency with minimum undesirable effects (Waterman,
2007). The main three gastric retention formulation approaches are floating

systems, expanding or swelling systems, and bioadhesive systems (Figure 1.2)

A. Floating B. Swelling C. Bioadhesion

Figure 1.2 Schematic illustration of the strategies used for increased drug

retention in the stomach (Fasinu et al., 2011)

A: Low density (< 1 g.cm3) drugs float on gastric fluid. B. High density (> 1 g.cm?3) drugs
incorporated with heavy materials such as Barium sulfate or iron powder sink before
swelling or expanding (super-swelling) in size due to water uptake and blocked within the
pylorus. C. Bioadhesive delivery systems binding to the gastric wall (mucus layer or

epithelium).



1.2.1 Floating strategy

In this low-density strategy, the therapeutic formulation, e.g. Levodopa or
Madopar® HBS, remains at the top of the gastric fluid contents as buoyant without
altering the gastric emptying rate. As the floating dosage is far from the pyloric
sphincter, it will stay for a prolonged time in the stomach. Special criteria must be
met such as forming a cohesive gel barrier, maintaining the lower gravity over the
gastric fluid and dissolving slowly to preserve the drug (Pawar et al., 2011).
Floating systems are classified into two systems, effervescent and non-
effervescent. In effervescent systems (Figure 1.3), floating is achieved by inert-
gas formation, e.g. carbon dioxide, while in non-effervescent systems, floating
results from foam-making polymers containing polypropylene (Streubel et al.,
2006a). However, successful application of this strategy is restricted to the patient
in the fed state only, due to the need for gastric fluid in the stomach to be floated.
It is also not suitable strategy for drug that have no stability/ are not soluble in
the gastric fluid (Erni and Held, 1987, Pawar et al., 2011).

a
Semipermeable

membrane Effervescent layer

Conventional sustained-
release pill

— Water penetration

Figure 1.3 Schematic representation of effervescent system
a. Schematic diagram of the drug system.
b. Floating occurs when water penetrate the effervescent layer and generates CO2
(Bardonnet et al., 2006).



Floating strategy is mostly studied for the eradication of H. pylori using floating in
situ gelling system containing amoxicillin (Rajinikanth et al., 2007), floating
alginate beads carrying metronidazole, or floating tablets for the delivery of the

enclosed clarithromycin (Nama et al., 2008).

1.2.2 Swelling strategy

Known also as a size-increased or expanding system, in which the normal-sized
drug swell upon contact with the gastric fluid. This enlargement confines the drug,
e.g. anti-type 2 diabetes mellitus (T2DM) metformin or Glutmetza®, in the
stomach (Schwartz et al., 2006, Jabbour and Ziring, 2011). It requires three
configurations: 1. Small form for oral uptake, 2. Expandable gastroretentive form
and 3. Small form, after dosage release, for stomach evacuation (Klausner et al.,
2003).

This strategy has an advantage over the floating because it is less dependent on
the fed/fasted state as the size increase upon contact with the gastric juice
(Tripathi et al., 2019). However, it needs to display very controlled dosage-release
properties to enable a constant absorption rate (Davis, 2005). This could be due
to the slow increasing-rate of hydrogel materials and degradation after drug
release (Chen et al., 2000), in addition to the life-threatening hazard of long-
lasting residence time or blockage in the stomach upon ingestion of multiple
dosages (Streubel et al., 2006a).
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1.2.3 Bioadhesion strategy

In this strategy, attachment of synthetic/natural drug formulation to the stomach
occurs through either specific interaction with the target cellular receptor or ligand
(cytoadhesion) or non-specifically (mucoadhesion) with the gastric mucosal
surface (Tripathi et al., 2019) In contrast to the above-mentioned strategies,
bioadhesive systems target the stomach wall for adherence via muco-adhesive
polymers. Moreover, neither does it require the presence of gastric fluid nor does
it depend on patient fed/fast states, as formulation absorption is achieved through
passive diffusion (Zhao et al., 2014). Immobilising the drug in close proximity to
the mucus or the gastric epithelium generates a concentration gradient, which
enhances absorption via passive diffusion (Woodley, 2001). In addition, the
formulation could incorporate natural molecules for controlled release and

extending contact time (Peppas et al., 2009).

1.2.3.1 Mucoadhesion

Mucoadhesion refers to surface adhesion of formulation to the mucus gel layer
above the gastric epithelial cells. This strategy has gained an increasing interest
to deliver both small and large mucoadhesive particles/polymers (Garcia-Diaz et
al., 2018).

The stomach internal surface is covered by gastric secretions which mainly are
mucus, HCI, HCOs-, intrinsic factors and the digestive enzymes (pepsinogen and
lipase) (Rangachari, 2007). Mucus forms a continuously renewed hydrogel layer
lining the gastro-intestinal tract and acts as a dynamic milieu for nutrient
exchange. In the stomach, the viscosity of the mucus gel layer maintains the
retention of water and HCOs~ near the gastric epithelium (Cone, 2009). It also
protects the underlined epithelial cells from both exogenous and endogenous
factors. Exogenous factors can be chemical agents or biological damaging agents,
such as invading pathogens. Endogenous factors such as hydrochloric acid and
proteolytic enzymes can lead the stomach to digest itself. Mucus mainly consists
of water (~ 95%) and glycoproteins (~ 5%) called mucins (Bergstrom and Xia,
2013). Mucins are highly O-glycosylated proteins encoded by 20 genes which
produce proteins composed of multiple tandem repeats of Serine and Threonine

through which the oligosaccharides are O-linked (Bansil and Turner, 2018). Mucins
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produced by mucosal epithelial cells can be subdivided into two types, membrane-
bound (e.g. MUC1) and secreted (e.g. MUC6 and MUC5AC) mucins (Figure 1.4).
MUC1 is highly expressed in foveolar cells as bound mucins and shed into the
gastric juice, thus obstructing prolonged bacterial, e.g. Helicobacter pylori,
adherence (Linden et al., 2009). MUC1 also limits bacterial density through steric
hindrance and by acting as a releasable decoy (Linden et al., 2009). Secreted
MUCS5AC constitutively comprises the apical mucous layer of the gastric foveolar
cells (Linden et al., 2004), while MUC6, which originates from the mucous neck
cells, lies deeper in the gastric glands (De Bolos et al., 1995). In the stomach of
healthy individuals, the glycan epitopes of gastric mucins are decorated by two
types of ABO/Le blood group antigens. The difference between these types lies in
the way the core N-acetyllactosamine (LacNAc) is linked to the ABO/Le blood
group antigens. This core is anchored to the chains through GalB1-3GIcNAc and
GalB1-4GIcNAc linkages in type 1 and type 2, respectively (Jin et al., 2017).
MUCS5AC cells constitutively co-express type 1 Lewis a (Le?) and Lewis b (LeP)
blood group antigens, whereas MUC6 a member of type 2, contains Lewis X (LeX)

and Lewis y (LeY) antigens.

Even though mucins form a protective layer on the epithelial cells protecting these
cells from the combined action of pepsin and low pH, it forms a preferred micro-
environmental niche for H. pylori (Schreiber et al., 2004). However, the gastric
lumen is very acidic (pH median 1.4). This low pH is gradually neutralised until it

reaches 7 at the epithelial cell surface (Schreiber et al., 2004).

During food digestion, the luminal pH ranges between 5 - 7 as it buffered by the
digested foods and bicarbonate secreted by the mucosal cells (Feldman, 1983),
but during starvation the pH drops to about 2 as the stomach becomes an un-
buffered environment (Scott et al., 1998, Pflock et al., 2004). During the meal-
period pepsin (pepsinogen) is secreted by gastric chief cells for digestive
processes. Simultaneously, the parietal cells secrete hydrochloric acid (HCI), which
activates the pepsin (Gritti et al., 2000). Thus, the acidic condition optimizes and
regulates peptic activity. At low pH (1.5 -2.5) pepsin reaches the maximal peptic
hydrolytic activity. This activity persists up to about 70% at pH 4.5 (Piper and
Fenton, 1965). Further increase (pH 5 - 7.5) progressively inhibits enzymatic
activity before it is irreversibly inactivated at pH 8 or above (Koufman and
Johnston, 2012).
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Figure 1.4 Schematic representation of the gastric epithelial mucosal layer

Gastric epithelial cells are covered by mucus layers. Inner mucus (IM) mostly consists of
MUC6 and includes secreted MUC1, while MUC5AC comprises most of the outer mucus
(OM) layer (Linden et al., 2004, De Bolos et al., 1995). Numbers indicate the thickness of

the mucus gel layer. MUC1= ##k, MUC5AC=

, MUC6= 4 , Pepsin= = .
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Research into mucoadhesive drug delivery strategies first began in 1984. Since
then, various mucoadhesive polymers were tested in vitro and ex vivo. These
polymers are divided into two broad subsets, cationic and anionic. Cationic
polymers such as chitosan, adhere to mucins via electrostatic interactions such as
ionic or through covalent disulfide bonds between thiolated polymers and the
cysteine-rich glycoproteins in the mucus (Lai et al., 2009). Anionic polymers, e.g.
Polycarbophil, in which interaction occurs via single or a combination of
interactions such as hydrogen bonding, van der Waal's or mucins-polymers

entanglement (Laffleur et al., 2017).

In general, the most studied polymers used as mucoadhesive formulations for

drug delivery can be categorised into four classes:

1. Hydrophilic macromolecules, e.g. polyacrylic acid derivatives including

carbomer or polycarbophil (Carlson et al., 2018).

2. Semi-synthetic macromolecules, e.g. chitosan or acrylated chitosan, derived
from chitin (Eliyahu et al., 2018).

3. Modified by adsorption enhancers (thiolated polymer) such as thio-carbophil
or chitosan-cysteine which forms a disulfide bond between the free thiols on
the polymer and the cysteine residues on the mucin backbone. These materials

have been classified as the first generation (Felt et al., 1998, Lee et al., 2000).

4. Plant mucoadhesive constituents such as gliadin, one constituent of gluten

and derived from wheat and corn (Malekzad et al., 2018).

Six hypotheses, reviewed in (Carvalho et al., 2010, Carlson et al., 2018), were
invoked to explain the exact mechanisms of the sticky interaction between the
polymers and the mucus layer. Due to the complexity of the interaction, the exact
mechanism of adhesion is not fully elucidated. However, two stages for mucus
adhesion have been identified, the contact and the consolidation stages (Figure
1.5). The first stage involves the formulation’s initial contact with the mucus. The
second stage is the consolidation stage, which entails many physicochemical

interactions to tighten the adhesion (Smart, 2005).
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Drug delivery system
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Figure 1.5 The two stages involved in mucus adhesion

Drug system reaches the mucus and comes close to the mucus. Then a consolidation step

takes place to strength the interaction.

Although there is an increasing interest in mucoadhesion application and many
polymers have been studied, in vivo, to mediate the attachment, two major
obstacles exist. First, mucin is a thick and highly gelatinous layer and this affects
formulation permeation/diffusion as it form an entangled network (Garcia-Diaz et
al., 2018). Secondly, the frequent mucus secretion and turnover (Khanvilkar et
al., 2001) clears the mucoadhesive drug delivery systems (Streubel et al., 2006b).
Furthermore, due to non-specificity, some portion of the administrated drug may
be subject to premature binding or spread over the mucus such as in case of
polycarbophil, which forms sticky attachment (Ponchel and Irache, 1998, Khosla
and Davis, 1987). This may also lead to difference in dosage concentrations or

ulcer formation.

The main drawback for the mucoadhesive drug delivery system is its non-
specificity. This is because mucins share common structures that are distributed
throughout the gastrointestinal tract. This highlights the need for alternative

strategies to develop better gastroretentive drug delivery systems.
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1.2.3.2 Cytoadhesion

Cytoadhesion describes ligand-to-receptor interactions on the gastric epithelium,
resulting in surface attachment. This is a very promising strategy towards
achieving efficient gastric targeting strategy and longer retention time. In
principle, the presence of various glycoproteins and glycolipids on the cell surface
provides an arena for specific interactions. In addition, drug localisation will be
less affected by the frequent mucus shedding and turn over. Gastric epithelial cells
have a physiological turnover rate of 2 to 3 days (Kim et al., 2010). Therefore,
coating particles with a ligand, which would show high affinity to epithelial cell
receptors, can significantly increase the duration of the adhesive interaction
compared to non-specific mucoadhesion. To generate cytoadhesive drug delivery

system, it is necessary to:

1. Identify the corresponding receptor-ligand pair to specify the target immobilised

area (i.e. normal or diseased),

2. Using biomimetic ligand as a moiety for targeting the therapeutics with

biodegradable and biocompatible particles.

From the aforementioned, it is better to have insights from Nature to learn about
the ability of the formulations to reach the epithelial surface through the mucosal
layer. A possible strategy was inferred from viruses that invade the underlying
gastric epithelial cells (McGuckin et al., 2011). It was proposed that diffusion of
the formulation to reach the epithelium depends on the size (Figure 1.6). Human
papillomavirus (~55 nm) and Norwalk virus (~38 nm) are two examples of natural
nanoparticles that rapidly partition through the mucus, while viruses bigger than
100 nm (e.g. herpes simplex virus type 1 which is 180 nm) are slower mucus-
penetrators (Olmsted et al., 2001). Thus, small size (< 100 nm) is a characteristic
which enable nanoparticles partition through the mucus avoiding the clearance
mechanism. By mimicking these viral permeation mechanisms, it could be possible
to increase drug bioavailability by employing rapid mucus penetrating carriers.
Large polymeric nanoparticles (200 - 500 nm) coated with 2 kDa polyethylene
glycol (PEG) also showed rapid diffusion ability (Lai et al., 2007). It was thought
that the hydrophilic nature of PEG results in a shield preventing the hydrophobic
interactions between the particles and the mucins (Lai et al., 2009). However,
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decreasing the particles hydrodynamic diameter size to about 173 nm, resulted in
rapid diffusion through fresh undiluted human cervicovaginal mucus (Tang et al.,
2009). Recently, mucus penetration nanoparticles coated with mucus-inert agent
facilitated insulin delivery in vitro using HT29-MTX-E12 (E12) cell line and in vivo
using diabetic rats (Shan et al., 2015). Particles with a nanometer scale have a
large surface area to volume ratio. This feature enables the nanoparticles to
establish a longer period for mucus contact/ bonding than the larger-sized ones
(> 1 mm). However, variable degrees of nanoparticles adsorption occurred. Large
nanoparticle (~560 nm) may be, after initial contact, immobilised/ accumulated
due to steric obstruction. This could lead to high drug concentration or

uncontrollable release (das Neves et al., 2011).
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Figure 1.6 Schematic representation of the interactions of different-sizes particles

with the mucous membrane.

(A) After administration to the mucus, particles with different sizes will interact and diffuse
across the mucus based on their size and adhesive properties. Particles of micrometric
size due to their steric hindrance will not pass through, but might form sticky adhesion,
while moderate (200 nm) and smaller (less than 100) particles with adhesive properties
can diffuse. Only smaller-size particles can reach the epithelial surfaces. (B) Upon mucus
clearance, particles are eliminated from the luminal site, while smaller nanoparticles that

already passed through will penetrate the cells (das Neves et al., 2011).
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In order to address the potential demand for specific receptor-mediated
bioadhesive system, lectins were extensively studied. Lectins specifically bind the
diverse glycans present on the surfaces of the gastric epithelial cells. This ability
referred lectins as the “second-generation bioadhesives” (Lehr, 2000). Therefore,
the concept of “Lectin-mediated drug delivery systems” has been an attractive

objective for controlled delivery of the pharmaceuticals (Wirth et al., 2002a).

“Lectin” comes from the Latin verb “/egere” which in its oldest meaning can be
translated as “to gather, or to choose” (hence the word ‘selection’) (Lam and Ng,
2011). It refers to a class of proteins, originally extracted from plants, which can
agglutinate red blood cells. Later, the term was extended to describe a wide
variety of carbohydrate-binding proteins from animals, plants, viruses and fungi
(Brooks, 2017). Based on their sugar affinity, they are classified into five groups
(1) glucose/mannose- (2) L-fucose- (3) sialic acid- (4) N-acetylglucosamine- (5)
galactose- and N-acetyl-D-galactosamine- -specific lectins (Slifkin and Doyle,
1990). Recently, several types of lectins have been engineered to confer specific

sugar-binding properties (Hirabayashi and Arai, 2019).

Lectins bear potential as formulation carriers due to their role as specific receptor-
adhesin and their resistance to acidic and enzymatic degradation (Bies et al.,
2004), in addition to their ability to promote internalisation (Woodley, 2000).
There are many studies which used several types of lectins for drug delivery (Table
1.1). However, neither all of the mucus-specific ligands are discovered nor their
molecular interactions were elucidated as these studies are still restricted to in
vivo studies (Corfield, 2015). Recent research uses lectins to study the changes
in the glycosylation patterns found on the surface of gastric mucin glycans (Jin et
al., 2017), exploiting their specificity as a tool for early prognosis/diagnosis of
gastric cancer (Li et al., 2016b) or using its antagonistic activity for therapeutic
purposes (Mazalovska and Kouokam, 2018, Lam and Ng, 2011). Lectins from
Urtica dioica (UDA) displayed anti-proliferative and apoptotic effects on AGS
cancer cell lines (Estrada-Martinez et al., 2017). This anti-cancer therapeutic
effect was confirmed using lectin from Pseudomonas fluorescens (Sato et al.,
2012). This study revealed that this mannose high binding lectin downregulates
cell surface integrin/epidermal growth factor receptor and induces autophagy and
programmed cell death in human gastric cancer cells in vitro and in vivo (Sato et
al., 2016).
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Table 1.1 Examples of Lectin-mediated drug delivery systems

Lectin Source Receptor Carrier nature Targeting Ref.
Lycopersicum  Tomato N-acetyl-D- Polystyrene The small (Naisbett
esculentum glucosamine latex intestine in and
(LEA/TL) the rat (ex Woodley,
vivo) 1994)
Pig enterocytes (Lehr et al.,
(in vito) 1992)
Triticum Wheat N-acetyl-D- Polystyrene M-cells (Haltner et
vulgaris germ glucosamin latex Peyer’s al., 1997)
agglutinin e/sialic acid patches and  (Pusztai et
(WGA) enterocytes al., 1993)
Uptaking by
epithelial
cells
Canavalia Jack a-D- Microparticles  GIT Peyer’s (Foster et
ensiformis bean Mannose/ patches in al., 1998)
Agglutinin Glucose mouse
(Con A)
a-D- Polystyrene Human colon (Russell-
mannose nanoparticles  carcinoma Jones et al.,
cell line 1999)
(Caco-2)
Ulex Gorse a-L-fucose vicilin (storage In vitro (Ezpeleta et
europaeus protein from al., 1996)
lectin I (UEAI) Pisum
sativum)
nanoparticles)
Carboxylated Peyer’s (Foster et
microspheres patches M- al., 1998)
cells in
mouse gut
loop model
Heat-labile E. coli Galactose Polystyrene glycolipids or (Russell-
toxin B subunit nanoparticles  glycoproteins Jones et al.,
(LTB) on the 1999,
luminal Russell-
surface of Jones,
the epithelial 2001)

cells
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As reviewed from the above mentioned examples, lectin-mediated drug delivery
systems have the potential for mucus targeting, however, the ability of lectins to
diffuse through the mucus to target specific receptor was not fully studied. Most
of the studies showed a variation in the specificity, toxicity and immunogenicity of
the lectins used. More attention was devoted to developing strategies for particle
conjugation, rather than to analyse their cyto-specific binding ability. Further
research is required to improve the gastric cytoadhesive approach, as some
promising results are increasingly obtained, but only for targeting the intestine,

as exemplified below.

Oral colon-targeting controlled release delivery systems were developed using
glycoprotein-resistant starch conjugated with concanavalin A and loaded with
insulin, demonstrating a good release in Type II diabetic rats and prolonged
adherence in the gut (Situ et al., 2015). However, variable concentrations in the
plasma glucose were observed, which may indicate variable bioadhesion property
or different bioavailability of insulin delivered. In another study, after in vitro
adjustment of the release property of concanavalin A-conjugated resistant-starch-
acetate (RSA) bioadhesive film, a broad distribution of the microparticles and quick
excretion from the body was observed in the mice used (Bie et al., 2016). Lectins’
nonspecific binding is a hindrance, preventing further clinical application (Montisci
et al.,, 2001). Lectin non-specificity results from the similarity of the
carbohydrates/glycan pattern of the mucins throughout the gastrointestinal tract
(Wirth et al., 2002a). Other factors may restrict the clinical approval are lectins’
activity as a growth factor, digestive enzyme inhibitor and modifier of the gut
natural flora (Woodley, 2000). For these reasons, adopting bacterial lectin-binding
ability offers a promising cytoadhesive strategy. Bacterial (E. coli) Type 1-fimbriae
was investigated to produce receptor-specific drug, adhesive to intestinal K99-
receptor. However, it was intended to prolong drug transit time in the gut (Gabor
et al., 1997, Bernkop-Schnirch et al., 1995).

To our best knowledge, employing bacterial lectins for specific gastric
cytoadhesion strategy has not been carried out. This study proposed for the first
time the use of bacterial adhesins as novel way to simulate the gastric bacterium,
H. pylori. This bacterium developed multiple adhesins for attachment to the

stomach epithelial cells and survives in this hostile environment (Kim et al., 2010).
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1.8 Helicobacter pylori

In the last century, it was thought that human stomach is sterile, until Barry
Marshall and Robin Warren’s (Marshall and Warren, 1984) discovery of
Helicobacter pylori (previously named Campylobacter pyloridis) in 1983. This
finding radically changed our understanding of stomach ecology and bacterial
survival. Intensive research was carried out to understand the nature of this spiral-
shaped bacterium, to elucidate its survival strategies in this hostile environment,
to understand its mechanism of attachment, and how the bacterium persists in
the gastric mucosa. Recent research confirmed the coadaptation of this Gram-
negative bacterium and ancient humans over several millennia (Atherton and
Blaser, 2009). Human is the sole reservoir, so this bacterium could be used to
track people’s migration out of Africa (Megraud et al., 2016). Interestingly, H.
pylori is still present in the gastric mucosa of about half of the world’s population
(Yang et al., 2013). Over 80% of H. pylori infected individuals are asymptomatic,
and the disease is more prevalent in developing countries (up to 90% of the
population) (Mishra and Verma, 2010) than in developed countries (40% or
lower), where there are higher hygienic standards (Kusters et al., 2006). Overall,
epidemiology of disease is varied based on ethnicity, geographic regions and age
(Bruce and Maaroos, 2008). Even though, H. pylori strains of European
phylogeographic origin are more susceptible to lead to the development of gastric

malignancies than the African strains (de Sablet et al., 2011).

Prolonged bacterial adherence to the gastric epithelium progresses to cellular
impairment, followed by a wide spectrum of pathologies, ranging from superficial
gastritis, to chronic atrophic gastritis and peptic ulceration (Blaser and Berg,
2001). An accumulating body of evidence attributed the development of gastric
cancer, gastric lymphoma, gastroduodenal ulcers and mucosa-associated
lymphatic tissue (MALT) lymphoma to H. pylori (Yokota /et al., 2010, Algood and
Cover, 2006). Among those diseases, gastric cancer is the most predominant form
and comes second worldwide in terms of causes of cancer-related mortality (Moore
et al., 2011). In 1994 the World Health Organization’s International Agency for
Research on Cancer classified H. pylori as class 1 carcinogen (McClain et al.,
2009).
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H. pylori has been suggested to play a protective role not only against asthma and
allergic diseases (Zevit et al., 2012), but also as a protective agent in tuberculosis
reactivation (Perry et al., 2010), diabetic patients (Chen and Blaser, 2012),
oesophagal adenocarcinoma and Barrett’s oesophagus (Rokkas et al., 2007).

The mechanism of H. pylori transmission between individuals or from parents to
their offspring is not exactly known, but potentially, this bacterium is transmitted
through the oral-route from the mother or other family members during early
childhood (Harris et al., 2013). Furthermore, some studies stated the occurrence
of the faecal-oral route from contaminated food (Vale and Vitor, 2010), milk (Dore
et al., 2001), drinking water (Hulten et al., 1996) or coastal freshwater, estuary

and marine waters (Twing et al., 2011).
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1.3.1 Mechanisms of persistence

H. pylori is a non-acidophilic bacterium but to overcome the gastric acidic
conditions, it developed several survival mechanisms for persistence (Figure 1.7).
These mechanisms (as discussed below) starts by using urease to neutralise the
surrounding microenvironment, then use the flagella to move along the pH
gradient. This is followed by utilising the outer membrane proteins (OMPs) or
adhesins for adherence before releasing toxins to damage the gastric cells (Dunne,
2014). To colonize the mucosal layer of the gastric epithelia, H. pylori specifically
interacts with host cellular ligands. Attachment to the gastric mucosa is a critical
step in initiation of persistent infection. Binding helps the bacterium to obtain
nutrients, resist peristalsis and gastric emptying forces as well as deliver its toxins
(Odenbreit, 2005).

Lipopolysaccharides
(immune evasion)

Flagella Adhesins

(motility) \ / (attachment)

Enzymes «—— ?M
(e.g. Urease) / \

Phase variation Helical shape
(increases the heterogeneity) (facilitates penetration)

Virulence factors
(e.g. CagA, VacA)

Figure 1.7 Helicobacter pylori persistence strategies used in the stomach
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The luminal acidity decreases towards the epithelial surface, where a neutral
environment is present. To remain in proximity to the gastric epithelial cells and
overcome the luminal acidity, the bacterium developed two strategies, one in high
acidic environment, pH < 4 and the other in low acidity, pH= 4 (Harris et al.,
2013).

1.3.1.1 Survival in high acidic environment

For survival in acidic environment, e.g. pH below 4, H. pylori relies on urea
chemotaxis and motility towards the neutral environment underneath the mucus
layer (Croxen et al., 2006a). Urea and bicarbonate ions on the mucosal cell act as
chemoattractants to the bacteria. The parietal cells secrete the bicarbonate into
the gastric mucosa. Whereas, bacterial urease is produced intracellularly in the
cytoplasm and found extracellularly from some lysed bacteria. It catalyses the
hydrolysis of urea, releasing ammonia (NH3) thereby forming a pH-neutral surface
microenvironment. Bacterial uptake of urea is regulated by a proton-gated inner
membrane channel, Urel, which is pH-dependent urea channel. Then urea is
hydrolysed in the cytoplasm into NHs and CO. (carbon dioxide). NHs molecules
combine with protons and enable the bacteria to neutralise its intracellular pH and
microenvironment. CO; is converted into bicarbonate by periplasmic carbonic
anhydrase (Yang et al., 2013, Dunne, 2014, Lund et al., 2014). This enables short-
term bacterial survival at pH 2.5 in the gastric lumen. The two enzymes, urease
and carbonic anhydrase, are regulated by ArsRS two-component signal

transduction system through acid-responsive pathway (Pflock et al., 2006).

H. pylori utilises chemotactic receptors as a means for sensing the chemical
gradients and pass on the information to the flagella to escape from unfavourable
environment. Two chemotactic receptors are well-studied, TIpA and TIpB. TIpA is
used for movement toward the neutral niche (positive pH-taxis), where
bicarbonate and arginine are concentrated. Arginine is used as a substrate in the
urea cycle (Cerda et al., 2011). TIpB is used to sense the pH and moves away

(negative pH-taxis) from the strong acid in the lumen (Croxen et al., 2006b).
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The exact mechanism of motility in the mucin is not fully understood. It has been
proposed that motility and movement toward the epithelial surface is a
consequence of urea-dependent pH elevation, which reduces the gastric mucin
viscoelasticity from mucus gel to soft viscoelastic gel (Celli et al., 2009). Another
study proposed that force-driven actuation was used to propel the helicoidal-shape
bacterium into the thick mucus layer lining the epithelial cells in a manner like a
screw into a cork, then hide underneath the protective mucus gel (Montecucco
and Rappuoli, 2001, Moore et al., 2011). However, motility is rapidly lost in high
acidic (pH range 2 - 4) lumen conditions by pepsin activity (Schreiber et al., 2005,
Amieva and EI-Omar, 2008). The bacteria may also transform into a dormant,

coccoid form (Reshetnyak and Reshetnyak, 2017).

1.3.1.2 Survival in low acidic environment

It was proposed that the bacteria upregulate several mechanisms above pH 4
(Moran et al., 2002). One of these mechanisms states that the bacterium
potentially establishes multiple binding sites particularly on the gastric mucins
(Rossez et al., 2012). A proportion (about 20 %) of H. pylori adhere to the gastric
mucous cells by adhesive proteins called adhesins (Hessey et al., 1990), while
some bacterial cells invade the epithelial cells and can break down the mucus
(Bjorkholm et al., 2000). A growing body of evidence demonstrates that H. pylori
can invade and proliferate inside epithelial cells (Chu et al., 2010, Liu et al., 2012,
Huang et al., 2016). This invasion elicits an immune response and leads to
inflammation, which consequently determines the disease outcome (Lamb and
Chen, 2013).
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1.8.2 H. pylori adhesins

The first essential step in bacterial colonization is adherence to host cellular
membranes or receptors. H. pylori devotes 4% of its genome to multiple
Helicobacter outer membrane proteins (OMPs) (Bauwens et al., 2018). OMPs are
estimated to include about 64 proteins which can be divided into five families. The
biggest family includes two subfamilies: Hop (H. pylori outer membrane proteins)
with 21 members and Hor (Hop-related) with 12 proteins. The second and the
third families are called Hom (Helicobacter outer membrane) and Hof
(Helicobacter outer membrane protein family), consisting of 4 and 8 members,
respectively. Iron-regulated proteins represent the fourth family, while efflux
pumps are the fifth family (Alm et al., 2000, Oleastro and Ménard, 2013).

It is currently thought that adhesins have evolved to mediate the H. pylori binding
to the glycans or other ligands that are abundantly present on the stomach
epithelium and mucus layer (Moore et al., 2011). This adherence activates some
signalling pathways and facilitates toxin or other molecule delivery into the gastric
epithelial cells (Algood and Cover, 2006). It has been assumed that each of these
adhesins has evolved to accomplish a specific function, e.g. to mediate the
adherence at different stages, i.e. healthy or diseased tissue. However, many of
the functions/ligands of the bacterial adhesins are still unknown. Persistent H.
pylori infection leads to chronic inflammation, this in turn, changes the
glycosylation pattern on the surface of the epithelial cells. Accordingly, the
bacteria rapidly adapt to this alteration by switching to different adhesins to
prolong the adhesion and evade the inflammatory response (Magalhaes and Raeis,
2010).

The most studied Hops (Table 1.2) are blood group antigen-binding adhesin
(BabA) and sialic acid binding adhesin (SabA), adherence-associated lipoprotein
(AlpA, B), outer membrane inflammatory protein (OipA), duodenal ulcer
promoting gene A (DupA) and neutrophil-activating protein (NAP)(Lu et al., 2005,
Yamaoka, 2008, Yamaoka, 2010, Namavar et al., 1998). More recently, two novel
adhesins were described: HopQ, which binds to human carcinoembryonic antigen-
related cell adhesion molecule (CEACAM), and LacdiNAc-binding adhesin (LabA)
which binds to MUC5AC mucins of the gastric mucosa (Javaheri et al., 2016,

Rossez et al., 2014a). The broad array of specialised adhesins explains H. pylori
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tropism to gastric tissue even after pathological changes. This could be exemplified
by BabA, which is the dominant adhesin in the healthy gastric cells, followed by
SabA which mediates bacterial binding to inflamed cells and HopQ, which facilities
bacterial adherence to up-regulated receptors on gastric cancerous cells (Moonens
etal., 2018).

The H. pylori genome (~1.7 Mbp) has a bundle of genes for phase variation, a
phenomenon which occurs through reversible DNA slippage at dinucleotides
repeats (CT) and homopolymeric tracts. DNA slippage leads to translation shifts
and thus reversible phenotypic variation, due to frequent “on/off” switches, in the
corresponding gene product. This genetic heterogeneity occurs through frequent
DNA recombination, switching and mutation to produce a diverse array of intra-
strain nucleotide sequences in order to prolong the host colonisation (Ali et al.,
2015, Zhou et al., 2014). Phase variation systems can be exemplified in BabA
which has two paralogues (BabB/C), or in flagellar protein (FliP), Lipopoly-
saccharides, and outer membrane phospholipase A (Salaun et al., 2004, Kusters
et al., 2006, Josenhans et al., 2000, McGowan et al., 1998, Tannaes et al., 2001).

It is well established that BabA facilitates H. pylori attachment to Human
fucosylated glycans such as ABO H-type-1 and Lewis b (LeP) blood group antigens
(Boren et al., 1993). In the mouth, BabA also mediates adherence through binding
to salivary secreted mucin MUC5B (MG1) (Prakobphol et al., 2005), salivary
agglutinin such as glycoprotein-340 (gp-340) (Prakobphol et al., 2000), and
Deleted in malignant brain tumour 1 (DMBT1)(Issa et al., 2010), as well as
salivary proline-rich glycoprotein (PRG) (Walz et al., 2009). In the stomach, BabA
mediates attachment of the bacterium with high affinity to the gastric mucosa,
promotes chronic inflammation (Moore et al., 2011) and enhances the type IV
secretion system (T4SS) for injection of CagA into host cells (Pachathundikandi et
al., 2013). In cancerous strains, BabA-Le? adherence is a prerequisite for double-
strand DNA breakage and triggers the host genome damage response (Toller et
al., 2011, Hanada et al., 2014), which may occur due to bacterial induction of
aberrant DNA methylation (Woo et al., 2018). However, the critical question which
remains unanswered, is how H. pylori manages to persist for such a long time in

the stomach.



27

Many mechanisms have been proposed to explain how this bacterium can
withstand the host immune system’s attack while surviving in a hostile
environment designed to kill bacteria and destroy proteins. Pride and Blaser (Pride
and Blaser, 2002) suggest BabA homologous recombination to alter the outer
membrane constantly. Other studies proposed phase variation during protein
production in the 5’ region to silence functional proteins (Yamaoka, 2008). This
may lead to the existence of other Bab paralogues such as BabB and BabC
(Hanada and Yamaoka, 2014), or hybrids of these genes. The functions and
receptors of these paralogues have not been identified so far. Moreover, there are
two chromosomal loci for babA gene, babA1l and babA2. The former lacks 10 bp
in the signal peptide which result in silencing of the expression, while the latter is
most commonly studied (Saberi et al., 2016). However, babAl gene
recombination into homologous babB locus, results in regaining the binding ability
to LeP. This chimeric BabB/A adhesin is controlled by a cytosine-thymidine (CT)
repeat mutation slippage (ON/OFF switching). Interestingly, protein expression of
chimeric BabB/A is lower than the original BabA, reflecting the strength of the

expression level as a strategy for colonisation (Backstrom et al., 2004).
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Table 2.1 Representative of H. pylori Adhesins and their gastric

cellular receptors

Gene Name Abbreviation Host ligand Reference

HopS Blood group BabA ABO/Lewis blood (Ilver et al.,
antigen-binding 1998, Boren
adhesin group antigens et al., 1993)

HopT BabB Unknown

HopU BabC Unknown

HopP Sialic acid-binding SabA Sialylated glycans (Mahdavi et
adhesin (Lea, sLex) al., 2002,

Alm et al.,
2000)

HopO SabB Unknown

HopD LacdiNAc-binding LabA N,N’- (Rossez et
ahdesin diacetyllactose- al., 2014b)

diamine

HopH outer membrane OipA Unknown (Yamaoka
inflammatory etal.,
protein 2000)

HopC Adherence- AlpA Laminin (Odenbreit,
associated 1999,
lipoprotein Senkovich

HopB AlpB et al.,

2011)

HopQ Helicobacter outer HopQ Carcinoembryonic (Javaheri et
membrane protein Q antigen-related cell al., 2016)

adhesion molecule

Hom Helicobacter outer HomA Unknown (Alm et al.,
membrane 2000)

HomB Unknown
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Bacterial chronic colonisation of the stomach leads to alteration in the
glycosylation pattern on the surface determinants of the mucosal cells from
fucosylated to sialylated such as sialyl-Le* and sialyl-Le® (Mahdavi et al., 2002).
The bacteria adapt to this change by expressing SabA to mediate the adherence
to the inflamed gastric mucosal cells. It functions also as sialic acid-dependent
hemagglutinin by binding to gangliosides on human erythrocytes in vitro, activates
neutrophils and contributes to H. pylori survival (Mahdavi et al., 2002, Aspholm
et al., 2006). The SabA paralogue, SabB, has been mostly associated with
duodenal ulcers but its cellular ligand has not yet been determined (de Jonge et
al., 2004). As part of consistent adhesion, H. pylori uses HopQ which is associated
with the inflammatory response to enable bacterial intracellular delivery and
phosphorylation of the CagA oncoprotein through disrupting the dimerization of
CEACAM 1 (Moonens et al., 2018). This disruption subsequently induces the cell
to produce pro-inflammatory cytokines such as interleukin-8 (Javaheri et al.,
2016).

1.3.3 BabA (Adhesin for cytoadhesion drug delivery)

From the aforementioned, several challenges need to be addressed for developing
a novel drug delivery moiety. These challenges are 1) recognising the exact
mechanism of bacterial adhesion and cellular receptor, 2) studying the binding or
dissociation constant and 3) exploring the ability of the adhesin to withstand
gastric acidity/peptic digestion. The last point is not sufficiently covered in the
literature and this study represents the first of its kind, since a purified adhesin

was directly tested for pepsin digestion and coated with microparticles.

Crystallography has been used to elucidate the molecular interactions between
the bacterial adhesins and their cellular ligands. SabA was the first adhesin to be
crystallised, but only in the absence of its ligand (Pang et al., 2014). Other
adhesins were subsequently crystallised alone and in combination with its ligands,
such as BabA and HopQ (Javaheri et al., 2016, Hage et al., 2015a). The
crystallization and subsequent X-ray structure determination revealed that these

adhesins, despite having different ligands and varying primary amino acid
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sequences, share a similar overall structure. It is composed of a highly conserved
(25 kDa) transmembrane B-barrel structure in the C-terminal and an equally
conserved extracellular N-terminal region containing signal peptide sequence, but
characterised by being highly variable in the middle region. The signal sequence
is cleaved during periplasmic translocation (Nell et al., 2014). H. pylori displays a
unique transmembrane domain which is predicted to consist of seven B-strands at

the C-terminal and one strand at the N-terminal (Coppens et al., 2018).

The crystal structure of the extracellular domain of BabA 199 (Figure 1.8) revealed
three domains, two in the C-terminal and one in the N-terminal domain. The two
domains are predominantly a-helical, termed Handle and Head. The third domain,
which was termed the Crown, or BabA adhesion domain (BabA-AD), mainly
consists of four B-strands and is located on top of the two other domains (Hage et
al., 2015a, Moonens et al., 2016). The boundaries between these domains were
determined based on SabA superimposition and the corresponding matching
sequences. The Crown (G179 to V255) contains the binding site for Le®, and thus
much attention was paid to its presence. The Crown region is shorter in HopQ,
consisting of two instead of the 4 B-strands found in BabA (Javaheri et al., 2016).
However, the presence of such domain is not essential to determine the binding
functionality in other adhesins such as SabA, which shows no Crown in its crystal
structure. Phyre2 prediction can be used to devise an estimated picture of the
overall structures (Figure 1.9). These predicted models and three existing crystal
structures SabA (pdb: 405]), HopQ (pdb: 6AW2) and BabA 17875 (pdb: 5F7W)
were superimposed with BabA J99 (pdb: 4ZH7) to get insight about the overall
structures (Figures 1.10 and 1.11) and sequences were aligned, omitting BabA
17875 (Figure 1.12) to get a clear idea about the degree of sequence conservation
between the different adhesins. A comparison between BabA J99 and BabA 17578

sequences will be discussed later.
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Figure 1.8 X-ray crystallography of BabA J99 (pdb:4ZH7) three-dimensional

structure

BabA composes of three regions, Handle (blue), Head (violet) and the Crown (gold).
Binding of Helicobacter BabA and gastric cellular receptor LeP occurs in a shallow area on

the tip part of the Crown.
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Figure 1.9 Schematic representation of Helicobacter pylori adhesins

The 3D-structures for H. pylori adhesins (BabB, BabC and LabA) were predicted by Phyre2
software. They share a similar structure in the membrane-embedded carboxylic (B-sheet)
and the extracellular amino termini. The predicted conformations involve major similarities
in the tips, although the Crown domain sequence is absent from some of them such as
BabB and SabA. The Stalk domain at the N-terminal, obtained in BabA X-ray crystal
structure predicted to form a part of the B-barrel that embedded in the outer membrane.

CM = cell membrane, ECE = extracellular environment.
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Superimposition of BabA and BabC

Figure 1.10 Comparison of BabA ]J99 with BabB and BabC adhesins using Phyre2

A) Ribbon representation of extracellular domain of the Bab paralogues

B) Superimposition of BabA and other Bab paralogue
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Superimposition of BabA and SabA

Figure 1.11 Comparison of BabA J99 with SabA and LabA adhesins using Phyre2

A) Ribbon representation of extracellular domain of the protein

B) Superimposition of BabA and other adhesin

The Crown domain is present in BabC and LabA but not in SabA. BabB shows one beta

strand predicted to be a Crown. HopQ and LabA display a shorter Crown sequence.
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Figure 1.12 Sequence alignments of BabA with multiples adhesins
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Alignment made using CLC Main WorkBench 8.1 (CLC bio, USA). The BabA-Crown
sequence is underlined, which is a bit shorter and not conserved among the other selected
adhesins. The sequence from Asparagine (N:618) is highly conserved among the adhesins.

Variability occurs between Tryptophan (W:121) and Glutamine/Asparagine (504:Q/N).
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BabA sequence variability substantially affects the specificity and binding strength
(Kable et al., 2017). Moreover, not all H. pylori strains express the BabA gene and
not all of those that do can bind to LeP. The variability in the binding sites
(residues) is visible in the amino acid sequence alignment between two different
strains, e.g. H. pylori 199 and H. pylori 17578 (Figure 1.13). The affinity of BabA-
LeP complex has been analysed by Scatchard method using whole bacteria. The
data of the strain 17875 showed the affinity for Le® with dissociation constant (Kq)
value of 2 x 108 M* to 3 x 10! M* (Aspholm-Hurtig et al., 2004). However, using
the same method, suspension of H. pylori 199 strain showed affinity as high as
Kq= 5x10%* M~1 (Aspholm et al., 2006). Subsequently, it was shown using dynamic
force spectroscopy on single bacterial cells, the bond length was 0.86+0.07 nm
(Kd 5x10° M-1) (Bjoérnham et al., 2009). Using oblique-incidence reflectivity
difference (OI-RD) microscopy, bacterial strain 1166 exhibited a Kp to Le® of 0.7x
10°1> M bonds (Fei et al., 2011). Recently, isothermal titration calorimetry (ITC)
revealed the monovalent binding between 17875 strain and Le® with Kd of 80.0 %
7.1 mM and 0.39 nM Kd for the full-length using surface plasmon resonance
(Moonens et al., 2016). However, BabA recombinant protein reported Kd of ~227
mM in acidic (pH 4.5) and Kd of ~252 mM in neutral (pH 7.4) conditions (Hage et
al., 2015a).

To ensure BabA is a suitable for carrying the formulation, a firm adherence to the
cells needs to be achieved, in order to avoid clearance by mucus shedding and
pepsin/acid proteolysis. This may be achieved by coating nano/microparticles with
BabA, as the multiple repeats will increase the avidity while potentially conferring

some degree of steric protection against proteolysis.
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Figure 1.13 Sequence alignment of BabAJ99 with BabA 17875

Alignment made using CLC Main WorkBench 8.1 (CLC bio, USA). The Crown sequence in
BADbA 199 is underlined and the Le® binding sites are highlighted by blue arrows. The red
arrow in BabA 17875 indicates Q:205 and the black one in BabA J99 indicates N:204 which
both of them bind to Fucose 4 in LeP.
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From the aforementioned, it is apparent that H. pylori’'s outstanding cytoadhesive
properties may provide a suitable strategy for adhesion to gastric epithelial cells.
To the best of our knowledge, no study has yet been published employing bacterial
lectins as a biomimetic strategy to specifically target a drug to the same gastric
glycans that H. pylori uses for adherence. Biomimicry of this natural bio-adhesive
system, through usage of BabA as adhesin, may lead to a novel specific protein-

glycan-binding targeting drug delivery system.

1.3.4 BabA-Crown domain- the drug moiety?

Elucidation of the Crown domain from BabA 3D-structure was a cornerstone for
understanding the bacterial mechanism of attachment to Le®. Although BabA was
discovered in 1993, until 2015, no crystal structure was available. One of the
issues was the lack of a stable, correctly folded recombinant version of BabA. The
establishment of a protocol for its periplasmic expression in E. coli was an essential
step to obtain a high amount of purified protein for crystallisation and detailed in
vitro studies. The insertion of a stabilising and yield-increasing hexa-lysine tag at
protein’s carboxylic terminal led to successful expression and purification of BabA
and subsequently crystallisation in the presence and absence of the physiological
ligand, Le® (Hage et al., 2015b, Hage et al., 2015a).

BabA-Crown displays marked variability between the strains particularly in two so-
called hypervariable loops (Moonens et al., 2016, Hage et al., 2015a). Clarification
of the binding interactions primed the thinking about using BabA-Crown as a
mediator of H. pylori adherence to human fucosylated glycans ABO H-type-1
(Fuca2GalpB3GIcNAc) and Lewis b (Leb) blood group antigen
(Fuca2GalpB3(Fuca4)GIcNac) (Ilver et al., 1998, Boren et al., 1993). It is worth to
note that this binding ability categorizes the bacterium into two strain categories,
the ‘specialist’ vs ‘generalist’ strains. The former, mostly found in a population
with blood group O phenotype such as in South America, recognise Le® and H type
1 determinants (Benktander et al., 2012). The latter strains bind to individuals
with blood group ALe®/BLe"/Le® antigens (Cooke et al., 2005). Binding preference
is mediated by amino acid Leucine (L198) present in the BabA-Crown
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hypervariable loop. Substitution of this Leucine (L) with Serine (S) ‘generalises’

the binding activity in the ‘specialist’ strains (Moonens et al., 2016).

Individuals with group O are more susceptible to develop gastric ulcers than
people with blood groups A (A-LeP) and B (B-LeP). This may be due to few of LeP
receptors available on their surface (Boren et al., 1993), higher inflammatory
response (Alkout et al., 2000), larger gastric secretory-cell mass (Hanley, 1964)

or the bacterial high affinity for group O-glycans (Sweeney and Guillemin, 2016).

Because H. pylori 199 is thought to be a generalist strain, its BabA-Crown as a
glycan-binding domain is a suitable candidate for cytoadhesive drug delivery
properties as it could be used for any ABO blood group. It could be retained in the
stomach for a long duration, provided there is pepsin resistance. Using a shorter
form of BabA also means fewer potential cleavage sites for pepsin, thus increased
resistance to gastric juice. Therefore, assessment of the ability of the isolated

Crown region to bind to its physiological ligand as proof-of-principle is crucial.

From the above mentioned, recombinant version of BabA-Crown possesses some
characteristics which make it a potentially suitable adhesin for use as a gastric

drug delivery moiety:

1. BabA as bacterial outer membrane protein is the most studied adhesin,
predominantly expressed on the bacteria found in the stomach of healthy
individuals.

2. The target physiological receptor is on the surface mucus cells, i.e.
approachable.

3. BabA recombinant form retains the functionality of the native form.

4, Gastric drug delivery system can be developed using the specific
cytoadhesive property of BabA-Crown and the nano/microparticles to carry

the formulation.



41

1.4 Aim and objectives

The aim of this study is to generate a biomimetic drug delivery platform with
micro/nanoparticles to specifically direct the drug to the gastric epithelial cells
(Figure 1.15), which would increase the gastric retention time. Exploration of this
system could elucidate two things, on one hand, may provide a novel biomimetic
system for cytoadhesion based on H. pylori adhesion mechanism. On the other
hand, characterising BabA-Crown functional properties, will give a clear insight
into the mechanisms of the bacterial binding at the molecular level. If this
approach succeeds, it will be a representative procedure for using the minimal

binding domain as cytoadhesive protein.
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binding )
FARO
) (
O BabA-Crown
(binding domain)
R .
. oV { ~"//.
{‘.\:: = ‘\ = 13 - }t
=2 4 ad
= ===
Stomach ' =
9 _
PP - \
. P 7 Q= 1*\(‘ ’
V7o Y
. N
fir WY
Helicobacter pylori Drug delivery system coated
in the stomach with BabA-Crown

Figure 1.14 Schematic representation of the proposed biomimetic drug delivery

system

BabA-Crown as minimal binding domain is intended to be used to coat nano/microparticle

carrying antibiotics in order to specifically targeting the drug into the gastric epithelia cells.
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To achieve the aim of this study, the following three objectives were set:

1. Generation of the recombinant form of BabA J99 Crown region as the
minimal Le binding domain through cloning, expression an purification.
This is essential to obtain BabA-Crown for subsequent characterisations and
utilization as a targeting moiety (Chapter 3).

2. Characterisation of the BabA-Crown protein by testing its ligand-binding
ability and its resistance to simulated gastric acidity or peptic digestion
(Chapter 4). This is a crucial step in determining whether the minimal
binding domain retains the whole BabA functionality and translate the
applicability of being a target moiety in the gastric conditions. In case this
objective is not achieved, alternative strategies will be applied (Chapter 5).

3. Development and evaluation of the biomimetic drug delivery carrier. This
provides important insight about the ability of the protein to bind its ligand
after coating the surface of the microparticles (Chapter 6). This also
represents the final in vitro-step to explore the applicability of this

cytoadhesive drug delivery system.

All of these objectives will give relevant insights into the adhesion mechanism
used by H. pylori for inhabiting the gastric mucosa. Based on this knowledge,

novel antimicrobial strategies could also be designed for future endeavours.
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CHAPTER TWO

2. Experimental methodology

(General overview)

2.1 Introduction

To address the objectives of this study and provide answers, empirically, a wide

range of techniques were applied.

The first objective of this research was to construct an expression system having
BabA minimal binding site, the Crown. To achieve this objective, general molecular
biology techniques including polymerase chain reaction (PCR) and protein
expression were carried out and extended to generate various recombinant
proteins from BabA gene. After protein expression, purification was performed
using chromatographic techniques, e.g. immobilised metal-ion affinity
chromatography (IMAC). A brief description of the recombinant expression and
the system (pOPE101 plasmid hosted by E. Escherichia coli XL10-Gold) used for
both cloning and expression is given in Section 2.2. More details about the

procedures conducted in this research can be found in Chapter 3.

The second objective was to characterise the purified protein for usage as drug
delivery moiety. Firstly, assessment of protein resistance to acid/pepsin
proteolytic activity was performed. Bioinformatics tools were used to model the
protein stability based on its amino acid sequence. This is discussed in more detail
in Chapter 4. Secondly, Enzyme-linked immunosorbent assay (ELISA) was
employed to test ligand binding ability. Different types of ELISA were used and a

general overview about each type is provided in Section 2.3.
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Circular dichroism spectroscopy was employed to assess protein’s secondary
structure. An outline about the principle and mechanisms of the experimental

processes is briefly described in Section 2.4.

The third objective was to evaluate the activity of protein-particle conjugates. This
has been achieved through three steps, mutagenesis, biotinylation and

conjugation with the particles.

Mutagenesis was carried out at the DNA level to insert an AviTag sequence. This
sequence acts as a substrate for the bacterial enzyme (BirA) to add a biotin
molecule into the protein sequence. This biotin is subsequently used to mediate
protein interaction with neutravidin on the surface of the microparticles. The
fundamental of the biotinylation and the method used are discussed broadly in
Chapter 6. To study the colloidal stability and dispersity of protein-microparticle
complexes, Dynamic light scattering (DLS) was used. The underlying biophysical

principles and data interpretation are briefly described in Section 2.5.

2.2 Recombinant expression

Recombinant DNA technology offers the ability to synthetise any stretch of DNA
encoding a protein of interest in order to study its structure, function or
therapeutic ability. The general procedure applied follows the cut-paste-
proliferate-select principle. This is followed by gene expression, which is
commonly propelled by standard bacterial systems such as E. coli (Chen, 2012).
This system was originally employed to produce massive amounts of recombinant
proteins such as human insulin and erythropoietin using a simple carbon-source
medium in a short-time and cost-effective way (Lomedico, 1982, Masson et al.,
2003, Baneyx and Mujacic, 2004).

The general steps for generation of recombinant DNA are summarized in Figure
2.1, using BabA-Crown fragment gene as a model. The first step is to amplify the
chosen DNA sequence from a gene or genome, called the template. Then a set of
short oligonucleotide sequences called primers is designed, one represents the
sense or forward (5’ - 3’) and the other called the antisense or reverse primer (3’

- 5). The forward primer is complementary to the bottom strand in the 3’ to 5’
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direction the reverse primer is complementary to the top strand and reads from
5’ to 3’. The primers should include restriction enzyme sites which should also be
present in the vector (e.g. plasmid) sequence, where the gene of interest will be

inserted (Hoseini and Sauer, 2015).

( HBabA

BabA-Crown
amplified by PCR

RE site — 8

BabA-Crown

in Ligation Digestion by REs pOPE101

pOPE101 (Vector)

Amp

Amp Amp

Transformation

E. coli XL10-Gold LBamp Agar

Figure 2.1 Schematic representation of recombinant technology methodology

Specific fragment of DNA, here the BabA-Crown coding DNA, is amplified by polymerase
chain reaction (PCR) to obtain ample copies labelled with restriction enzyme (RE)
recognition sites at both ends. A plasmid (pOPE101), with an antibiotic-resistance marker
gene, ampicillin (Amp), is used for in-host replication after digestion with the same
restriction enzymes. An intermediate step of ligation is applied to seal the DNA to be
inserted into the vector. The ligated plasmid is introduced into a host, in this case “E. coli
XL10-Gold bacterium”, to carry out the in vivo multiplication of the DNA fragment. The
antibiotic corresponding to the selective marker on the plasmid is added in the growth

medium (LBamp) for transformant selection.
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For amplification of target DNA sequence through polymerase chain reaction
(PCR), a thermocycler machine is usually used. It offers the choice for adjusting
a number of cycles of different temperatures to carry out the amplification reaction

in a relatively short time. Each cycle changes rapidly and consists of three steps:

1. Denaturation

High temperature (~94 - 98 °C) is used for unwinding double strands of DNA by

breaking down the hydrogen bonds between the paired nucleotides.

2. Annealing

This step involves decreasing the temperature (usually between 50 - 72 °C) to
enable the primers to bind to their complementary nucleotide sequence in the

template.

3. Extension.

In this step the temperature is increased again (usually to 72 °C) and the DNA
polymerase enzyme recognises the double stranded region, where the primers
have annealed, and elongating the sequence in 5’ to 3’ direction to build up a copy

of the complementary strand.

After PCR amplification, the PCR products are analysed by separation, according
to the charge and size through agarose gel electrophoresis. These products are
visualised through ultra violet (UV) light after staining with fluorescent dyes such
as the intercalating agent ethidium bromide, which form a complex with the dsDNA
and absorbs shortwave UV radiation (Garibyan and Avashia, 2013). After the
amplification and confirmation, purification of the PCR products is conducted. The
subsequent step involves introducing the purified DNA sequence/gene into a
reproducing vector e.g. plasmid. This involves cleavage by specific restriction
enzymes to target the sequence to a defined location within a vector DNA. To join
these fragments together, enzymatic ligation is applied before transferring the
ligated vector into a productive host organism following a process named
transformation. After culturing in a selective growth medium, colonies having the
incorporated gene of interest will be able to grow, as they will have acquired
resistance to the selective antibiotic via the transformed plasmid. Afterwards, the
selected clones, bearing the desired DNA sequence, will be harvested and used

for protein expression (Topcu, 2000, Benoit et al., 2006).
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2.2.1 Recombinant protein expression in F. coli

Proteins can be expressed in prokaryotic vectors such as E. coli or in eukaryotic
vectors such as yeast, insect, plant or mammalian cells. Each vector possesses
specific advantages over the other one. Eukaryotic systems are ideal for
expression of protein requiring post-translation modifications such as
glycosylation. Prokaryotic systems offer rapid and inexpensive expression and the
highest yields (Demain and Vaishnav, 2009, Majewska et al., 2018).

There are several commercial strains of E. coli which can be used for protein
expression. The choice is governed by the type of vector used, depending on
several factors such as the presence of the desired multiple cloning site for
insertion of the target gene, type of replicon and promoter (Rosano and Ceccarelli,
2014).

In the present study, E. coli strain (XL10-Gold) compatible with the plasmid
pOPE101 was used. This plasmid was originally generated for the expression of
single-chain Fv antibody fragment (scFv) to stabilise the disulphide bonds between
the antibody fragments and facilitate its secretion into the periplasm, which
constitutes an oxidizing environment, assisting in the formation of intra- or
intermolecular disulphide bonds (Schmiedl et al., 2000). Since then, pOPE101 has
been continuously used with E. coli XL1-Blue (Minus Restriction) MR-derived
strains e.g. E. coli XL10-Gold for soluble production of antibody heavy and light
chains (Hust et al., 2007) and for antibody multimerisation (Thie et al., 2009).
This expression system (pOPE101-E.coli XI-10) proved to be an ideal expression
system for recombinant BabA protein generated from two different H. pylori
strains, J99 and 17875 (Fei et al., 2011, Hage et al., 2015b).

Protein expression of the gene of interest is regulated by lactose or /ac operon.
Transcription in the /ac operon depends on two mechanisms, repression and
induction. Repression occurs by lactose repressor Lacl which is activated by cyclic
adenosine mono phosphate-carbon catabolite repression (CAMP-CRP) system. The
catabolite activator protein is fundamental regulator of the /ac operon. Induction
happens through phosphoenolpyruvate (PEP) system (Deutscher et al., 2006, Li

and Young, 2014). For inducing protein expression, the most commonly used
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inducer is isopropyl-B-D-thiogalactopyranoside (IPTG), which binds to the /ac
repressor and stimulate the transcription (Marbach and Bettenbrock, 2012,
Marschall et al., 2017).

In E. coli, protein expression occurs in the cytoplasm. It starts with transcription
which involves RNA polymerase to transcribe the DNA into messenger RNA in order
to be translated into a polypeptide. Translation of messenger RNA is aided by the
ribosomes (Figure 2.2) and the resulting polypeptide, in case of periplasmic
translocation, is tagged with a signal peptide at the amino terminal. If this specific
N-terminal signal peptide was not present before translocation, it would lead to
loss of direction and protein accumulation in the cytoplasm (Holland, 2004, Chatzi
et al., 2013). Protein periplasmic translocation is mediated by signal recognition
particle (SRP), which is ribonucleoprotein complex, binding to the signal sequence
and carry the protein into the inner membrane. In the inner membrane there is a
membrane-bound SRP receptor which facilitates protein translocation and
delivery into the periplasmic space (Luirink and Sinning, 2004). The periplasmic
space provides an oxidative environment which allows formation of disulphide
bonds in the protein. This helps the protein to reach a folding/conformation that
favours its function. The cytoplasm is a reducing environment, posing a challenge
for proteins containing cysteine in their amino acid sequence, as the susceptibility
for forming inclusion bodies in the case of cytoplasmic expression is very high
(Rosano and Ceccarelli, 2014). A protein failing to reach the correct conformation
by itself or through folding-helper (chaperon) has two consequences: either
accumulation into insoluble aggregates, forming what is known as inclusion
bodies, or face enzymatic degradation (Goemans et al., 2014). Therefore, there
are many possible scenarios affecting the rate of recombinant protein expression
compared to the cellular proteins which result in expression of the desired protein,

formation of inclusion bodies or even not obtaining the protein.

As there are many endogenous proteins produced by the cells, purification of the
desired protein from the mixture is an essential step. In the present study,
purification was carried out in a two-step method. The first step relies on binding
of the protein’s hexa histidine tag to the nickel-nitrilotriacetic acid (Ni-NTA) resin.
The second step is elution of the protein after washing out the unbound protein.
Then size exclusion chromatography was applied for protein separation according

to the size.
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Figure 2.2 Schematic representation of recombinant protein fates after expression

After inducing expression of recombinant protein, messenger ribonucleic acid (mRNA)
passes through ribosomes (consisting of 30S and 50S subunits) for translation. The
transcript can be tagged with a signal leader which directs the protein to the periplasmic
space. The possible scenario for this protein depends on protein composition (amino acid
sequence), rate of expression and surrounding environment. If the protein is not folded
properly, it will be aggregated in the cytoplasm forming insoluble inclusion bodies or
degraded by cytoplasmic proteolytic system. The nascent protein either self-folded or
folded with a co-helper (chaperon). The nascent protein passes through secretory
recognition particle (SRP) receptor to be delivered into the periplasmic space. In some
cases, protein undergoes further modification such as disulphide bonding in periplasmic
space where oxidizing environment to reach its functional conformation. However, the
same cytoplasmic regulation mechanisms such as degradative enzymes and chaperons

are applied.
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2.2.2 The expression vector (pOPE101)

The plasmid pOPE101 is sold by PROGEN Biotechnik GmbH, Germany (Figure 2.3).

This cassette vector contains /ac operon operator, which is IPTG-inducible,

upstream to the synthetic /ac promotor P/A1/04/03. Downstream to the operator

there are:

1.

4,

Pectate lyase B (pelB) leader sequence

pelB is a sighal peptide sequence for periplasmic targeting. It encodes the
amino acid sequence MKYLLPTAAAGLLLLAAQPAMA, which begins with
methionine (M), where the protein translation is started. Then pelB is

cleaved by signal peptidase in the inner membrane (Choi and Lee, 2004).

. Multiple cloning site (MCS) in which many restriction endonuclease sites

such as Ncol and BamHI are used to allow insertion of the gene of interest.
Short sequences code for two tags, Hexa-histidine tag and c-myc tag. Hexa-
histidine commonly used for protein purification (Ferrer-Miralles et al.,
2011). While, c-myc tag which is part of proto-oncogene contains a product
for epitope (EQKLISEEDL) that is recognised by mouse monoclonal antibody
Mycl1-9E10 (Hilpert et al.,, 2001). This tag is wused for protein
immunodetection.

Transcription terminator T7, sequence from the E. coli ribosomal RNA (rrnB)

gene, to terminate the transcription (RoBmanith et al., 2018).

This plasmid also contains origin of replication, Co/lE1, and a gene for ampicillin

resistance (selectable antibiotic marker).
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Figure 2.3 Circular map of the plasmid pOPE101

The orange arrow shows multiple cloning site (MCS), where the desired gene is inserted.
Upstream to this site, pelB leader and /ac operators are located which are marked red and
blue, respectively. Downstream to MCS there are sequences for c-myc and Histidine tags.

Ampicillin resistance (AmpR) gene has a separate promotor for protein expression. Ori
indicate the origin of replication.
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2.2.3 The expression host

The expression host used in this work is E. coli XL10-Gold Ultracompetent cells
which was purchased from Agilent Technologies, USA. This XL2-Blue MRF
derivative bacterium is highly efficient in large plasmids and ligated DNA
transformation as it exhibits the Hte (high transformation efficiency) phenotype.

It also has the following characteristics:

1. Deficient in restriction modification systems
Restriction modification system is a defence system to degrade any foreign
DNA by restriction enzymes. Deficiency in this system maintains the
plasmid DNA safe (Vasu and Nagaraja, 2013).

2. Endonuclease deficient (endAl)
Endonuclease A is a DNase enzyme producing DNA breakages. Mutation in
this gene increases insert stability (Itaya et al., 2012).

3. Tetracycline and chloramphenicol resistance.

This bacterium enhances production of recombinant membrane proteins based on
plasmids using T7 RNA polymerase-based expression system (Dilworth et al.,
2018). These cells usually used for transformation because of the high efficiency
in taking up large plasmids. Even though protein expressed in this host can result
in high purity (Li et al., 2012), this cell has high susceptibility to be infected by
bacteriophages that resemble ¢80 phage which require bacterial ferrichrome outer
membrane transporter/phage receptor (Kamal et al., 2013). Based on previous
experience, this bacterium proved to be an optimal host for the protein production
of pOPE101 and resulted in sufficient yields of functional BabA, whereas, other
strains e.g. B-12, were less successful. Moreover, its periplasmic space provides
an oxidising environment for disulfide bonds formation an ideal place for protein

extraction after post-translational modification.
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2.3 Enzyme-linked immunosorbent assay

Immunoassays follow the fundamental principle of specific antigen-antibody
binding reaction. This principle can be traced back to 1890, when Behring and
Kitasato discovered a substance in the blood which has the ability to neutralise
diphtheria toxin. This neutralising substance was termed antibody, while the

substance which acts as inducer was termed antigen (Gao et al., 2018).

Enzyme-linked immunosorbent assay (ELISA) is a solid plate-based immunoassay
invented independently by two research groups in 1971 (Engvall and Perlmann,
1971, Van Weemen and Schuurs, 1971). They modified the radioimmunoassay
(RIA) method by employing enzymes instead of the radioactive iodine-125 (!2°I)
to quantify the binding reaction between target antigen and specific antibody
(Aydin, 2015). Detection of this reaction can be through colour changes or
fluorescence. There are different variations of the main principle to quantify a
specific substance such as direct, indirect, competitive and sandwich ELISA
(Grange et al., 2014). In the present study, three types were applied (direct,
indirect and sandwich) to study protein binding ability. More details about these
types and their advantages and disadvantages have been reviewed in (Aydin,
2015, Shah and Maghsoudlou, 2016).

In general, ELISA consists of five main phases separated by washing step using
phosphate buffer saline supplemented with Tween 20 to increase the specificity of

the assay and remove any unbound substances.

1. The ligand was coated or immobilised, in this case glycoconjugates, using
alkaline buffer (pH at least 9) to allow passive absorption to the well.

2. The unbound area was blocked using a non-reactive protein such as casein-
rich milk to prevent non-specific binding and increase the specificity.

3. Protein of interest was added to test its binding ability.

4. A layer of primary antibody which is sometimes conjugated with biotin was
added. This may be followed by secondary antibody/ streptavidin
conjugated with horseradish peroxidase.

5. The substrate which react with the enzyme was added, following by
measuring the change in colour which indicate the presence of the target

substance.
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2.3.1 Direct enzyme-linked immunosorbent assay

Direct ELISA is the simplest type which used to detect protein directly. Briefly,
after coating the 96-well plate with an antigen, primary antibody conjugated with
enzyme is added to interact with the antigen, then a substrate for the enzyme is

added. Then the reaction is stopped, and a microplate reader is used for analysis.

In the present work, as illustrated in Figure 2.4, two modifications were made for

the purpose of adapting the technique and to increase the specificity.

1. Neoglycoconjugates, which act as ligands for the protein, were immobilised
onto the surface of the 96-well polystyrene plate.

2. Instead of using primary antibody with a conjugated enzyme, Nickel
nitrilotriacetic acid-Atto 488 (Ni-NTA-Atto 488) (Sigma-Aldrich, UK) was

used.

Atto-488
3 aammmmmEEEARRAn A Ni-NTA
2 AAAAAAAAAAAAAAA A Protein

l Glycoconjugates

Figure 2.4 Schematic representative of a direct ELISA

The number indicates the order of the steps, which are 1. Coating the 96-well plate with
glycoconjugates. 2. Adding the protein. 3. Adding the detection agent which is Nickel-
nitrilotriacetic acid (Ni-NTA) conjugated with Atto 488.
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2.3.2 Indirect enzyme-linked immunosorbent assay

Indirect enzyme-linked immunosorbent assay was used to reveal the binding of

biotinylated protein to the glycoconjugates immobilised on the plate. The overall

steps are demonstrated in Figure 2.5.
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Figure 2.5 Schematic representative of indirect ELISA

The number indicates the order of the steps, which are 1. Coating the 96-well plate with
glycoconjugates. 2. Incubating the plate with protein. 3. Adding streptavidin conjugated
with Horseradish peroxidase (HRP). 4. Developing the reaction using the substrate

tetramethylbenzidine (TMB) and H20:.
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2.3.3 Sandwich enzyme-linked immunosorbent assay

In the present study, a modification of sandwich ELISA was developed. Instead of
trapping an antigen between two antibodies in the original method, the protein
was sandwiched between a ligand (glycoconjugate) and a primary antibody. This
modification provides high specificity for detecting the protein as the immobilised

ligand capture the protein. The principle steps were demonstrated in figure 2.6.

@ HRP
5 C TMB / H0, X Streptavidin
4 aenn000000000108 % @ Biotin
3 immmmm&‘s 0& Primary antibody
2 AAAAAAAAAAAAAAAA A  Protein

' Glycoconjugates

TMB = Tetramethylbenzidine

Colourimetric response

Figure 2.6 Schematic representative of sandwich ELISA

The number indicate the order of the steps, which are 1. Coating the 96-well plate with
glycoconjugates. 2. Adding the protein. 3. Adding primary antibody conjugated with biotin.
4. Adding streptavidin conjugated with Horseradish peroxidase, which act as secondary

antibody. 5. Developing the reaction using tetramethylbenzidine (TMB) and H20..
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2.4 Circular Dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a quick method for exploring protein
secondary structure, dynamics, folding property or conformation (Greenfield,
2006). Circular Dichroism occurs when left-handed and right-handed circularly
polarized light are absorbed differentially by chiral molecules such as nucleic acids
or proteins. The basic principle underlying this spectrometric technique is the
measurement of the differential magnitude of the left-handed and the right-

handed absorption in ellipticity (8) units (Kelly et al., 2005).

In case of protein, characteristic CD spectra arise from the asymmetric peptide
bonds, which act as chromophores for the circularly polarised light. The
consequence of the interaction between the polarised light and the chiral
molecules at distinctive wavelength results in distinguished CD spectra. Different
secondary structures e.g. alpha helix, beta sheet (parallel or antiparallel), or turns
are determined by CD spectra between 180 and 250 nm in the far-Ultraviolet wave
length (Kelly and Price, 2000). Information about protein tertiary structure is
provided from the aromatic amino acids (tryptophan, phenylalanine and tyrosine),
which act as chromophores in the near-UV wavelength range between 250 and
320 nm (Miles and Wallace, 2016).

There are various kinds of circular dichroism spectroscopy, such as conventional
electronic, magnetic, fluorescence detected and vibration CD. For more details
about the difference types and their uses, review (Ranjbar and Gill, 2009, Kelly et
al., 2005). Indeed, these new types of CDs benefit from the new computational
programmes and the advance in bioinformatics methods to improve not only
structural analysis of the protein secondary structure but also to include

symmetric, asymmetric substances and nanostructures (Ranjbar and Gill, 2009).
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Different protein secondary structures (Figure 2.7) as explained in (Greenfield,
2006) are:

1. a- Helices show two negative and at 208 nm and 222 nm and a strong
positive band at 193 nm

2. B- pleated sheets are characterised by the presence of a positive band at
195 nm and negative band centered around 216-219 nm.

3. Proteins with random coil or disordered conformation show a strong

negative ellipticity below 200 nm and weak positive band above 210

B = a-Helix
M = B-Sheet
B = Random coil

Ellipticity (mdeg)
[=]

~

180 190 200 210 220 230 240 250

Wavelength (nm)

Figure 2.7 Far-UV circular dichroism spectra associated with the various protein

secondary structures

Circular dichroism spectra of a-helices protein indicated in (brown), B-sheets (green) and

disordered protein displayed in (blue). Modified from (Greenfield, 2006).
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2.5 Dynamic light scattering (DLS)

Dynamic light scattering (DLS), also known as photon correlation spectroscopy
(PCS) or quasi-elastic light scattering, is a classical technique to measure particles
hydrodynamic size in suspension (Stetefeld et al., 2016). Therefore, it can be a
useful technique to study colloidal stability of protein conjugated to microparticles,

i.e. not aggregated.

DLS measures particle size by calculating their velocity or Brownian motion
(particles random motility in a suspension) and relate this to equivalent
hydrodynamic size which is imparted through the frequent shifts of the scattered

light over the time (Figure 2.8).

The principle of DLS based on the changes in light scattering pattern when a beam
of monochromatic light is directed into a solution of particles. This change occurs
due to the translations, motions and rotations of the particles and diffusion in the
solvent. Each particle also acts as a refractive index to the other. Thus, the
diffusion occuring randomly, termed Brownian motion, and proportional to the
particles size and time. Small particles diffuse faster than the larger ones, as a
result, the rate of changes in the light scattering pattern fluctuate more (Brar and
Verma, 2011). These fluctuations in scattered light intensity are recorded by a
detector and calculated depending on the velocity of Brownian motion over time.
This time-dependent motion is termed the diffusion coefficient and related to the
particle hydrodynamic size. See reviews by (Stetefeld et al., 2016, Hassan et al.,
2015) for more explanation. For spherical particles, the hydrodynamic radius (R)
is obtained from the translational, using autocorrelation function, diffusion

kT
6TTNR

coefficient (D) using Stokes-Einstein equation: D =

Where D= diffusion coefficient
k= Boltzmann constant
T= absolute temperature (in Kelvin)
n= dispersant viscosity

R= radius of spherical particle



60

For nonspherical particles, the radius is taken as equivalent sphere radius. That
means an average hydrodynamic dimeter calculated and size distribution are

analysed to state the polydispersity of the sample.

Fluctuations of scattered light
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Figure 2.8 Schematic representation of the principle of dynamic light scattering

A laser light is directed through a cuvette containing a solution of particles, then data
displayed depending of the speed of Brownian movement. Particles of small size move
faster than the larger ones. A detector records the change in the light fluctuations over a

time scale, then a software translates this data to display the graph. + - represents

random motility.
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CHAPTER THREE

3. Cloning and expression of BabA J99
Crown region as the minimal Le"-

binding domain

3.1 General overview

The objective of this chapter was to use recombinant DNA technology to express
BabA J99 Crown domain. The research hypothesis, based on crystallography, was
that the Crown as a separate domain is able to perform the binding function

independently. Thus, two goals were set:

1. Constructing the expression cassette of BabA-Crown domain through DNA
amplification from an existing recombinant BabA J99 construct, clone the
gene into an expression vector, pOPE 101, then transform the plasmid into
a competent cell strain, E. coli XL10-Gold, for protein expression.

2. Developing a method to obtain soluble recombinant protein to be used for

downstream experimentations.

BabA is a member of the outer membrane protein family or adhesin proteins. Its
structure consists of cleavable N-terminal signal sequence, followed by passenger
domain and translocator B-barrel-shaped domain at the C-terminal. The signal
peptide, about 20 residues, leads the protein via Secretory (Sec) system across
the inner membrane into the periplasmic space, where it is cleaved at A|EDDG
(arrow| marks the cleavage site) (Alm et al., 2000). After post-transcriptional
modifications, the translocator domain is embedded into the outer membrane and
facilitates translocation of the passenger domain into the cellular outer membrane.
The passenger domain is predicted to have a sequence acting as specific-protein

functional domain that differentiates the adhesins (Coppens et al., 2018).
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In the light of the published BabA crystal structures (Moonens et al., 2016, Hage
et al., 2015a), three regions were predicted and named in analogy to SabA, the
first crystallised H. pylori adhesin. These three regions are the Handle, located at
the C-terminus, followed by the Head and then the Crown, residing at the top of
the other domains. The boundaries between these regions, as shown in BabA
(pdb: 4ZH7) (Figure 3.1) are:

1. Handle between Q27 and K529
2. Head between P56 and N462,
3. Crown between G179 and V255

The Crown domain interacts with two beta sheets located in the Head domain
through Hydrogen bonding e.g. two Hydrogen bonds in Crown’s Serine (S190)
interact with Lysine (K119) in the Head domain. This interaction may support the

structure of the Crown or enhance its folding ability.

Figure 3.1 crystal structure of BabA (pdb:4ZH7) showing the boundaries between

the domains and the Hydrogen bonds.
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The Crown is the functional domain, specifically, the adhesin-receptor for LeP
(Figure 3.2). The mechanism of this B-sheet domain folding and orientation in the
outer membrane is not known, but paired cysteine formation (Figure 3.3) is
essential for functional requirement (Letley et al., 2006, Dautin and Bernstein,
2007) through forming a disulphide-clasped loop which increases the association
with Le® (Moonens et al., 2016). Even though the Crown interacts with the head

domain, at this stage, an attempted was made to use it as the minimal binding

site.
GIcNAc3
D233 \
S234 -=n/
1 > 3
.- = © Fok *
TYTCSGDGNNNCsSQVTGVNNQKDGTKTKIQTIDGKSVTTTISSKVVDSRADGNTTGVSY TEITN
189 197 206 233 244

Figure 3.2 Crystal structure of BabA-Crown molecular interactions with Le®.

Fucosel ("FUC1") (*) forms hydrogen bonds with the carbonyl backbone groups of C189,

G191, and N194, and the hydroxyl group of the T246 side chain. Fucose 4 ("FUC4") (‘)
interacts with the hydroxyl group of the N206 side chain through a water-mediated

hydrogen bond. N-acetyl-glucosamine (“GIcNAc3") (*) residue forms two hydrogen
bonds with the carboxyl and hydroxyl side-chain groups of D233 and S244, respectively.
Dual mutation ( N) in these two positions result in nonbinding activity and thus used as a

BabA mutant protein. Purple sequence indicates hypervariable loops.
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<«— Disulfide clasped loop

Cysteine 189

Figure 3.3 Detail of the BabA-Crown showing the Cysteine location

BabA-Crown (gold) has two Cysteine residues (red) forming a disulphide bond between
C197 and C189. This disulphide clasped loop stabilises the structure of the ligand binding
site (Moonens et al., 2016).
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The interactions between the Crown amino acids and Le® residues depend on a
network of Hydrogen bands, in part water-mediated. As demonstrated in Figure
3.4, S244 and D233 side chains of the Crown play a major role in binding, by two
hydrogen bonds, with the N-acetylglucosamine (GIcNAc3) residue of LeP.
Substitutions in these sites result in a complete loss of binding affinity (Hage et
al., 2015a).

To achieve the goals of this chapter and based on BabA X-ray crystal structure
(pdb: 4ZH7) which revealed the fine interactions between the Crown as a binding
region and Le® as the physiological glycan ligand on gastric cells, two different
sequences of BabA-Crown (wild-type and mutant) were chosen for expression.
The wildtype corresponds to the expressed fragment used in X-ray
crystallography, while the mutant contained two substitutions (D233A/S244A)

intended to be used as a negative control in binding assays.

Figure 3.4 Interactions of N-acetylglucosamine in Le® with BabA-Crown

N-acetylglucosamine (GIcNAc) of Le® forms hydrogen bonds with carboxyl side chain of
D233 and hydroxyl side chain group of S244 (Hage et al., 2015a). Replacement of D233
and S244 with Alanine result in BabA loss of binding ability.
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3.2 Experimental procedures
3.2.1 Generation of BabA-Crown expression construct

3.2.1.1 BabA-Crown gene

Nucleotides 528-766 bp corresponding to BabA-Crown amino acids 177-255 were
used for generating the construct. The BabA coding sequence (GenBank accession
no AE001439.1) was initially amplified from H. pylori 199 genomic DNA, a kind gift

from Prof. John Atherton, University of Nottingham.

All of these sequences were inserted into the pOPE101 expression vector as shown

in Figure 3.4.
Bacterial
chromosome
Plasmid
Nco1 BamH1
—
STOP
— Pro elB BabA-Crown C-Mve .
p (528-766 bp) yc | 6X His

Figure 3.5 Schematic representative of the expression cassette

Pro: synthetic lactose promoter. LacO: IPTG-inducible lactose operator. Arrow:
represents the start codon. PelB: leader sequence to target the protein into the
periplasmic space. c-Myc tag for immunodetection. 6X His: Histidine tag for protein

purification. BamH1 and Nco1l are restriction sites.
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3.2.1.2 Polymerase chain reaction amplification

BabA-Crown DNA sequence was amplified from previously produced recombinant
BabA plasmid. This gene fragment encoded amino acids 177- 255 of mature BabA
J99 (The Crown). The primers (shown in Table 3.1) contained a six-nucleotide
overhang, terminal restriction sites that enabled insertion of the BabA-Crown
sequence into a pOPE101 vector. PCR amplification was performed using KOD Hot
Start Master Mix (Merck Millipore, Germany). The cycling conditions were

performed as described in (Table 3.2).

Table 3.1 Primers for gene amplification

The primer name combined the names of the target gene sequence, restriction
enzyme used which are underlined in oligonucleotide sequence, and whether it is
a sense (FOR) or antisense (REV). The hexa-overhang nucleotides (AATATG &
GCCGCC), are located up-stream of the underlined restriction sites Ncol and
BamH]I.

Primer name Primer Sequence (5’ — 3’)

BabA-Crown_Ncol FOR AATATGCCATGGCAAACAACGGGAAAGTCAATG

BabA-Crown_BamHI REV  GCCGCCGGATCCCACACCTTCTAATTTGTTGGTG

Table 3.2 Thermocycling conditions

Step Temperature and time
1. Polymerase activation 95 °C for 2 min
2. Denaturation 95 °C for 20 seconds
3. Annealing 60 °C for 10 seconds
4, Extension 70 °C for 10 seconds

Cycles (steps 2 to 4) were repeated 30 times
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3.2.1.3 Cloning

3.2.1.3.1 Digestion

After PCR amplification, the products were separated by agarose gel
electrophoresis using 1 % agarose gel and running buffer TBE (0.5x Tris-
Borate-EDTA). Then purified using Wizard® SV Gel and PCR clean-up system
(Promega, USA). Two Eppendorf tubes contain 500 ng of purified PCR products
and pOPE101 plasmid (Progen Biotechnik, Germany) were separately digested
using 1X of each of the restriction enzymes, Ncol-HF and BamHI-HF (New England
Biolabs, USA). The mixtures were incubated at 37 °C for 1 hour then the enzymes
were deactivated by heating at 80 °C for 20 minutes. The digested PCR products
and pOPE101 vector were combined together at molecular ratio of 20 ng of vector
to 3-fold of the insert and incubated with 1X T4 DNA ligase (New England Biolabs,

USA) for 20 minutes on ice.

3.2.1.3.2 Bacterial transformation

To propagate BabA-Crown recombinant plasmid in a bacterial host, transformation
was carried out. From each of the ligation mixture which contain the engineered
plasmids, 2 pL (containing about 50 ng of DNA) was added to 100 uL of E. coli
XL10-Gold cells (chemically competent E. coli, Agilent Technologies, USA). This
bacterium was also used as the expression host. The products were first incubated
on ice for 30 minutes, followed by heat shock in a water bath at 42 °C for 30
seconds before incubating on ice for 2 minutes. Then the transformed cells were
grown in super optimal broth with catabolic repression (SOC) medium for 1 hour
at 37 °C. Afterwards, the transformants were plated at different concentrations
on lysogeny broth (LB, Sigma-Aldrich, UK) agar plates treated with ampicillin (100
Mg/mL) (herein named LBamp) and incubated overnight at 37 °C. The next day,
single colonies were picked from overnight culture plates and each colony was
resuspended in 20 pL of LBamp. The selected colonies were, individually, subject to
PCR screening to check for the presence of the inserted gene within the plasmid
sequence. This was done using the ReadyMix™ Taq PCR Reaction Mix (Sigma-
Aldrich, UK) pOPE101 promotor/ terminator primers (Table 3.3) following protocol
on Table (3.4).
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Table 3.3 Primers for colony PCR screening and confirmatory DNA

sequencing

Promotor and terminator indicate transcriptional sites for Lac operon gene
between which the gene was inserted, FOR and REV are the sense and antisense

primers, respectively.

Primer Name Primer Sequence (5" — 3')

pOPE101_Promoter FOR | TTGACTTGTGAGCGGATAAC

pOPE101_Terminator REV| ATGTGTCAGAGGTTTTCACC

Table 3.4 Thermocycling conditions for colony PCR

Step Temperature and time
1. Initial denaturation 95 °C for 2 minutes
2. Denaturation 95 °C for 30 seconds
3. Annealing 58 °C for 30 seconds
4. Extension 72 °C for 2 minutes
5. Final extension 72 °C for 2 minutes

Cycles (steps 2 to 4) were repeated 35 times
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The PCR products were detected using agarose gel electrophoresis and colony
samples/clones corresponding to the expected size were incubated in 5 - 10 mL
LBamp broth media supplemented with Ampicillin at 37 °C overnight. Afterwards,
plasmids were extracted using a Wizard®Plus SV Miniprep DNA purification system
(Promega, USA) following the manufacturer's protocol. The concentration and
purity (OD 260/280 nm) of the plasmids was measured using Nanodrop2000
(Thermo Scientific, USA). Finally, to confirm the DNA sequence was in frame with
the plasmid DNA sequence, i.e. pelB leader, samples were sent to Source
Bioscience Life Sciences (Nottingham, UK) for sequencing using pOPE101
promotor primers (Table 3.3). After sequence confirmation, transformants having
the correct insert sequence were aliquoted. Equal volume of bacterial culture to
60% glycerol was added in a vial, mixed gently, vortexed and incubated for 1 hour

at - 40 °C before being stored at — 80 °C for later experiments.
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3.2.2 Protein expression (small-scale)

3.2.2.1 BabA protocol

To investigate the suitability of the protocol used for BabA expression (Hage et
al., 2015b) and prior to large-scale expression of the confirmed engineered
products, a small-scale experiment was conducted. This protocol is designed to
extract the protein from the periplasmic space in E. coli XL10-Gold using an
osmotic shock method (Schmiedl et al., 2000). E. coli XL10-Gold cells harbouring
the BabA Crown expression constructs were used for both plasmid propagation

and protein expression.

From the glycerol stock, 10 pL was inoculated into 5 mL of LBarec medium (LB Broth
containing 100 pug/mL Ampicillin, 12.5 pg/mL Tetracycline hydrochloride, 0.1 M D-
Glucose) and grown overnight at 37 °C. Next day, 100 uL from the starter culture
was inoculated into 20 mL of fresh LBarc culture medium, then grown at 37 °C
until optical density (ODsoo) of 0.6 was reached. At this point, before adding
isopropyl B-D-1-thiogalactopyranoside (IPTG) to induce protein expression, 1 mL
from the culture was taken to be used as total protein fraction. IPTG (0.1 mM)
was added to the culture medium to a final concentration of 100 pM then incubated
at 24 °C for 12 - 16 hours. Other samples e.g. the periplasmic extract were
prepared, as described below, for the investigation of the expression and were
subject to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis using Coomassie stain or Western blotting for detection of

expression and confirmation of identity, respectively.

3.2.2.2 Preparation of total cell protein fractions

After the grown culture reached an ODego Of approximately 0.6, 1 mL of the culture
was placed in 1.5 Eppendorf tube, centrifuged at 10,000 g for 1 minute at room
temperature to harvest the bacterial cells, supernatant discarded, pellet dissolved
in 100 uL Phosphate buffer saline (1X PBS) followed by 100 uL of non-reducing
sample buffer (2X NRSB), which consisted of 100 mM Tris-Cl (pH 6.8), 0.2%
bromophenol blue, 4% SDS and 20% glycerol. The solution was vortexed,
sonicated on ice using probe sonicator about 5 seconds bursts at 10 - 20 % power

in ultrasonic homogeniser (Bandelin sonopuls HD 2070) with the sample on ice,
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then kept in the freezer until use. Immediately before running in SDS-PAGE, the

sample was heat denatured at 100 °C for 5 minutes.

3.2.2.3 Periplasmic extraction and spheroplast fraction

preparation

For preparing the periplasmic fraction, cells were harvested by centrifugation at
10,000 g for 10 minutes at 4 °C. The pellet was resuspended in 1/10 culture
volume using cold Spheroplast solution [Tris-Cl 200 mM (pH 8), sucrose 20%,
ethylenediaminetetraacetic acid (EDTA) 1%] supplemented with cOmplete®EDTA-
free protease inhibitor cocktail tablets (Roche, USA), shaken gently on ice on an
orbital platform shaker for 30 minutes, then centrifuged at 10,000 g for 10
minutes at 4 °C. The supernatant, which contained the periplasmic fraction, was
collected and stored at 4 °C for further processing, while the pellet was
resuspended in cold 5 mM MgSOQ., centrifuged at 10,000 g for 10 minutes and
again the supernatant was collected. Afterwards, 250 uL of Trichloroacetic acid
solution (TCA) was added to 1 ml of each of the obtained supernatants for protein
precipitation, and centrifuged (10,000 g for 5 minutes) after incubation for 10
minutes on ice. The protein pellet was washed with 200 pyL of cold acetone and
centrifuged again at 10,000 g for 5 minutes. This step was done twice before the
acetone was discarded and the pellet was finally spun at 10,000 g for 5 minutes.
The residual acetone was allowed to evaporate. The obtained pellet was dissolved
in 100 pL of 2x non-reducing sample buffer (2X NRSB) and an equal amount of
100 pL PBS, vortexed, heat-denatured prior to running in SDS-PAGE.

3.2.3 Plasmid DNA purification and measurement

During bacterial growth for protein expression, 1 mL from the growth culture was
collected, hourly, to measure both ODego and plasmid DNA concentration. For the
later, samples purified with QIAprep® Spin Miniprep Kit-Qiagenl. The
concentration of the purified pDNA was measured using Nanodrop2000 (Thermo
Scientific, USA).
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3.2.4 Subcellular fraction analysis

3.2.4.1 SDS-PAGE

From samples prepared for subcellular fractions preparation, 12 - 15 pL of each
sample was loaded onto mini-PROTEAN TGX 4 - 20% (Bio-Rad, USA) precast gels
for vertical gel electrophoresis in Mini-PROTEAN™ tetra Cell (Bio-Rad, USA)

running for about 35 minutes at 200 Volt.

3.2.4.2 Coomassie stain

Following SDS-PAGE, Tri-glycine gels were stained with Coomassie staining
(Instant Blue, Expedeon, USA) for at least 1 hour at room temperature to obtain

good visualized protein bands, then destained with deionised water.

3.2.4.3 Western blot analysis

To specifically detect the presence of the recombinant BabA-Crown protein in the
prepared subcellular fractions, Western blotting was performed. After SDS-PAGE,
a 0.2 ym nitrocellulose membrane (Thermo Scientific, USA) was used for blotting
the Tris-glycine gels. The gel was sandwiched between two ion reservoir stacks,
one containing the blotting membrane, then laid in the centre of a cassette base
and covered. Trans-Blot® Turbo™ Blotting System (Bio-Rad, USA) was used for
blotting the gel onto the nitrocellulose membrane. Afterwards, the membrane was
blocked, by incubating for 1 hour at room temperature, in 5% non-fat milk powder
(Marvel, Premier Foods, UK) dissolved in TBS-T (Tris-buffered saline, pH 7.4,
supplement with 0.1% Tween-20) buffer. Next, freshly prepared blocking buffer
containing primary antibody was added to the membrane and incubated at 4 °C

overnight under constant shaking. The primary antibody used was either

1. A biotinylated mouse anti-c-Myc antibody (Clone 9E10, AbD Serotec, USA)
or

2. A monoclonal mouse anti-His-Tag antibody (GE Healthcare, USA)

Both antibodies were diluted in freshly prepared TBS-T buffer at a ratio of
1:5000.
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The following day, the membrane was washed four times with TBS-T buffer for 15
minutes before incubation for 1 hour with secondary antibody diluted in blocking
buffer at the same 1:5000 ratio and incubated at ambient temperature. The

secondary antibody used was either

1. Streptavidin-Horseradish peroxidase (HRP) conjugate (AbD Serotec, USA)
for c-Myc immunodetection or
2. Goat anti-mouse IgG HRP conjugate (GE Healthcare, USA) for hexa histidine

detection.

After washing four times with TBS-T buffer for 15 minutes, the membrane was
exposed to commercial chemiluminescent reagents (Pierce™ ECL Western Blotting
Substrate, Thermo Scientific, USA). The composition of the reagents for detection

used is proprietary.

Imaging was performed with a charge coupled device (CCD) camera (Fujifilm LAS-

4000) using the high binning resolution setting.
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3.3 Results
3.3.1 Construction of the BabA-Crown region

3.3.1.1 Crown region amplification

The initial step for generating BabA-Crown expression constructs was to amplify
the BabA gene fragment encoding the Crown region and its variant (BabA-
Crown_p233a/5244a). PCR products gave single bands under 300 base pairs (bp) on
agarose gel after gel electrophoresis. Considering that the gene length is 238 bp
together with the restriction sites on both C- and N-termini (11 bp) in addition to
the extra 12 bp flanking on each end, totalling 261 bp, it was assumed that
successful amplification of both BabA-Crown gene fragments had been achieved
(Figure. 3.6).

500 bp
400 bp
300 bp
200 bp
100 bp
M BabA-Crown BabA-Crown
D233A/S244A

Figure 3.6 Gel electrophoresis of BabA-Crown gene
BabA-Crown_p233a/s244a and BabA-Crown were amplified from previously constructed
recombinant BabA plasmid. The expected size of this PCR product is 261 bp including Ncol
and BamHI restriction sites and hexa-nucleotides overhang at both 3’ and 5’ ends. The
marker (M) used was 100 bp DNA ladder (Bio-Labs, UK).
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3.3.1.2 F. coli X1.10-Gold Transformation

Agarose gel electrophoresis demonstrated positive transformants (Figure 3.7) in
lanes 1 and 2. These PCR amplicons revealed, based on size, that the recipient
vector’s multiple cloning sites hosting the target sequences. While the negative
ones, lanes 3 and 4 seemed to have variable lengths corresponding to around 500

bp and were therefore discarded.

1.5 kb
1.2 kb

1 kb
0.8 kb
0.7 kb

0ss L

0.4 kb

M 1 2 3 4

Figure 3.7 PCR colony screening for an inserted BabA-Crown gene into pOPE 101
BabA-Crown_p233a/s2444 and BabA-Crown were amplified, digested and ligated into a cloning
vector, pOPE101. Agarose gel shows representative verification of vector PCR-amplified
multiple cloning sites from different bacterial colonies harbouring positive pOPE101
constructs, either corresponding to the expected size of pOPE101 multiple cloning sites of

~ 615 bp as seen in lanes 1land 2 after the marker (M), or not as seen in lanes 3 and 4.
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3.3.1.3 Confirmatory sequencing

DNA sequencing confirmed there was no mutation in the DNA sequences and that
BabA-Crown was in frame with the vector’s pelB leader sequence, the c-Myc and

6X-Histidine tags, as well as the stop codon (Figure 3.8).
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Figure 3.8 DNA sequencing analysis

Chromatogram showed sequences in frame with plasmid pelB leader of (A) BabA-Crown
wildtype and (B) mutant type (BabA-Crown_p233a/s244a). The highlighted nucleotides
encoded c-myc tag and downstream to it, after the red highlighted dashes, is the 6X
Histidine tag. The black arrows in the mutant shows the two mutations. The red arrows
indicate BabA amino acid sequence, which used as actual control to know if the sequence

aligned with it.
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3.3.2 Protein expression

3.3.2.1 BabA protocol

Bacteria harbouring pOPE101_BabA-Crown and BabA-Crown_D233A/S244A, were
tested for expression. The cellular fractions were analysed by Coomassie staining
and Western blot. However, no band at the expected molecular weight size of ~13
kDa was observed (Figure 3.9). Bands of ~20 kDa were observed in all protein
lysates. These could be the endogenous biotin carboxyl carrier protein (BCCPL) in
E. coli (Fall et al., 1971). BCCPL acts as efficient carboxyl acceptor and donor in
the biotin carboxylation and transcarboxylation reactions (Fall and Vagelos, 1972).
It is therefore detected by the Streptavidin-HRP construct used as a secondary

detection reagent in Western Blot.
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Figure 3.9 Protein expression of BabA-Crown

Western blotting showing only bands in 20 kDa all lanes, except the control (expected size
13 kDa), indicating no/very low expression. These bands represent the endogenous
bacterial biotinylated protein (BCCPL). M= Molecular weight marker, - = not induced by
IPTG, + = induced by IPTG, P= periplasmic extract, T= total cell protein extract, Mt=
BabA-Crown_p233a/5244a, W= BabA-Crown, C= recombinant BabA was used as a positive

control for Western blotting.



80

3.3.2.2 Addition of chloramphenicol

To optimise the conditions for protein expression, chloramphenicol (Merck) at
concentration of 170 pg/L (527 uM) was added into LBare medium in attempt to
increase the plasmid copy number (Andriushchenko et al., 2011). This addition
was made without any additional change in the protein expression/extraction
procedure. Ultimately, BabA-Crown was found in the soluble fraction of the cell
lysates, which contains both soluble cytoplasmic and periplasmic proteins (Figure
3.10). A dense band was observed in the periplasmic extract, which indicates
successful protein targeting by pelB leader into the periplasm. However,
overexpression was seen in the cytoplasmic soluble extract. Putative dimers
(bands of around 26 kDa) were noticed in both cell lysates, periplasmic and total
cell protein extracts. Dimers may result from disulphide bond formation between

the two cysteines residues present in BabA-Crown sequence (Figure 3.3).
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Figure 3.10 Effect of addition of chloramphenicol to LBarc media

Western blot showing protein bands at molecular weight size of about 13 kDa in both
soluble lysates after induction. Periplasmic extracts, in P+ lanes, indicate localization of
the protein in the periplasmic space. Putative dimers at about 26 kDa (red asterisks) were
found in both periplasmic, P+, and soluble total cell protein, T+, extracts using the non-
reducing sample buffer (2X NRSB). The wildtype shows more dense bands compared to
the mutant. BabA-Crown proteins could be also detected in the cytosolic extracts T+. M=
Molecular weight marker, - = not induced by IPTG. + = induced by IPTG, P= periplasmic
extract, T= total cell protein extract, Mt= BabA-Crown_D233A/S244A, W= BabA-Crown,

C= recombinant BabA was used as a positive control for Western blotting.
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To confirm that this recombinant protein forms dimers, besides non-reducing
sample buffer (2X NRSB), a reducing sample buffer (2X RSB) was used. The
purpose of dithiothreitol (DTT), present in 2X RSB, is to provide reducing
conditions i.e. breaking the protein disulphide bridges, as a result, separating the
subunits as it can be seen in the SDS-PAGE gel (Figure 3.11), whereas this bridge
connection is conserved when using non-reducing conditions. Thus, only one band
of the recombinant protein extract corresponding to the monomeric size (13 kDa)
appeared in 2X RSB compared to two bands in the 2X NRSB.
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Figure 3.11 Expression in reducing and non-reducing conditions

Reduced and non-reduced sample buffer was used to confirm the presence of disulphide
bonds in the recombinant protein expressed. In induced periplasmic extract (P+), three
bands were visualised BabA-Crown monomer corresponding to 13 kDa, the 20 kDa
endogenous BCCP protein and BabA-Crown dimer (red asterisk). The later was
disappeared when the reducing condition was applied. No protein dimer is seen in the
expected size using non-reducing sample buffer, while one band was observed under
reducing conditions. M= Molecular weight marker, = = no IPTG induction, + = induced by
IPTG, P= periplasmic extract, T= total cell protein extract. N=non-reducing sample buffer,

R= reducing sample buffer.
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To reduce the amount of the inducer, IPTG at two different final concentrations of
30 and 100 uM were used. This aimed to slow down protein translation and
localization into the periplasmic space as well as minimising potential toxicity
(Malakar and Venkatesh, 2012). Induction with low concentration (Figure 3.12),
was still helping in protein expression, but not as potent as with higher IPTG

concentration.
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Figure 3.12 Expression in different concentrations of inducer (IPTG)

Western blotting using c-Myc immunodetection showing periplasmic extracts, P, after
protein induction in two different concentrations of IPTG 30 pM and 100 pM. Protein
induction using IPTG at concentration of 100 uM shows denser band compared to 30 gM.
(=) = not induced by IPTG. P: periplasmic protein extract, T: total cell protein extract, C:

control, M= Molecular weight marker.
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A trial was made to confirm that chloramphenicol can increase the protein
expression besides testing intermediate (0.1 mM) and high (1 mM) concentrations
of IPTG. As shown in Figure 3.13, no significant differences were noticed in the
soluble lysates in LBarcc medium. The final IPTG concentration of 0.1 mM was

favourable over 1 mM to avoid the toxicity.
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Figure 3.13 Different IPTG concentrations in the presence and absence of

Chloramphenicol

Western blotting using c-Myc immunodetection showing the BabA-Crown in two different
media, right, contained chloramphenicol (CAM) and left without. Periplasmic extracts in
medium with CAM and induced with IPTG at concentration of 0.1 mM and 1 mM were seen.
This indicate that BabA-Crown protein expression was obtained in the presence of CAM
media. (=) = no induction by IPTG, T: total cell protein. P: periplasmic protein. 0.1 mM

and 1mM show different concentrations of IPTG. C: control.
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3.3.3 Chloramphenicol confines bacterial cell growth and

increases the intracellular plasmid DNA concentration

Samples (1 mL) were collected from two different media (A) LBarc and (B) LBartcc
every hour to measure the bacterial growth through the optical density (ODsoo)
and to monitor plasmid (pOPE101) replication through measuring the increment
in its DNA concentration (Figure 3.14A and 3.14B). In LBarc medium, an increase
in the optical density began after 1 hour from inoculation before entering the
logarithmic phase after more 2 hours. At this point, the bacterial growth at LBarec
medium start increasing slowly for 7 hours from the time of inoculation. Then the
cell entered a growth phase. Between hour 3 and hour 7, there is steady
multiplication in the bacterial growth in media with chloramphenicol but not in the
medium without chloramphenicol, which lasts for 4 hours (Figure 13.4C). This
difference in time represents an intermediate phase between the bacterial growth
in these two different media, thus, named the ‘confinement period’ (CP). During
which plasmid concentration steady increase with gradual multiplication in the cell
mass in LBarcc medium (Figure 13.4D). In LBarc medium, the cell mass was raised
with less plasmid concentration. This suggests the effect of the chloramphenicol
in confining the growth and, thus, may give the plasmid the opportunity to be
harboured by each divided bacterium. After 4 hours from the inoculation, bacterial
density in LBatec medium reached the density of ~0.6 at ODeoo, with higher
plasmid DNA concentration (25 pg/mL). While bacterial growth in LBarc reached

~0.6 in ODeoo, two hours earlier with plasmid concentration about 10 ng/pL.
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Figure 3.14 Bacterial growth and plasmid replication

The relationship between the bacterial growth and plasmid replication in LBate (A) and
LBatcc (B). Cellular growth in LBate takes about 4 hours to reach OD600 0.6, while LBatac
needs about 8 hours to reach the same optical density. The plasmid in LBatc duplicated
after 1 hour from inoculation while in LBatcc media begins after 4 hours and steady
increment takes about 3 hours before sharp rising after 1 hour later. During these four
hours, it was thought, plasmid multiplicated while the growth was confined, thus termed
confinement period (CP). The cellular growth in LBatc and LBarcc was compared in (C),
while the plasmid replication was compared in (D). Error bars represent the standard error

of the mean (n=3).
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3.4 Discussion

The basic objective of the work described in this chapter was to use recombinant
DNA technology to generate the interacting length of the H. pylori adhesin (BabA)
with human gastric glycan carbohydrate, (LeP). To approach this objective, BabA
gene, as a template for PCR amplification, was derived from H. pylori 199 which
represents a generalist strain (Nell et al., 2014), with binding affinity for its

neoglycoconjugate ligand (Hage et al., 2015a).

An important feature of pOPE101 vector is the presence of the N-terminal pelB
leader sequence immediately before the insertion site for the gene of interest. This
leader sequence directs the recombinant protein to the periplasmic space,
facilitating recombinant protein extraction (Choi and Lee, 2004). Cellular
periplasmic environment is a key point in BabA-Crown protein maturation and
structure stabilisation, because of the necessity to form a clasped loop by the two-
cysteine interaction (Moonens et al., 2016). Another plasmid feature is the
existence of IPTG-inducible Lac operator, which regulates protein expression and
two C-terminal tags, c-myc and Hexa-Histidine, which facilitate protein
immunodetection and purification, respectively (Ferrer-Miralles et al., 2011,
Hilpert et al., 2001). The bacterium E. coli XL10-Gold harbouring pOPE101 which
used in this study to obtain soluble BabA protein from the periplasmic space, was
previously used for BabA expression from H. pylori 17875 (Fei et al., 2011) and
J99 strains (Hage et al., 2015b).

The construction of BabA-Crown expression cassette was applied following the
classical restriction/ligation-dependent cloning (Celie et al., 2016). This starts with
PCR amplification of DNA sequence of BabA-Crown followed by digestion of the
products by specific restriction enzymes, then sealing the digested DNA within the
plasmid nucleic acids sequence. The overall procedure depends on the availability
of unique restriction sites available in both the insert and vector. These sites were
taken into account when primers were designed to avoid inconvenient gene

selection and digestion (Liu et al., 2018b).

The use of the high-fidelity DNA polymerase (KOD DNA Polymerase) contributed
to the successful results. Its ability to proofread the errors during amplification led

to the specific product without further optimization. The sequence was in frame
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with the pelB leader, which provided the start AUG start codon. The occurrence of
mutations would potentially cause a frameshift in the resulting protein sequence
(Benoit et al., 2006). Sequencing of the full insert on each clone is important to
confirm the integrity from the 5’ end of the promoter to the 3’ end of the

terminator and are in the reading frame (van den Ent and Lowe, 2006).

Primers designed with restriction enzyme sites act as adaptors for cohesive ends
production in the PCR products. These ends resulted from the added nucleotides
at the 3’ end of the DNA strands by the polymerase (Topcu, 2000). The restriction
reaction is usually carried out at 37 °C for 60 minutes. This can make it difficult
to control the reaction and may result in sticky ends or non-site-specific cutting
‘star activity’ (Du et al., 2011). The ligase derived from bacteriophage T4 is the
most commonly used enzyme in recombinant DNA technology. T4 DNA ligase
forms phosphodiester bonds between the 5'-phosphoryl and 3'- hydroxyl ends
group in double-stranded DNA. After digestion, the sticky ends helps the ligase to
covalently join the circular plasmid DNA (Celie et al., 2016). The optimum ratio
for ligating the insert to pOPE101 was 1:3. This gave rise to high recombination
efficiency as stated by (Topcu, 2000) and favoured BabA-Crown insertion over
plasmid re-circularisation. The successfully ligated plasmids were subject to

further selection process which involve bacterial transformation for proliferation.

Naturally, bacteria can obtain the genetic information through one of these three
mechanisms; conjugation (pilus-direct transference between two strains),
transduction by bacteriophage injection, and transformation through cell
membrane-bound uptake mechanism (Rahimzadeh et al.,, 2016). Artificial
transformation of the ligated PCR product or exogenous plasmid DNA into bacterial
cells is a crucial practice in genetic engineering. This occurs by heat shock, i.e. a
sudden temperature change from 0 °C >42 °C-> 0 °C for a number of seconds in
the presence of divalent cations like CaCl, (Bergmans et al., 1981).
Transformation depends on adjusting the heat-shock incubation time (45
seconds). Increasing the time to 1 minute result in poor growth. Then the viability
and selection of the recipient cells (transformants) were achieved by growing in
the presence of Ampicillin (plasmid antibiotic marker). However, during bacterial
potential reproduction, the constructed plasmid is propagated as well, but due to
unequal distribution within the bacteria, some were lost throughout the continuous

segregation (Camps, 2010). Moreover, the bacteria may harbour plasmids without
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insert due to quick re-joining mechanism, if sticky ends on either end of the vector
were not achieved or the ends are not compatible with each other. This might also
occur due to setting very low amount of T4 ligase or short incubation time (Topcu,
2000). Thus, the resulted transformants were screened by sub-culturing them into
LB media containing ampicillin (pOPE101 marker) followed by DNA sequencing as
essential quality control steps before starting protein expression of the selected

transformants.

Some E. coli strains, such as XL-10 Gold, were generated to take-up large DNA
molecule. This achieved by counter-ion mechanism which reduces the electrostatic
repulsion (Lipfert et al., 2014). However, the exact mechanism underlying
bacterial cell permeability for DNA entry is not fully elucidated, since free passage
of very large molecules through the cell wall into the cytoplasm is not known so
far. DNA is a hydrophilic negatively charged macromolecule, due to the phosphate
backbone and E. coli has a negative surface charge due to the presence of
phosphorylated lipid A in the outer LPS (Hepp and Maier, 2016). Recent research
suggested that a mutation in gene trgA (transformation related gene A) could
increase bacterial efficiency to take up plasmid DNA (Ortiz-Velez et al., 2018).
Recently, transformation has been facilitated through nanoparticles (arginine-
glucose functionalized hydroxyapatite nanoparticle) in one step (Deshmukh et al.,
2019).

According the protocol used in this study, transformation depends on adjusting
the heat-shock incubation time (45 seconds). Increasing the time to 1 minute
resulted in poor growth. Then the viability and selection of the recipient cells
(transformants) were achieved by growing the bacteria in the presence of
Ampicillin (plasmid antibiotic marker) in the growth media. However, during
bacterial potential reproduction, the constructed plasmid is propagated as well,
but due to unequal distribution within the bacteria, some were lost throughout the
continuous segregation (Camps, 2010). Moreover, the bacteria may harbour
plasmids without insert due to quick re-joining mechanism, if sticky ends on either
end of the vector were not achieved. This might also occur due to setting very low
amount of T4 ligase or short incubation time (Topcu, 2000). Thus, the resulted
transformants were screened by sub-culturing them into LB media containing
ampicillin (pOPE101 marker) followed by DNA sequencing as essential quality
control steps before starting protein expression of the selected transformants.
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Generally, protein expression is achieved by inserting a foreign DNA sequence
downstream of a highly efficient plasmid promoter. Lactose (lac) operon from E.
coli is a well-established staple in molecular biology research. Induction of /ac
operon promotor by lactose or its non-hydrolysable analogue (IPTG) is common
practice in protein production. However, this production could be hindered if a
readily metabolized carbon source as glucose exists in the medium due to “carbon
catabolite repression” (CCR) (Goérke and Stilke, 2008). This term refers to
favouring of utilization of rapidly metabolise (e.g. glucose) carbon source
represses expression of genes encoding essential proteins for operating secondary
carbon source such as lactose (Deutscher, 2008). This global transcriptional
regulatory phenomenon controls lac operon expression (Bruckner and Titgemeyer,
2002). It is mediated by catabolite repressor protein A, which is a pleiotropic

regulator of many cellular processes (Chen et al., 2018a).

The presence of glucose in the growth medium (LBatc) represses the operon and
the outcome is non-detectable recombinant protein in LBarc medium. Glucose
depletion increases expression of T7 RNA polymerase and subsequently the
expression of the recombinant protein (Ahmad et al., 2018) which is located
downstream to /ac operon. T7 RNA polymerase gene is controlled by lac repressor
and only transcribed after induction. When transcription begins, it will be
predominant over cellular proteins synthesis (Graslund et al., 2008). This affects
the cellular metabolism and plasmid replication and, as a result, produces
variation in plasmid copy number or plasmid-free cells (Camps, 2010). Thus, IPTG
places a high metabolic burden on the bacterial cells and can lead to protein
aggregation in the cytoplasm or formation of inclusion bodies (Wurm et al., 2016).
This mechanism could explain how BabA protein was obtained before inserting the
hexa-lysine tag to increase the solubility in the original protocol used. In the
present study, IPTG induction at different concentrations (30 uM - 1 mM) showed
no alteration in BabA-Crown protein expression and failed to add an advantage in
LBatc medium. High inducer concentration results in increased synthesis rate with
a severe reduction in growth rate (Donovan et al., 1996). This may also lead to
high accumulation in the periplasmic space, bacterial bursting, and cells death
(Dvorak et al., 2015). It was demonstrated that IPTG concentration of 1 mM was
not optimal to obtain the highest expression compared to lower concentrations (0-
0.5 mM) (Ahmad et al., 2019).
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It is proposed that lower temperatures reduce bacterial replication rate, thus
extending the logarithmic growth phase, in which protein is constitutively
expressed (Kelley et al., 2010). Inducing protein expression at low temperature
together with bacterial growth significantly enhances protein expression (San-
Miguel et al., 2013), maximizes protein yield, and minimizes combining growth
complications, such as activation of proteolytic enzymes associated with the
stationary phase (Graslund et al., 2008). Moreover, the decreased growth rate at
low temperature supports correct folding of the recombinant protein (Krause et
al., 2010).

The resulting BabA-Crown protein showed dimerization, as confirmed by using
reducing against non-reducing sample buffers. It is a property of native BabA to
form a cysteine clasped loop to stabilize its structure (Moonens et al., 2016).
Dimer formation is explained by the presence of two cysteine residues in the amino
acid sequence. Cysteine-pairing is formed by thiol group (SH) oxidation resulting
in a covalent bond between two cysteine residues. Disulphide bond is formed in
the periplasm by disulphide bond formation (Dsb) proteins which include DsbA
and DsbB (Nakamoto and Bardwell, 2004). Bacterial periplasm has a very high
efficiency in providing an oxidative environment for bridging the two cysteines
(Siurkus and Neubauer, 2011). Similarly, dimer formation (mis-pairing) may be
attributed to the incapability of the host’s secretory system machinery to properly
export the protein into the periplasm. This in turn can lead to protein jamming
and accumulation and ultimately misfolding and aggregation which ultimately

result in low protein yield or inclusion bodies (Berkmen, 2012).

Chloramphenicol is a broad-spectrum antibiotic acting principally as a potent
bacterial protein synthesis inhibitor by binding to the 50S ribosomal subunit. This
blocks the peptidyl transferase, which transfers the nascent peptide, from
interacting with the aminoacyl-tRNA 3’ end to form new peptide-bonds (Dinos et
al., 2016). This interference with translation is not bactericidal as it only competes
with the incoming aminoacyl-tRNA in the A site (Tereshchenkov et al., 2018).
Chloramphenicol also stimulates RNA synthesis (Fraenkel and Neidhardt, 1961,
Schlunzen et al., 2001). Addition of chloramphenicol to the growth medium
increased protein yield to a detectable level. However, E. coli XL10-Gold carries

resistance plasmids for chloramphenicol and tetracycline.
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The role of chloramphenicol in increasing the plasmid copy number and the
relationship with the improved protein yield was investigated. Two types of growth
media were used, one supplemented with chloramphenicol and the other without,
to monitor the cell growth and plasmid amplification in these media. The hourly
samples collected revealed increment in plasmid amplification/concentration,
while the cellular growth remain in linear growth. In the first hours, steady
elevation in the plasmid concentration occurred before reaching the ODggo of ~6.0.
A time-delay difference of 4 hours was observed in bacterial growth in medium
with chloramphenicol in comparison to the one without. Thus, this difference in
time window termed confinement period to describe the phase when plasmid is
amplified while cellular growth is inhibited. During this phase, simultaneous
proliferation in plasmid copy number with efficient distribution may occurred
during cellular segregation (Clewell, 1972, Andriushchenko et al., 2011). This
hypothesis based on the existence of plasmid colicinogenic factor E; (ColE:)
replication origin in pOPE101 plasmid (Inoue et al., 1983). In the presence of
chloramphenicol, ColE; enables the plasmid to continue replication, while cell mass
and chromosomal DNA were slowly duplicated. This is due to chromosomal
dependence on de novo protein synthesis (Clewell, 1972, Andriushchenko et al.,
2011), while plasmid replicate independently without requirement for initiator
protein (Teich et al., 1998), as it only utilises the residual protein present for
several replication cycles (Tomizawa et al., 1975). Replication of ColE; plasmid is
autonomous and controlled by plasmid origin of replication (ori) which is regulated
by RNA polymerase (RNAI and II), Rom (RNA one modulator) or Rop (repressor
of primer) proteins, DNA polymerase I (Pol I) and RNase H (Wegrzyn, 1999,
Brantl, 2014). Plasmid replication starts with synthesising antisense RNAI, using
host polymerase (pol I), which interacts with pre-primer RNAII to form a hybrid
with the single DNA strand at the origin. This RNA-DNA hybrid (R-loop) is stabilised
by Rom protein until cleaved by RNase H which create a free 3'-OH end. DNA
polymerase (pol I) use this end to initiate the leader strand synthesis forming a
D-loop. Initiation of plasmid replication is positively regulated by antisense RNAII
system which maintains plasmid copy number and negatively by RNAI and Rop
protein (Wang et al., 2007, Brantl, 2014). Therefore, the ratio between these two
systems or the capacity of the RNAI to join with its complementary RNAII
determines the longevity of plasmid replication. For this reason, increment in

plasmid amplification heighten the concentrations of the antisense-RNA system
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which put much stress on the inhibited cellular growth (Brantl, 2014) also plasmid

replication increases cellular glucose uptake (Wang et al., 2006).

Because E. coli XL10-Gold cells carry plasmids having cat gene which encodes
chloramphenicol acetyltransferases (CATs) for chloramphenicol resistance, it
takes time to restore the partially inhibited resistance machinery, i.e. protein
synthesis, but never die (Huang et al., 2017). Moreover, the inhibitory effect of
chloramphenicol on peptidyl transferase activity is reversible, but concentration-
dependent (Frenkel and Bremer, 1986). It was shown that high concentration of
chloramphenicol can outcomes in special translation-arrest at specific sites, which
lead to reorganisation of the ribosomes on mRNA (Marks et al., 2016). At high
chloramphenicol concentrations (> 100 pg/mL), the chloramphenicol will be in
excess over the peptidyl transferase to saturate bacterial 50S ribosomal subunit
and show high binding affinity to the ribosome (Dinos et al., 2016). This high
concentration may make XL-10-Gold cells sensitive to chloramphenicol, in addition
to pOPE101 plasmid propagation was not potentially high due to, in line with
(Siibak et al., 2008), chloramphenicol severely inhibitory effect on ribosomal
assembly. The concentration of the chloramphenicol seems to be bacterial strain
or vector specific factor. In the literature, different final concentrations (10-300
Mg/mL) were used to increase the protein expression. Final concentrations of
chloramphenicol (10-20 pg/mL) was used to maximise the amplification and
replication of colicinogenic factor E; (Co/E;-type) plasmids (pB322 and pB327) up
to 10 fold in K12 strains, while higher concentrations (100 pg/mL) using pB329 in
E. coli RR1 were reported to have similar effects (Frenkel and Bremer, 1986,
Bentley et al., 1990).

Overall the DNA concentration of pOPE101 plasmid was increased during bacterial
growth in medium containing chloramphenicol compared to bacterial growth in
medium lacking this antibiotic and was estimated to be more than 3 fold.
Therefore, plasmid propagation within bacterial cells coupled with its distribution
into the offspring are two essential boosters for increasing protein expression.
Consequently, modifying the contents of the growth medium by adding
chloramphenicol result in successful BabA-Crown protein expression. This
modification could be a simple alternative method to the genetic modification (6X

lysine tag insertion) which recently applied to increase BabA protein expression.
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3.5 Conclusion

This work showed the successful construction of recombinant BabA-Crown plasmid
and transformation into E. coli XL10-Gold, which was used for both plasmid
propagation and protein expression. Recombinant protein expression was not
possible without chemical modification of growth medium by adding

chloramphenicol.
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CHAPTER FOUR

4. Testing BabA-Crown protein
functional properties as a moiety for

gastric drug delivery

4.1 General overview

BabA is the most studied adhesin in H. pylori as a virulence factor. In this chapter,
an innovative step towards translating the applicability of BabA minimal binding
domain to be used as the proteinaceous moiety for gastric drug delivery system
was attempted. Thus, the aim of this chapter was to characterise BabA-Crown
protein functional properties in simulated gastric conditions. In this context, two

main assessments were addressed

1. The ability of BabA-Crown domain to bind to its ligand
2. The resistance of BabA-Crown protein to peptic digestion/simulated gastric
acidity.

So far, two crystal structures for BabA from two different H. pylori strains (17875
and J99) have been published (Moonens et al., 2016, Hage et al., 2015a). These
structures gave detailed information about the molecular association mechanisms
between BabA as bacterial adhesin and LeP as gastric cellular receptor. The data
revealed that the bacteria seems to undergo variable mutations in the adhesin
sequence to interact with the gastric cellular receptor according to the host

conditions. These substitutions occur constitutively in two regions termed the
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hypervariable loops (Figure 3.2), which give rise to highly diverse sequences
determining the binding ability and/or the strength of attachment. The binding
residues (Figure 4.1) are the same in both strains except in H. pylori 17875 strain,
binding to Le-Galactose is mediated by Glutamine (Q:207) (Moonens et al.,
2016), while in H. pylori 199 strain binding to Fucose 4, instead of Galactose 2,
occur through Asparagine (N:206) (Hage et al., 2015a). This substitution may
give rise to difference in the overall binding strength as the dissociation constant
(Kd) in 17875 is (80.0 £ 7.1 pM) about three times stronger than in J99 (Kd ~252
MM) (Moonens et al., 2016, Hage et al., 2015a).

Figure 4.1 Molecular determinant of BabA preferences to Le® binding

BabA-Crown crystal structures from BabAJ99 (A) pdb: 4ZH7 and from BabA17875 (B) pdb:
5F7W which explain different binding preference of the bacterial strain. (A) N206 in
BabAJ99 binds to Fucose 4 in Le® while in 17875 strain (B) the binding is mediated by
G191 binding to Galactose 5. The two residues (G191 and N209) are located in the

hypervariable loop (marked in violet).
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The knowledge gained from these binding interactions could be rationalised to
include polymorphic BabA sequences from other bacterial strains to spot how
attachment and non-binding states occur. As shown in Figure 4.2, BabA contains
some conserved residues such as C24, G26, N31, S87 and T89 to determine the
binding ability and D76, S77 to determine the non-binding status, while shift in
N44/Q45 reduce or increase the binding strength as demonstrated in bacterial
strains J99, 17875. BabA in strains like J116 and 92-26 is non-functional (Hennig
et al., 2004), due to three substitutions in the hypervariable loop such as having
E50 instead of N/D/I, besides replacing DS with GW/QS in sites 82 and 83,
respectively. In specialist strains e.g. Peruvian strain (P448) the binding residues
such as N50 and Q51 with S and S in 83 with G. Although BabA mediates bacterial
binding to LeP, some H. pylori strains such as 166 developed a mechanism for
BabA-independent LeP-binding. The dissociation constant of J166AbabA mutant
whole cells to Le® was 9.2 X 10*> M bonds and 0.7 X 10> M for the wild-type (Fei
etal., 2011).

¢ y 1Ll

J99 ENFKKLNEAYQILQTALKRGLPALKENNGKVNVTYTYTCSGDGNNNCS--8-QVTGVNNQ 57
17875 ENFKKLNEAYQILQTALNKGLPALKENNGTVSVTYTYTCSGEGNDNCS--K-KATGVSBQS?
87-29 DNMKKINEAYQILQTALKKGLPALKENSGTINVKYNYTCSGEGNNNCS--Q-EATGVNDQ 57
87-33 DNMKKLNEAYQILQTALKKGLPALKENNGNINVTYSYTCSGEGNSNCK--K-AVTGVEIQ 57
J116 ENFKKINEAYQILQTALKNGLPALKENNGKVNVTYTYTCSGEGNNNCS - -S-EVTGVNEQ 57
92-26 ENFKKLNEAYQILQTALKQGLPALKENNGKVNVTYTYTCSGGGNNNCSSTK-EATGVNEQ 59
P448 DNFKKLNEAYQILQAALKKGLPALKENNGTIKVEYTYTCSGEGNTNCDPSLFDIAG-NSS 59

Consensus ENFKKLNEAYQILQTALKKGLPALKENNGXVNVTYTYTCSGEGNNNCS - -K-EXTGVNXQ

100%

Consenation HIERN Iith or AR e T

60 80 100

| | |
J99 KD----G-TKTKIQTIDGKSVTTTISSKVVDSRADGNTTGVSYTE | TNKLEGVPD 107
17875 NG----G-TKTKTQT IDGKTVTTTISSKVVDSQAKGNTTRVSYTE | TNKLDGVPD 107
87-29 NG----G-SITKTQTIDGKTVTTMISSKVVNSTAPGNTSGVSYTE | TAKLNGVPD 107
87-33 NG--- -SKTTTKIQT IDGKQVTTTISSKVVDSGAEGNTSGVSYTE I TNGLNGVPD 108
J116 NG----G-TKNTTQT IDGKSVTTTISSKVVEBWQAQGNTAHVSYTE I TNKLDGVPD 107
92-26 IG----G-TKTETQTIDGKSVSTTISSKVVQSEE-=E TNGAAYTE | TNGLSGVPD 104
P448 NGEGRNGGSKTTTQTIDGK@VTTTISSKVVDGNASGNTSHVSYTE I TNQLTGVPD 114

Consensus NG----G-TKTKTQT IDGKSVTTTISSKVVDSQAXGNTSGVSYTE I TNKLXGVPD

100%

consenaton [ 1 Aol L LD DT el T e D e

Figure 4.2 Multiple alignment of Crown sequences

Alignment of BabA amino acid sequence from selected H. pylori strains. Strains with
functional BabA are 87-33, 87-29, J99 and 17875, while J116 and 92-26 represent strains
with non-binding BabA. Strain P448 represents BabA specialist phenotype. The similar
binding sites in both strains were marked by black arrows, while the green and red lines
to mark the differences in the binding sites in two crystallised BabAJ99 and BabA17875,

respectively. The underlined purple lines represent the hypervariable loop.
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In order to persist in the gastric epithelium, H. pylori tends to undergo dynamic
processes in attachment (to gain nutrients) and detachment (escaping from the
luminal acidity and pepsin). These processes are modulated by BabA loss/gain
mechanism through phase variation/switching to express other paralogues or
adhesins (Ansari and Yamaoka, 2017). Loss of BabA expression is reversible and
independent of the host immune response but may be host determinant (Moore
et al., 2011, Kable et al., 2017). A recent study revealed that binding of BabA to
LeP-glycoconjugates is a critical negative feedback mechanism in response to the
mucins as binding inhibits bacterial proliferation and decreasing BabA expression

limited subsequent aggregation on the epithelial surfaces (Skoog et al., 2017).

For the sake of potential oral therapeutic systems, pH-responsive carrier offer two
things, formulation stability in the stomach and controlled release of the drug after
specific adherence (Liu et al., 2017a). H. pylori besides developing variable
sequences to adapt to the surrounding gastric environment, creates systems for
sensing the harsh situations. BabA as acid sensitivity system (Figure 4.3) is one
example that provide insights for the ultimate goal of this study as it elucidates
the bacterial mechanism of acid resistance. Based on the rate of binding and
disassociation (on/off rate), which decreases or increases the binding affinity in
the acidic conditions, BabA as acid sensitivity system was predicted to explain the
pH-responsive adherence (Bugaytsova et al., 2017). The structural composition
of this system mainly consisted of three domains, which are Crown (called
carbohydrate binding domain or CBD by the Boren Group), Velcro and stalk
domains. The Crown is the ligand binding domain, the Velcro domain is composed
of three helices and determines BabA avidity through forming low affinity
monomers of high avidity multimers. The switching between these different
conformations is determined by a key position E/D 207 and assisted by one
residue, key position 199, which is located on one of the two hypervariable loops.
D198/R207 is predicted to be acid-responder forms salt bridge which either relax
the binding site or fast tighten it to decrease binding affinity. This bridge is
disrupted at pH <4 and alter the folding to exclude fucose 1 from binding to the
cysteine clasped loop, thus increases the off-rate. Finally, Stalk domain, mostly
Beta-sheets, is responsible for connecting BabA extracellular part to the

membrane-anchored domain in the outer membrane.
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Head Domain

E/G 428
Velcro Domain

Stalk Domain

Figure 4.3 Structural organisation of the acid sensitivity system

Acid sensitivity structural organisation classified BabA into direct binding domain, Crown,
Velcro domain which controls BabA multimerisation to increase binding avidity and Stalk
domain which links the extracellular domain with the membrane-anchored domain in the
outer membrane. Red arrow connecting R207 and 198 predicted to form salt-bridge, which
joins the key coil at high acidity and is disrupted at pH <4 through the key-position 199.
The position E/G 428 was suggested to play a direct role in acid-responsive effects. H=
helical (Moonens et al., 2016).



99

4.2 Experimental procedures

4.2.1 Mutagenesis to introduce AviTag™ sequence

Site-directed mutagenesis was performed using Q5™ high-fidelity DNA
polymerase (New England Biolabs, USA) to insert an AviTag™. Primers shown in
Table 4.1 were designed to introduce the AviTag™ sequence encoding the amino
acid sequence (GLNDIFEAQKIEWHE) between pelB leader in the plasmid and the
Crown complementary DNA region. This sequence will act as a substrate for BirA
ligase, which adds a single biotin molecule into the protein sequence. Introducing
this tag will offer specific site for enzymatic biotinylation (see Chapter 6) and thus
reduce or eliminate aggregation when incubated with Streptavidin-coated
nanoparticles (Beckett et al., 1999, Fairhead and Howarth, 2015). PCR
thermocycling was set up as described in Table 4.2. Afterwards, plasmids were
extracted, transformed into E. coli XL-10 Gold and sequenced as described in
Section 3.2.1.3.2.

Table 4.1 AviTagTM forward and reverse primers

Primer name Primer Sequence (5’ — 3')

AviTag-Crown For CAAAAGATCGAATGGCATGAAAACAACGGGAA
AGTCAATGTAACCTATACTTACACATGC

AviTag-Crown Rev AGCTTCAAAAATATCATTCAGTCCTGCCATGGC
CGGCTGAGCT

Table 4.2 Thermocycling conditions for mutagenesis

Step Temperature Time

1. Initial Denaturation 98°C 30 seconds
2. Denaturation 98°C 10 seconds
3. Annealing 72°C 30 seconds
4, Extension 72°C 30 seconds
5. Final Extension 72°C 5 minutes

Cycles step 2-4 repeated 30 times



100

4.2.2 Protein expression

4.2.2.1 Large-scale protein expression

The same protocol used for small-scale in section 3.2.2 was adjusted to be used

for large-scale expression.

40 ul of E.coli XL-10 Gold cells were grown in 20 mL of LBarc medium at 37 °C
overnight. From this starter culture, 2 mL was used to inoculate 1 L of LBarc
medium grown in a 2 L Erlenmeyer flask at 37 °C. When the ODe¢oo reached ~0.6,
cells were induced with 0.1 mM IPTG and the incubation temperature lowered to
24 °C for 12-16 hours. Bacterial cells were harvested through spinning for 20
minutes at 10,000 g at 4 °C. The supernatant was kept at 4 °C after filtration
through a 0.22 um filter to exclude cell debris and large aggregates. The pellet
was dissolved in 1/10 culture volume of spheroplast solution [Tris-Cl 200 mM (pH
8), sucrose 20%, ethylenediaminetetraacetic acid (EDTA) 1%] and mixed gently
for 1 hour, centrifuged for 1 hour at 14000 g (4 °C). The new pellet was re-
suspended in 1/10 culture volume of 5 mM MgSQs4, shaken gently for 1 hour, then
centrifuged (20 minutes at 10,000 g, 4 °C). The supernatant was again filtered
(0.22 pm filter) and mixed together with the previous one. 1 tablet of protease
inhibitor cocktail (cOmplete® EDTA-free, Roche, USA) was added to every 25 mL

of the periplasmic extracts before extraction.

4.2.2.2 Protein purification

Protein purification was conducted by either the automated purifier system, AKTA
Start chromatography system (GE Healthcare, UK), or manually using gradient
elution (gravity-flow chromatography). In manual purification, the periplasmic
extracts were combined with 1 mL of cOmplete His-Tag Purification Resin (Roche,
USA) and loaded into a PD-column holder (Econo-Pac® chromatography columns,
Bio-Rad) after one-hour incubation. The solution was drained at a flow rate not
greater than 2 mL/min, then the flowthrough was collected. The column was
washed with 5 column-volumes (CV) of wash buffer (20 mM Tris-HCI, pH 7.4, and
300 mM NaCl) and protein was eluted stepwise with different percentages (5%,
10% 25%, 50% and 100%) of 500 mM imidazole in wash buffer. All of the
purification fractions collected were analysed by SDS-PAGE and InstantBlue-

staining.
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Using AKTA Start chromatography system (GE Healthcare, UK) facilitated by
UNICORN start system control software, periplasmic extract was loaded onto a 1
mL HisTrap-HP histidine-tagged protein purification column. A gradient elution
program was set to run at a flow rate of 1 mL/min. The running buffer consisted
of 20 mM Tris-HCI (pH 7.4) and 300 mM NaCl and the elution buffer contained 20
mM Tris-HCI (pH 7.4), 300 mM NaCl and 500 mM imidazole. Eluted fractions were
loaded onto 4 - 20% Mini-PROTEAN® TGX™ Precast Gels for SDS-PAGE and

InstantBlue-staining.

4.2.3 Tryptic peptide mapping
Experimental procedures performed by University of York

Peptide mapping is a technique for protein identification. Enzymatic digestion with
Trypsin is applied to obtain constituent peptides. Trypsin cleaves the peptide
bonds at the C-terminal of Arginine and Lysine if not followed by Proline (Heissel
et al., 2019, Olsen et al., 2004). These peptides are then identified using mass
spectroscopy and a database. Purified BabA-Crown was gel-electrophoresed and
the band corresponding to the expected molecular weight was excised and placed
into Eppendorf tube containing sterile molecular biology grade water before

sending it to the University of York. Procedures are outlined below in brief.

After washing the samples with 50% (v:v) aqueous acetonitrile, gel pieces were
vacuum dried, then rehydrated with trypsin solution for 10 minutes followed by
addition of 25 mM ammonium bicarbonate solution to cover the gel pieces.
Digestion was carried out using trypsin at a concentration of 0.02 mg/mL and
incubated overnight at 37 °C. Resulting fragments were analysed by matrix-
assisted laser desorption/ionization (MALDI) system. Bruker ultraflex III in
reflectron mode was used to obtain Positive-ion MALDI mass spectra. Mascot
program (Matrix Science Ltd.) version was used for Tandem mass spectra data

analysis through Bruker ProteinScape interface (version 2.1).
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4.2.4 Characterization of peptic digestion

4.2.4.1 Pepsin cleavage sites modelling

To predict the gastric pepsin digestive sites, bioinformatics tools were used. This
was performed by submitting BabA-Crown amino acid sequence to ExPASy
PeptideCutter (Swiss Institute of Bioinformatics), then mapping the potential
predicted cleavage sites onto the BabA crystal structure for modelling simulation.
Pepsin cleaves peptide bonds at hydrophobic amino acids, in particular, the
aromatic residues (Tyrosine, Phenylalanine, and Tryptophan) if not before Proline
(Kamatari et al., 2003).

4.2.4.1.2 Peptic digestion test

To test the protein resistance to peptic digestion, a modified protocol from
(Thomas et al., 2004) was used. 2 pyL of recombinant BabA-Crown protein at
concentration of 1 mg/mL was added to 8 puL of 50 mM KH;PO4 (pH 4.5) or with
NaCl 100 mm (pH 1.2) containing 750 units/mL pepsin from porcine gastric
mucosa (Sigma-Aldrich, USA). Samples were incubated at 37 °C for variable
times, then the reaction stopped at the indicated time points by adding 10 pL of
quenching solution, 1 M Tris-HCI (pH 10.0). Afterwards, 20 pL of 2x NRSB were
added to each sample and heat-denatured for 5 min at 100 °C. Subsequently,
samples were loaded into Tris-Glycine gradient (4-20%) mini-PROTEAN TGX gels
(Bio-Rad, USA), separated by SDS-PAGE and analysed by various techniques as
described below. Protein reference sample for time point zero was primed with the

quenching solution before mixing with the pepsin solution.
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4.2.5 Sample analysis

Samples were analysed as described in section 3.2.2. However, silver stain was

applied to increase the detection sensitivity.

4.2.5.1 Silver staining

Gels containing digested BabA-Crown samples were analysed using silver stain kit

(Sigma-Aldrich, USA) following the manufacturer’s instructions.

After electrophoresis the gel was immersed for 40 minutes in 100 ml of fixing
solution (50 mL absolute ethanol, 10 mL acetic acid in 40 mL ultrapure water),
then washed with 100 mL 30% ethanol for 10 minutes. To remove the ethanol,
the gel was washed for 10 minutes with 200 mL ultrapure water, then incubated
for 10 minutes with 100 mL sensitiser solution (1 ml of ProteoSilver Sensitizer in
99 ml of ultrapure water) and washed twice with ultrapure water. The gel was
equilibrated for 10 minutes with 100 ml of the Silver solution (1 ml of ProteoSilver
Silver solution in 99 ml of ultrapure water), then incubated for 1 min with 200 ml
ultrapure water. After water removal, 100 ml of freshly prepared Developer
solution (5 ml ProteoSilver Developer 1 in 95 ml of ultrapure water) was added.
This was incubated for 3 - 7 mins and the reaction stopped with 5 mL of the
ProteoSilver Stop Solution (0.1 mL ProteoSilver Developer in 95 mL of ultrapure
water) to the developer solution to stop the developing reaction and incubated for
5 minutes. The Developer/Stop solution was then decanted and the gel washed
for 15 minutes with 200 ml of ultrapure water. The gel was stored in fresh,

ultrapure water.

4.2.6 BabA-Crown binding ability

Sandwich Enzyme-linked immunosorbent assay (ELISA) was used to test the
ability of BabA-Crown protein to perform the function of whole BabA in binding to
Le. Human serum albumin (HSA) (Sigma Aldrich), HSA-Le?, HSA-LeY and HSA-LeP
glycoconjugates (Isosep AB, Sweden) were immobilized by direct absorption to
Nunc MaxiSorp®flat-bottom 96-well plates (Thermo Scientific, Denmark) at a
concentration of 5.0 ug/mL dissolved in sodium carbonate (pH 9.6) buffer. BabA-

Crown protein was diluted to different concentrations (10 - 20 pg/mL) and
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incubated overnight at 4 °C. Then, the plate was washed three times with
phosphate buffer saline (PBS) supplement with 0.05% Tween 20 (PBS-T). Next,
mouse anti-c-Myc: Biotin clone 9E10 antibody (AbD Serotec, USA) diluted
(1:2000) in PBS-T was applied and incubated for 2 hours at room temperature.
After three washes, the step of the primary antibody was repeated with
streptavidin-horseradish peroxidase (AbD Serotec, USA). Subsequently, binding
was detected by solution contains chromogenic substrate 3, 3’, 5, 5’
Tetramethylbenzidine (TMB), sodium acetate/acetic acid buffer (pH = 6.0) and,
before applying to each well, H,O, was added to the solution to reach a final
concentration of 0.03%. After 10 minutes of incubation, the reaction was stopped
by adding 50 pL H>SO4 (2 M). Absorbance was measured at 450 nm on a

microplate reader (Tecan, Spark™ 10M multimode microplate reader).

4.2.7 Single-chain fragment variable recombinant

antibody

Specific anti-BabA Single-chain fragment variable (ScFv) antibody was used to
directly detect the presence of BabA-Crown protein. It was generated after
screening of phage-displayed recombinant single-chain fragment variable
recombinant library for antibodies reactive with a recombinant BabA. This selected
one was named K22, kindly provided by Professor Tim Cover’s group (Vanderbilt
University, USA). Therefore, it was used for direct identification (tags-independent
recognition) of the recombinant binding domain (BabA-Crown). BabA-Crown
detection method was applied according to Hennig et alet al. (2004). In brief, after
separation by SDS-PAGE, samples were blotted onto nitrocellulose membrane.
The membrane was blocked with PBS + 0.1% Tween 20 (PBS-T) for 90 minutes.
It was then probed for 2.5 h with E-tagged ScFv present in solution (18 mM Tris
pH 8.0, 0.6 mM EDTA, 12% w/v sucrose, 0.1% Tween 20 and 0.1% Triton X100).
After washing with PBS-T for 30 minutes, the membrane was incubated with the
secondary anti-E tag polyclonal antibody conjugated with HRP (Abcam, UK) at a
dilution of 1:4,000 in PBS -T, for 90 minutes at room temperature. After washing
for 30 minutes washes with PBS-T, the membrane was detected as described in
section 3.2.3.3.
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4.3 Results

4.3.1 Introducing the AviTag™ sequence

To generate a specific region for AviTag-mediated site-specific monobiotinylation,
purified plasmids (wild and BabA-Crownp233a/s244a mutant types) were subjected to
site-directed mutagenesis. This tag will offer specific site for enzymatic
biotinylation and thus reduce protein aggregation when incubated with
streptavidin-coated particles (detailed in chapter 6). The construct contained the
AviTag directly after the pelB signal peptide and before the Crown sequence
(Figure 4.4). AviTag PCR products were generated in both BabA-Crown constructs

using specific sets of primers and screened by gel electrophoresis (Figure 4.5).

Nco1 BamH1

STOP

— Pro pelB |AviTag (3532%/};220\3:) C-Myc | 6X His%

Figure 4.4 Location of the AviTag in the expression cassette of the Crown construct
BabA-Crown after mutagenetically cloned, by restriction enzymes NcoI and BamHI, into
the cloning vector pOPE101. Pro: Lactose promoter (synthetic P/A1/04/03); LacO:
lactose operator; arrow: represents the start codon; pelB: leader sequence for protein
transference into the periplasm; 6x Lys: Hexa-lysine peptide to increase protein
expression and solubility; c-myc and 6x His: tags for immunodetection and protein

affinity purification, respectively; X/STOP: stop codon.

8 Kb
7 Kb

5 Kb
4 Kb

M W Mt

Figure 4.5 Representative PCR products of a mutagenised BabA-Crown construct
Agarose gel of PCR-amplified samples. The wildtype (W) and mutant (Mt) BabA-
Crown_p233a/s244a constructs were successfully amplified from the BabA-Crown plasmid. M

= marker
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4.3.2 Confirmatory sequencing

To ensure the AviTag sequences were upstream of BabA-Crown DNA and in frame
with the pelB signal peptide, the plasmid was purified and sent for sequencing.
There was no frameshift produced as seen in the chromatogram viewed by

Snapgene software (Figure 4.6).

BsrFI  Nael
BtgI
AlwNT pipr NOOMIV  Eael .

GCTGGCTTGCTGCTGCTGGCAGCTCAGCCGGCCATGGCAGGACTGAATGATATTTTTGAAGCTCAAAAGATCGAATGGCATGAAAACAACGGGAAAGTCAATGTAACC
+ 1 + ! + 1 + 1 . ! s ! ' ! . 1 . Il + 1 + 1
T T T t T + T T T T T T T T T T T t T T T

CGACCGAACGACGACGACCGTCGAGTCGGCCGGTACCGTCCTGACTTACTATAAAAACTTCGAGTTTTCTAGCTTACCGTACTTTTGTTGCCCTTTCAGTTACATTGG

10 L L L L 15 N L L L 20 1 L " L ) A N N L 10 s L L L 15
Ala Gly Leu Leu Leu Leu Ala Ala GIn Pro Ala Met Ala Gly Leu Asn Asp Ile Phe Glu Ala GIn Lys lle Glu Trp His Glu Asn Asn Gly Lys Val Asn Val Thr
PelB leader d [AviTag™ ] - n frame with AviTag -

[ Crown —

mm) Ala Gly Leu Leu Leu Leu Ala Ala GIn Pro Ala Met Ala Gly Leu Asn Asp Ile Phe Glu Ala GIn Lys Ile Glu Trp His Glu Asn Asn Gly Lys Val Asn Val Thr

GCTGGCTTGCTGCTGCTGGCAGCTCAGCCGGCCATGGCAGGACTGAATGATATTTTTGAAGCTCAAAAGATCGAATGGCATGAAAACAACGGGAAAGTCAATGTAACC

GCTGGCTTGCTGCTGCTGGCAGCTCAGCCGGCCATGGCAGGACTGAATGATATTTTTGAAGCTCAAAAGATCGAATGGCATGAAAACAACGGGAAAGTCAATGTAACC

Figure 4.6 Representative DNA sequence of BabA-Crown construct

Chromatogram trace of BabA-Crown construct sequence showing AviTag™ sequence
(highlighted in light blue). Left to it is part of pelB leader sequence and downstream to it,
is BabA-Crown nucleotides. Underneath the DNA sequence is the corresponding amino
acid sequence. The translation showed AviTag™ is in frame with pelB leader and BabA-

Crown. Red arrow indicates BabA amino acid sequence.
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4.3.3 Protein purification

After BabA-Crown protein expression, the recombinant protein was extracted from
E. coli XL10-Gold periplasmic space and purified from the rest of the bacterial
proteins using IMAC and analysed with SDS-PAGE and Coomassie stain. The hexa-
histidine tag at the protein C-end was used for the IMAC purification. Based on
the Coomassie stain, the protein was purified through manual (step gradient) and
the automated IMAC (continuous gradient) purification methods using AKTA Start
chromatography system (Figure 4.7). No protein appeared in the flow through.
This suggested complete recombinant protein binding to the resin and high binding
affinity of the histidine tagged-protein to the nickel-nitrilotriacetic acid (NTA)
matrix present in the column. This is also supported by absence of the protein in

the wash fractions.

Protein elution started with imidazole at concentration 50 mM and increased at
higher concentrations 125 and 250 mM (Figure 4.7A). Thus, an imidazole
concentration between 125 and 250 mM was chosen as the optimum range for
harvesting purified protein in the automated system (Figure 4.7 B). Therefore,
these amounts were concentrated and loaded onto a gel filtration column for
further purification, based on the size of the protein (Fig. 4.7C). After Coomassie
staining, the eluted fractions were pooled together and a 3 kDa molecular weight
cut-off centrifugation was applied to remove most of the imidazole as well as to

concentrate the protein.
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Figure 4.7 IMAC chromatogram of the purification of BabA-Crown

Different IMAC-elution fractions were collected, separated by SDS-PAGE and analysed via
Coomassie staining. Manual gradient IMAC purifications (A) show fractions elution using
imidazole at different concentrations 50 -250 mM of imidazole. Lane FT in (A) and lane 1
in (B) show no purified protein was detected in the flowthrough. Lanes 2 - 3 in (B)
represent the purified BabA-Crown periplasmic extracts, using imidazole concentration
between 120 to 250 mM, after pooling the tubes having the eluted fractions corresponding
to the peaks displayed in (C) with the automated AKTA Start chromatography system. M=
Molecular weight marker. FT= flow through. W= wash-out sample. Red asterisk (*)
indicates possible protein tetramer formation.
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4.3.2 Tryptic peptide mapping

To verify the identity of the protein obtained after purification, peptide mapping
was performed from the excised gel slice. Beforehand, tryptic mapping (Figure
4.8) was performed using ExXPASy PeptideCutter to determine the potential trypsin
cleavage sites. The mapped peptides obtained by tryptic digestion contained about

999% of BabA-Crown residues.

Tryps
Tryps |
Tryps Tryps Tryps | | Tryps
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Figure 4.8 Schematic indicating tryptic potential sites
A) Schematic indicating tryptic potential sites Trypsin cleaves the C-terminal of Lysin
(K) or Arginine (R) if next residue is not Proline (P). Tryps=trypsin
B) BabA-Crown amino acid fragments identified in peptic fragmentation. Brown arrows

indicate the site of cleavage.
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4.3.3 Pepsin digestion

To assess the potential pepsin cleavage sites within BabA-Crown amino acid
sequence, a prediction model for peptic digestion was generated (Figure 4.9) using
ExPASy PeptideCutter. These potential cleavage sites were mapped onto BabA-
Crown crystal structure (Figure 4.9A). Out of all of BabA-Crown binding residues,
it was predicted that Serine (S:83) (5244 in BabA) is the only binding-site residue
that can be affected by pepsin digestive activity (Figure 4.9 B). As shown in (Figure
4.9C) the potential peptic cleavage sites were intense in the AviTag™ sequence at

the N-terminal and the two tags (C-myc and 6X Histidines) at the C-terminal sites.
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Figure 4.9 BabA-Crown protein predicted model

(A) Side view of BabA-Crown, the potential cleavage sites highlighted in red.

(B) Side view showing BabA-Crown binding to Le®.
Serine is one of the residues which involved in binding interactions.

(C) BabA-Crown sequence showing pepsin predicted cleavage sites
The residue Serine (S: 83), underlined with green, participates in binding interactions,
predicted to be cleaved. The first 15 residues underlined are the AviTag™ sequence.
The two lines at the C-terminal are C-myc tag and Histidine tag in red and blue
respectively. Pn: indicate pepsin digestion sites, Pn1.3 = pepsin (pH 1.3), Pn2
=pepsin (pH>2).
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To experimentally determine the outcome of pepsin digestion on ligand binding,
BabA-Crown protein was subjected to peptic digestion at two different pH values.
One represents pepsin in partial activity at pH 4.5 (Figure 4.10) and the other at
maximal activity at pH 1.2 (Figure 4.11). After incubation with pepsin in a time
course trial, samples were analysed through SDS-PAGE and Coomassie stain.
Firstly, at pH 4.5, the analysis revealed that BabA-Crown can withstand up to more
than 5 minutes and less than 15 minutes in the simulated gastric fluid containing
pepsin (Figure 4.10A). However, using the same samples in the same conditions
and analysed by more sensitive staining method i.e. silver staining, BabA-Crown
sustained pepsin digestion up to 45 minutes (Figure 4.10B). But two apparent
bands were visible as patterns from BabA-Crown protein. The obtained pattern is
consistent with pepsin cleavage as the larger MW band may result from cleavage
of the sequence between T23 and S73, while the small one may represent the

degraded bands from the Crown and the three tags.
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Figure 4.10 BabA-Crown after pepsin digestion at pH 4.5

A time course of BabA-Crown peptic digestion at pH 4.5 as analysed by SDS-PAGE and
stained by (A) Coomassie stain and (B) silver staining. Pepsin cleaves BabA-Crown into
two parts (boxed). M= molecular weight marker. Numbers indicate time points in minutes.

Red star indicates the presence of the second the band.
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Secondly, BabA-Crown was tested at the pepsin maximal activity, pH 1.2. This
reaction was analysed by Coomassie stain. This showed that BabA-Crown is

resistant for less than 5 minutes before complete degradation (Figure 4.11).

37 <« Pepsin

15
BabA-Crown
10 fragments
M 0 0.25 0.5 1 2 5 15 30 45 minutes

Figure 4.11 Coomassie stain for BabA-Crown after pepsin digestion

A time-course of BabA-Crown peptic digestion at pH 1.2 analysed by SDS-PAGE and
Coomassie stain. Pepsin initially cleaves BabA-Crown into two parts starting from 15 and
30 seconds, with no protein visible after 5 minutes. Numbers indicate time points in

minutes.
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The result obtained from pepsin digestion was used to anticipate the state of BabA-
Crown on H. pylori surface. The potential pepsin digestion sites at BabA were
modelled onto the crystal structure (Figure 4.12). This would suggest that BabA
is a very fragile protein in the presence of pepsin at low pH. This appears
counterintuitive in a bacterium which has evolved to cope with the acidic
conditions present in the stomach. Thus, we propose (Figure 4.13) that only part
of the Crown motif is exposed to the harsh gastric environment, with the rest of
BabA domains protected by the lipopolysaccharide (LPS) chains forming the
bacterial outer membrane. This provides a possible protecting barrier from pepsin
digestion in the stomach. The length of the LPS in H. pylori is not known but it
was estimated to be more of less than E. coli which is between 7- 46 nm, while
BabA estimated to be between 6.2 and 7.4 nm.
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Figure 4.12 BabA crystal structure showing pepsin cleavage sites
The predicted potential pepsin digestive sites (shown in red) were mapped onto BabA
crystal structure. The prediction was performed based on the probability of pepsin peptide

bond cleavage on the BabA amino acid sequence.
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Figure 4.13 Prediction of BabA-Crown status on H. pylori surface
The Crown motif predicted to be embedded in a lipopolysaccharides (LPS) layer, which
estimated to be 7 - 46 nm (Strauss et al., 2009), extended from the bacterial (OM) outer

membrane.
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4.3.4 Assessment of binding ability

4.3.4.1 Enzyme-linked immunosorbent assay

To test Bab-Crown protein functionality after expression and purification, various
ABO/Le blood group antigens were used for binding evaluation (Figures 4.14).
Specific binding was observed in BabAs,;« (wildtype), while no binding was seen
in BabA-Crown, which could be attributed to either improper protein folding or an
unknown issue with detection. As expected, BabA-Crownp233a/s2a4a mutant type
proved to be inactive, as it possessed two mutations in the binding residues
(D233A and S244A). The absence of binding between Le® and both of BabAs,/«
and BabA-Crown validated the experiment. Le® does not contain Fucosel, which
is an essential sugar in BabA binding interactions, forming H-bonds with C189,
G191, N194 and T246 in the protein. Interestingly, BabA-Crown mutant type

showed a little elevation in binding to Le?, which is one of SabA’s ligands.
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Figure 4.14 Binding of BabA-Crown using sandwish ELISA

BabA, as a positive control, binds to LeP while BabA-Crown has not shown any affinity.
BabA-Crown mutant variant (BabA-Crownpz3sa/s244a) shows weak binding to Le® and LeV.
Standard error of the mean was represented by error bars from triplicate readings from
three independent experiments (n=3), asterisk (*) = significant difference, error bars
represent the standard error of the mean, P <0.001) using 2way ANOVA for multiple

comparisons followed by Tukey post-hoc test.
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4.3.4.2 ELISA using Nickel nitrilotriacetic acid-Atto 488

for direct detection

This is a direct ELISA assay in which Nickel nitrilotriacetic acid-Atto 488 (Ni-NTA-
Atto 488) was used to bind directly to the tag and reveal the binding if present.
Fluorescent light was applied to excite Atto-488 at 485 nm and emission measured
at 535 nm. As shown in Figure (4.15), convincing binding was seen in BabAsz7«
(wildtype), while BabA-Crown still remained non-functional. This result indicated
that BabA-Crown protein could not perform the binding functionality
independently, possibly, due to improper folding. However, unexpectedly, BabA-

Crownp233a/s244a binding to Le? was again noticed.
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Figure 4.15 ELISA using Ni-NTA-Atto-448 for direct detection of BabA-Crown
binding

BabA which bound to Le® was used as a positive control and BabA mutant as a negative
control. While BabA-Crownp233a/s244a form shows an affinity to Le?, BabA-Crown has not
bound to all of the glycoconjugates tested. Error bars represent the standard error of the
mean from triplicate readings, n = 3, asterisk (*) = significant difference, (p > 0.001),

using 2way ANOVA multiple comparisons followed by Tukey post-hoc test.
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4.3.5 Phage-displayed ScFv recombinant antibody

This was performed to check whether the E-tagged K22 ScFv binds to the Crown
directly as tag-independent recognition agent. K22 was immunoblotted with BabA
(wild and mutant types) and BabA-Crown (wild and mutant types) and was
detected using HRP-Anti E-Tag antibody. The K22 antibody recognised only BabA

but not BabA-Crown, BabAp233a/s244a Or BabA-Crownp23sass244a (Figure 4.16).

M 1 2 3 4 M

Figure 4.16 Immunoblotting of Bab-Crown with K22

BabA-Crown proteins and BabAsz7« (each Wildtype and mutant) were separated by SDS-
PAGE, relocated into nitrocellulose membrane before immunoblotted with K22
(recombinant ScFv antibody). Binding of this anti-BabA antibody was detected by HRP-
Anti E-Tag antibody. 1. BabA-Crown 2. BabA-Crownp233a/s244a 3. BabAs27x mutant 4.
BabAs27k. M= Molecular weight marker.
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4.4 Discussion

Following successful expression and purification of BabA-Crown, assessments
toward usage as a gastric-target moiety were addressed. Two objectives were set
in this chapter to obtain relevant insights. Firstly, to assess the stability of BabA-
Crown protein against acid/pepsin digestion. Secondly, measuring its binding

affinity and specificity.

To direct BabA-Crown to the glycan on the surface of the gastric epithelial cells,
where it is supposed to bind and increase drug retention time, the protein has to
sustain the conditions prevalent in the stomach lumen. However, the stomach is
a harsh acidic-denaturing milieu mediated by digestive gastric juice. This fluid
consists mainly of proteolytic enzyme, i.e. pepsin, and hydrochloric acid.
Hydrochloric acid secreted in the stomach display the pH values, which vary
according to the prandial status. In the fasted state, it reaches pH ~ 1.5 and
ranges from 2 - 7 in the fed state (Russell et al., 1993, Mudie et al., 2010). In the
stomach, a gradient difference in the acidity is exited from the acidic lumen to the
near-neutral mucosal epithelial surfaces due to bicarbonate secretion (Feldman,
1983). This secretion results in a rapid rise in the alkalinisation to pH =4 within
less than 10 seconds (Kenny et al., 2008). Additionally, the mucus layer, which
protects the epithelial cells from luminal acid and pepsin, contains the bacterial
BabA-Crown ligand Le® (Allen and Flemstrom, 2005). Thus, to mimic the stomach
acidic environment, simulated gastric fluid at pH values of 4.5 and pH 1.2 were
used, at which the pepsin partial activity (70%) and full activity (100%) reached,
respectively (Piper and Fenton, 1965). Even though pepsin is inactive at pH = 6.5,
it remains stable until near neutral condition (pH 8.0). At which the activity can
be restored if the pH is reduced to 3.0 (Johnston et al., 2007). Thus quenching

solution at pH 10 was used to stop pepsin activity.

To the best of our knowledge, the susceptibility of BabA or its components to
peptic digestion has not been described in the literature. Therefore, bioinformatics

tools were used to predict pepsin cleavage sites within the BabA-Crown.

It is very necessary to know whether the protein could interact with pepsin, how
the interaction could occur and what effect would be. Knowledge derived from

such interaction would improve the safety drug usage when come to clinical
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practise (Zeng et al., 2014a). Pepsin as a globular digestive protease in the
stomach is secreted by the chief cells in order to degrade the dietary proteins into
peptides (Schubert and Peura, 2008). Structurally, pepsin is composed of two
homologous domains. The catalytic site is formed by two Aspartates (one is
protonated, while the other is not) present in a cavity between the two domains.
Active site protonation to reach maximum activity occurs in pH range from 1.5-
2.5 (Yue et al., 2019). Pepsin cleaves mainly the peptide bonds between
hydrophobic amino acids, in particular, those containing the aromatic group
(Mohseni-Shahri et al., 2018). Pepsin is less specific compared to trypsin
(Kamatari et al., 2003). The outcome of the peptic fragmentation depends on
many factors such as pH, time or length of exposure and concentration (Ahn et
al., 2013). Pepsin hydrolysis activity at pH > 2 is less specific as it cleaves at either
site of N- or C- terminals of the aromatic residues or Leucine, if not before Proline
(Kamatari et al., 2003). While this specificity is increased at pH 1.3, the cleavage
occurs only at the amide bonds in the hydrophobic residues such as Leucine and
Phenylalanine. Pepsin at rare occasion cleaves after Histidine and Lysine if not

adjacent to Phenylalanine and Leucine (Ahn et al., 2013).

Experimentally, BabA-Crown showed partial resistance to peptic digestion. SDS-
PAGE analysis revealed a pepsin resistance to up to 5 minutes, while using the
more sensitive silver staining, a small amount of BabA-Crown was detected after
more than 45 minutes without complete degradation. As predicted, two main
fragments were visualised in the gel after staining, one could represent most of
the BabA-Crown sequence and the other one, as was mapped within the peptic
zone, may include the AviTag™ sequence, which present in the N-terminal. This
may affect the binding ability as one of the binding residue (S: 244). Moreover,
pepsin hydrolysis may include the biotin conjugation residue (Y: 245), which is
prerequisite for biotin-strept(avidin) interaction for coating nano/micro-particles.
Thus, pepsin cleavage may lead to undesired protein conformational folding and

affect the functionalization of the non/micro-particles used for drug delivery.

The use of a bioinformatic resource for prediction of pepsin digestion, i.e. peptide
cutter, is not completely appropriate due to the limited ability to perform high
efficient substrate prediction (Bhagwat et al., 2018) and sometimes may give
unrealistic results as demonstrated in (Pickles et al., 2014). The data obtained

from BabA sensitivity to peptic digestion could suggest the position/exposure of
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the binding site, in bacterial (H. pylori) surface, to the surrounding environment.
It is assumed that BabA-Crown is embedded in the outer membrane and extruding
from the lipopolysaccharide (LPS). This makes only the Crown in the exposed
arena and enclosed BabA-head and handle parts into the cell membrane. This
assumption was based on the presence of the LPS with variable lengths in the
outer membrane of some Gram-negative bacteria (Slomiany and Slomiany, 2017).
Lipopolysaccharides constitute most of the outer membrane in Gram-negative
bacteria and provide a protective layer against the host immune system. It contain
three parts (1) lipid A which is anchored in the cell wall (2) oligosaccharides core
and (3) O-antigen domains (O'Donoghue et al., 2017). The exact
Lipopolysaccharides structural organisation in H. pylori still remains to be
determined, and its width as well. It has been proposed to be linear composed of
short inner core of hexasaccharide (Glucose-Galactose-Heptose-III-Heptose-II-
Heptose-I-keto-deoxyoctulosonate) linked through Heptose-III to outer core
comprised of trisaccharides (GIcNAc-Fucose-Heptan) and decorated with Lewis
antigen at the outermost part (Li et al., 2018, Li et al., 2017). The length of the
lipopolysaccharides in E. coli strains having O-antigen is varied from 17 £ 10 to
37 £ 9 nm and about 3 £ 2 to 5% 3 in strains without O-antigen. However, this is
correlated between the bacteria and the type of the host cell or tissue (Strauss et
al., 2009), e.g. LPS in Salmonella enterica expressing O-antigen estimated to be
16 - 46 nm. This length of LPS provide a protective role against complement and
phagocytosis. Resistance was suggested to be due to a conformational change or
the very long length of LPS may led to epitopes dispersion (Murray et al., 2006).
The length of BabA was suggested to be about 6.2 nhm, however, as LPS structure
in H. pylori is not determined, this suggestive model could be determined if other
techniques such as in vitro model or high-resolution magnetic resonance imaging
technique (Eida et al., 2016), Cryogenic electron microscopy (Cohen et al., 2017)
or atomic force microscopy (Strauss et al., 2009) were used. The study of the

length and composition of H. pylori was set as a future plan.

The result obtained in this chapter could be promising if the gastric-targeting
moiety was aimed to be located in a distal area from the acidic lumen or in a
proximal to the pH-neutralised micro-environment found on the epithelial cell
surfaces. Even though, this would restrict the application of BabA-Crown, if used,
to the fed state only (Scott et al., 1998, Pflock et al., 2004). However, the
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susceptibility of one of the Crown binding site to the pepsin digestion is a major
drawback as well as the binding inability. One possible strategy to decrease the
proteolytic digestion could be achieved by fluorinating the amino acids such as
leucine and isoleucine, and as a result, interfere with the enzyme binding site
(Huhmann et al., 2017). This strategy can be applicable assuming that fluorination
does not interfere with ligand binding. Another possible techniques is to add
amides such as N-Methyl- and N-ethyl-amides to the carbohydrate, as amidation

was suggested to increase the binding affinity (Miller-Podraza et al., 2008).

To achieve the goal of developing drug delivery system, BabA-Crown adhesion to
gastric epithelial cells is a fundamental property. Therefore, it is of paramount
importance to ensure that recombinant BabA-Crown is folded correctly and as a
minimal binding site can retains glycan-binding ability. Binding was assessed in
vitro using glycoconjugates (HSA-LeP and HSA-Le?) through sandwich ELISA. As
BabA is derived from generalist strain (H. pylori 199), it can, as recorded in the
literature, interact with type 1 Le®/ABO blood group antigens with variable binding
affinities to Le® (Nell et al., 2014). However, no attachment to type 2
(corresponding to ABO/ Le blood group antigens) is expected. This lack of binding
to type 2 is due to the difference in the type of the glycosidic linkage between the
galactose and N-acetylglucosamine residues, GalB1-3GIcNAc and GalB1-4GIcNAc
linkages in type 1 and 2, respectively (Hage et al., 2015a).

In the present experiments, LeP was used as the target ligand and Le? as a negative
control for binding. Although both of these ligands are from the same type, Le®
lacks Fucose 1 residue which forms hydrogen bonds with four of the eight binding
residues (Cysteine 189, Glycine 191, Asparagine 194 and Threonine 246) in BabA-
Crown (Moonens et al., 2016, Hage et al., 2015a). Anti-C-Myc tag antibody against
the protein’s C-terminal c-Myc tag was used to detect the binding interaction
between BabA-Crown and Le", which was immobilized to a Maxisorp®plate. BabA-
minimal binding site in comparison to BabA showed no binding activity. However,
binding of BabA-Crownpz33a/s2a4a mutant to one of type 1 ABO/Le blood group
antigens, le?, was not expected. This binding was reproducible using Ni-NTA-Atto-
448 which interacts directly with the His-tag in the protein. Atto-488 is a
commercial name for a rhodamine derivative (Konrad et al., 2016). This water-
soluble fluorescent dye is recommended for protein labelling because of its

photostability (Zhang et al., 2017). BabA-Crownp233a/s244a Mutant binding activity
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could undergo further confirmation if tested against a positive control such as
SabA.

It worth noting that in ELISA assay, the positive control (BabAks;) validated the
interaction with LeP. The lack of functionality may be due to protein aberrant
conformation or the inability of the detecting antibody to access the detection
tags. Thus, an attempted to use the specific anti-BabA antibody (K22), which does
not detect any tags was carried out. K22 is a phage-displayed single-chain
fragment variable (ScFv) recombinant antibody generated to identify BabA
(Hennig et al., 2004). It was selected after screening a phage-displayed ScFv
recombinant antibody library that was specifically reactive to recombinant BabA
protein (jhp0833) (GenBank accession number AAD06409), comprising amino
acids 128-310, from H. pylori 199. This sequence is closely related to the construct
BabAchr. (review chapter 5) which comprising amino acids from 124 - 296. It was
suggested that K22 recognised an epitope within BabA in a well-conserved
sequence among different H. pylori bacterial strains (Hennig et al., 2004).
However, the exact binding sites between this antibody and BabA were not defined
from multiple alignment of amino acid sequences. Interestingly, Hennig let al.,
(2004) referred the variation in binding abilities to the heterogeneity in the Crown
hypervariable loops as one of the strains (H. pylori 87-33) that binds to Le" and
K22 has a mutation in N209E (Hennig et al., 2004). Later, BabA crystal structures
revealed that a change in one of the binding sites (N209A) reduced the binding
affinity and dual mutations or a disruption of the folding using redox-active
pharmaceutic N-acetylcysteine to cleave the Cysteine bridges, can produce non-

binding activity (Moonens et al., 2016, Hage et al., 2015a).

In this experiment, K22 was used for direct reactivity with BabA-Crown,
recombinant BabAxsz (wildtype) and the mutant ones. K22 antibody proved to be
reactive with BabAxsy without detecting the other proteins including BabA-Crown.
This reinforced our view of BabA-Crown structural misfolding as the cause of non-
functionality. The performance and specificity of the recombinant antibodies is
determined by the nature of the recognition sites or the epitopes, which can be
divided into linear or conformational. Linear epitopes bind to antibodies via a
stretch of connected amino acids. Conformational epitopes are amino acids
forming an epitope joint together because of protein folding (Forsstrom et al.,
2015, Forsstrom et al., 2014). Hage et al, (2015) demonstrated that dual
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substitutions in BabA (D233A/S244A) did not change the secondary structure
(Hage et al., 2015a). This was proved in the experimental done by Hennig et al.,
(2004) as one of the strains (H. pylori 92-26) has a dual mutation in D233Q and
S244A. Therefore, as the folding of BabA was not the cause of K22 non-detection,
the specificity of K22 was probably due to the epitopes that either laid outside of
BabA-Crown amino acid sequence or these epitopes are within the sequence but
BabA-Crown did not reach the right conformation/folding to be detected by the
K22 antibody. Circular dichroism was set as a future step to know if the secondary

structure of BabA-Crown still retains the mostly B-sheets structure.

To investigate the causes of BabA-Crown non-functionality, additional factors were
considered as stresses such as the role of the added Chloramphenicol in
accelerating protein production. Increasing the plasmid copy number might
negatively affect the bacterial (E. coil XL10-Gold) gene transcription rate or cause
imbalance between protein production and localisation in the periplasm (Li et al.,
2014). This alteration could adversely affect the bacterial cellular functions in
terms of interference with the transcription levels as more mRNA is synthesised
to produce more recombinant protein (Schendel et al., 1989). The high copy
number up-regulated the rate of expression and/or protein accumulation in the
periplasmic space (de Marco, 2009). Therefore, intensification of protein
expression may not work in harmony with secretory mechanisms and adjustment
of gene expression levels with the flow of cellular metabolism was not as required
(Baumgarten et al., 2018). This ultimately may result in protein accumulation in
the periplasmic space, which subsequently extracted and used. Thus, to minimise
the stress arose from the added chloramphenicol, protein expression in low or

chloramphenicol free media should be tried.

Another factor which may interfere with binding ability could be dimer formation
(multimerisation). The Crown, as revealed in the crystal structure is mostly -
antiparallel sheets and the interacting sites are stabilised by cysteine clasped loop,
however, as a minimal binding site, asymmetric structure could result and alter
the orientation of the interacting residues (Brown, 2006) dimerization may also
occur on the membrane surfaces (Lin et al., 2014) to render the hydrophobicity
(Arnaouteli et al., 2017) and increase the binding affinity or the conformation

(Bugaytsova et al., 2017).
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The dimers could be gained from three-dimensional domain swapping, a
mechanism by which exchange of identical elements occurs between two or more
protein to form dimer or oligomers (Baiesi et al., 2016). Therefore, it is useful to
use separating techniques such as size exclusion chromatography to isolate the
monomer from the dimer based on the difference in the size and use each of the
two protein in binding assay to confirm which one attained the correct folding
(Hong et al., 2012). Size exclusion chromatography is analytical technique
routinely used for protein separation based on the difference in the mass and for
analysing protein aggregation (Busch et al., 2017). However, it may give
inappropriate mass estimation because the retention time relies on hydrodynamic
radius and molecules interaction with the stationary phase may occur (Amartely
et al., 2018). Protein secondary structure or aggregation can be characterised by
another methods such as Circular dichroism (Miles and Wallace, 2016), nuclear
magnetic resonance spectroscopy (Sugiki et al., 2017) and solid-state nuclear
magnetic resonance spectroscopy (Mandala et al., 2018), but protein refolding
(multimerization) may occur again after purification or during storage due to some
environmental factors such as pH, salt and temperature (Brusotti et al., 2018).
Thus, reducing condition is required to maintain the monomer and prevent further
dimer or oligomer formation (Dombkowski et al., 2014). However, the use of

reducing agent may impact the BabA-Crown binding ability to the ligand.

A recent study justified the need for ‘Velcro’ domain to support BabA structure
and thus influence binding property (Bugaytsova et al., 2017). The study proposed
that Velcro domain comprised of one helix in the head and two helixes in the
handle forming a trio of helices. This domain was suggested to play a part in
controlling BabA multimerisation and mediate acid-responsive adherence and thus
determine binding affinity. Substitution of glycine in amino acid 428 with glutamic
acid in Velcro domain, which is diametrically (~ 40 A° away) opposite the Crown,
resulted in lower binding capacity. Moreover, there is an undefined link between
this domain and two amino acids (D198 and R207), located in one of the
hypervariable loops, the one immediately after the disulphide clasp (between
C189 and C197) in acid responses. These two residues form a salt bridge and
stabilise the disulphide clasp and seemed to act as a pH sensor. Bridge disruption
at pH 1- 4 (less than 4) leads to loss of the Crown’s ability to hold Le® and thus

binding activity. It was also suggested that Velcro domain helps BabA forming a
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multimeric structure in native BabA at pH around 5.5 and at less pH dissociated
into oligomer before come to a monomer structure at lower pH. Trimeric form of
BabA was suggested to be of the highest binding affinity and the natural
topological form (Bugaytsova et al., 2017, Moonens et al., 2016). However, this
study did not include BabA protein from H. pylori 199, which does not have D198
and R207 in its amino acid sequence. Thus, the role of Velcro domain as a pH
sensor or in multimerisation may reflect the need for a similar chaperon-like
domain, within BabAJ99, to bring BabA-Crown conformation into a proper

functionality.

The term chaperon was originally introduced for a separate class of proteins
expressed upon an unfavourable shift in the surrounding environment (i.e. heat
shock proteins) (Motojima, 2015). This term appeared to be more descriptive for
protein family having a domain in its sequence to participate in protein folding,
stabilisation, degradation and yield increasing (Kyratsous et al., 2009). Therefore,
a postulation that an intraspecific sequence which maybe encoded in BabAJ99
amino sequence was considered as an important point to solve the binding
functionality issue. It is proved that proteins perform their biological function after
reaching their native specific three-dimensional structures structure which is
encoded in their amino acid sequences (Diaz-Villanueva et al., 2015). The next
steps, concluded from the data obtained in this chapter, are to confirm whether
the BabA-Crown protein has the native secondary structure using circular
dichroism, modify the expression conditions to exclude the Chloramphenicol from
the growth medium and look for a chaperon-like domain within BabA protein.
There is an evidence that VacA, as autotransporter, has an intramolecular
chaperone sequence which played a role in assist the folding during or after
translocation (Letley et al., 2006) or stabilising the adhesin tertiary structure and
functionality (Heim et al, 2014). This integral part is prone to the surrounding
changes such as pH or temperature which may disrupt the native structure and
lead to loss of function (Motojima, 2015). Even though the length of Dnal is small
compared to the other intramolecular chaperones, its function maybe like
Streptococcus mutans adhesin P1, which is double in length and assists in protein
folding and stabilising the tertiary structure (Heim et al., 2014).
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4.5 Conclusion

The Crown region is not sufficient to bind/recognise the ligand of BabA. Further
optimization is required in terms of optimising expression conditions or structural

modifications, with an aim to ensure that it is folded properly.
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CHAPTER FIVE

5. Alternative strategies for BabA-

Crown expression

5.1 General overview

The main objective of this chapter was to apply alternative strategies to solve the
issue of BabA-Crown'’s lack of binding functionality. This started with considering
the effect of adding chloramphenicol in order to achieve the recombinant
expression. It was hypothesised that chloramphenicol increased the plasmid copy
number and this could push the (chloramphenicol-resistant) bacteria to accelerate
protein synthesis. This burden may affect the folding machinery and result in non-
functional protein (discussed in chapter four). To address this issue, two strategies
were applied: the first one was to adjust the growth media in an attempt to reduce
or exclude the chloramphenicol. The second strategy was performed at the
molecular level by adding additional nucleotides to extend the length of the

minimal binding domain and constructing various different truncates as well.

As previously explained in Chapter three, BabA X-ray structure revealed Hydrogen
bonding interactions (Serine 190 to Lysine 119, Isoleucine 121 to Threonine 188,
and Asparagine 123 to Threonine 186) between BabA-Crown and two beta sheets
located in the Head domain. These beta sheets are not themselves involved in
ligand binding. However, they may support the folding/binding of the Crown
region. Accordingly, the length of the Crown domain was adjusted to include them,
i.e. amino acids 124-296. This new truncate (Figure 5.1) was named BabA-Crown-
Head-Partial-Length (BabAche). Secondly, as a precautionary process, the

complete sequence (amino acids 55- 462) of both BabA’s Crown and the Head
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(Figures 5.2) was recombinantly constructed and called BabA-Head-Crown-

Handle-Free (BabAnckr).

K119-S190

I1121-T188
N123-T186

Figure 5.1 Crown-Head-Partial-Length (CHPL)

3D ribbon structure of BabA ]99 strain showing the Crown (Gold) with part of the Head
(dark magenta), this covers amino acids 124-296. Two beta sheets from the Head and
Crown domains interact through several Hydrogen bonds K119, 1121 and N123 on the
Crown to S190, T188, and T186 on the Head domain, respectively. These interacting

residues may support/stabilise the structure.

Figure 5.2 structure of BabA-Crown and the Head

3D structure of BabAJ99 showing Head (dark magenta) and Crown (Gold) domains which
comprise amino acids 55- 462, forming the truncate BabA-Head-Crown-Handle-Free
(HCHF).
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Subsequently, a mutagenic step was carried out in the BabA coding sequence to
incorporate nucleotides encoding protease-recognition sites in the DNA sequence
(382 - 400 and 634 - 645 bp). After protein expression, these cleavage sites will
be cut precisely by the protease enzyme. Notably, Factor Xa (Stuart-Prower
factor) is the most used protease to remove a tag from any fusion protein (Jenny
et al., 2003). Thus, a Factor Xa endo-protease recognition sequence (Ile-Glu/Asp-
Gly-Arg) was introduced into recombinant BabA sequence in the loops located
immediately up- and downstream of the Crown domain. Factor Xa sequence Ile,
Glu, Gly and Arg replaced L171, P172, A173, L174 (loop1) at the Crown N-terminal
amino acids and (loop2) G254, V255, P256, D257 at the C-terminal amino acids.
The idea behind this construct, named BabAra, (Figure 5.3), was to allow accurate
folding of BabA-Crown protein within the full length of BabA protein synthesis.
Then after protein expression and purification, incubate with Factor Xa protease

to release the Crown.

Loop1 o ——-
Aa171-174 .

> Aa

254 257 Loop2

Figure 5.3 Crystal structure of J99-BabA protein

BabA-Crown (Gold), Head (dark magenta) and Handle (blue). Scissors showing places
where two Factor Xa restriction sites at the N-terminal amino acids (Aa) 171-174 and at
the C-terminal amino acid 254-257 were aimed to be inserted and where to cut after

expressing the protein.
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In a further attempt, an additional new version of a recombinant construct was
generated to include BabA-Crown plus Dnal sequence linked to one more copy of
BabA-Crown at the N-terminal, thus termed Cr-Dnal-Cr (Figure 5.4). This truncate
was though to act as Velcro domain in BabA 17578 and to be the divalent form of
BabAJ99. The four cysteine residues were assumed to form two clasps and bring
the binding sites together, while the Dnal domain as a helix region provides a
hinge-like structure. Crownl comprises the Avitag at N-terminal and amino acids
(N177 - A259), while Crown 2 include G143-A259 besides the Dnal domain.

Figure 5.4 Cr.Dnal-Cr

Schematic ribbon representation of two BabA-Crown (Gold) domains separated by Dnal

(forest green) and loop from the Head (dark magenta). Crown 1 include the AviTag
sequence at the N-terminal followed by sequence from the Crown N177-A259. Crown 2
starts with G143-A259 and include the Dnal domain.
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5.2 Experimental procedures

5.2.1 Generation of truncated BabA expression constructs

Based on the aforementioned lack of glycan binding, four different truncates of
BabA were generated from plasmid coding sequence of BabA from H. pylori 199,

except Cr-Dnal-Cr, as summarized in Table 5.1.

1. BabAchr: Gene fragment 371 - 888 bp encoding amino acid sequence 124
- 296

2. BabAucHr: Gene fragment 163 - 1386 bp encoding amino acids 55 - 462
These constructs contain DNA sequence encoding hexa-lysine tag, which
was originally used for increasing BabA expression and solubility (Hage et
al., 2015b), was included to be expressed at the C-terminals of these

proteins (Figure 5.5).

3. BabAra: site-mutagenesis was used to incorporate two proteolytic cleavage
at two loops behind an after the Crown domain encoding loop1 (amino acids
171-174) and loop2 (amino acid 254-257).

4. Cr-Dnal-Cr: cDNA synthesized by Invitrogen (GeneArt Gene Synthesis,
USA) encoding two copies of BabA-Crown domain linked by a short
sequence of Dnal superfamily domain.

All of these constructs were generated after subsequent gene amplification, double

digestion, ligation and transformation as described in Section 3.2.1.



Table 5.1 BabA truncated expression constructs

The abbreviation used in naming BabA constructs were detailed in the main text

Construct Name

Vector Backbone

Cloning Host

BabAcrrL
BabAncHF
BabArxa
Cr-Dnal-Cr

(A)

- Pro

pOPE101
pOPE101
pOPE101
pOPE101

Nco1

m m m m

coli XL10-Gold
coli XL10-Gold
coli XL10-Gold
coli XL10-Gold

BamH1

pelB

BabAcyp,
BabAyc
BabA;,,

STOP

6x Lys| C-Myc | 6X His %

Nco1

BamH1

pelB

Cr-DNAj-Cr

STOP

C-Myc | 6X His %
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Figure 5.5 Schematic diagram representing the expression constructs built in

pOPE101 vector

A. The cDNAs encoding BabAchr, BabAncHr, BabArxa in addition to B. Cr-Dnal-Cr were

cloned, by restriction enzymes Ncol and BamH]I, into the cloning vector pOPE101. Pro:

Lactose promoter (synthetic P/A1/04/03); LacO: lactose operator; arrow:

represents the

start codon; pelB: pectate lyase B leader sequence for periplasmic targeting; 6x Lys: Hexa-

lysine peptide to increase the expression of the protein; c-myc and 6x His: tags for

immunodetection and protein purification, respectively; X/STOP: stop codon.
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5.2.1.1 Gene design - PCR amplification

PCR was performed using Q5™ high-fidelity DNA polymerase (New England
Biolabs, UK) for fragment amplification following the manufacturer’s protocol. The
constructs listed in Table 5.1 were engineered from previously formed

recombinant plasmids using the designed primers shown in Table 5.2.

Cr-Dnal-Cr synthesised by GeneArt (ThermoFischer Scientific, UK) was sub-cloned
into pOPE101 and transformed into E. coli XL10-Gold as described in Section
3.2.1.3. PCR products were analysed on 1% agarose gel buffered by Tris-Borate-
EDTA (TBE).

Plasmid confirmatory sequencing was carried out by Source BioScience,
Nottingham using primers listed in Table 3.3. SnapGene® software (GSL Biotech
LLC, USA) was used for alignment of the obtained DNA sequences with BabA ]J99
(GenBank accession no. AAD06409).
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Table 5.2 BabA truncated expression constructs

The oligonucleotide primer name comprises the names of the target gene sequence,
restriction enzyme sequence and whether it is a sense (FOR) or antisense (REV).
Nucleotides of the restriction sites (CCATGG & GGATCC), underlined, are located
downstream of the hexa-overhang nucleotides. The reverse primer contained the hexa-
lysine peptide, bold font, at downstream to BamHI restriction site. The primers used for
constructing BabArxa_pOPE101 through site-direct mutagenesis were designed to insert
nucleotides encoding cleavage sites sequences for Factor Xa protease. Loop 1 and 2
referred to the positions where the cleavage sites introduced into BabA-Crown N-and C-

termini, respectively.

Vector backbone Primer name Primer Sequence (5'- 3")
pOPE101 BabAcur._Ncol For  TCGCATCCATGGCCACGCAATGCGG
GGGTAAG
pOPE101 BabAchr._BamH1 GCTGCTGGATCCCTTCTTCTTCTTCT
Rev TCTTTGCGTTGTTGATGGTGTTA
pOPE101 BabAuchr_Ncol For TCTGATCCATGGACCCGAGCGCGATT
AAT
pOPE101 BabAnchr_BamH1 CGAGTTGGATCCCTTCTTCTTCTTCT
Rev TCTTATTCACCAGAGTGTCAGCG
pOPE101 BabArxa_Loopl For ATCGAGGGTCGTAAAGAAAACAACG
GGAAAGTCAATGTAACC
pOPE101 BabArxa_Loopl Rev  GCCTCGTTTTAAAGCCGTTTGGAGGA
TCT
pOPE101 BabArxa_Loop2 For ATCGAGGGTCGTAGCGCTCAAGCGC
TCTTAGCGCAAGC
pOPE101 BabArxa_Loop2 Rev  TTCTAATTTGTTGGTGATTTCGGTGTA

GGACACCCCTG



136

5.2.2 Protein expression

To check the possibility of obtaining BabA-Crown recombinant protein using a
growth medium with minimal concentration of chloramphenicol or
chloramphenicol-free medium, three different kinds of media LBar medium, which
have no glucose or chloramphenicol (LB Broth containing 100 ug/mL Ampicillin,
12.5 pg/mL Tetracycline hydrochloride), LBar¢ medium, which only contains
glucose (LBar medium supplement with 0.1 M D- Glucose) and LBarecc medium
(LBate medium supplement with 34 pg/mL chloramphenicol) were prepared.
Small-scale expression was performed as described in (Section 3.2.2) to examine
the likelihood of achieving soluble protein in the periplasmic space in E. coli XL10-

Gold cells.

5.2.3 Circular Dichroism Spectroscopy

All BabA-Crown CD experiments were performed by Dr Geoff Holdgate at
AstraZeneca, while Cr-Dnal-Crown CD experiments were performed by

collaborator at CBS, University Of Nottingham.

In the present research, J-810 Spectrophotometer (Jasco, USA) and Pi Star-180
Circular Dichroism Spectrophotometer (Applied Photophysics, UK) were used for

detecting protein spectra.

Sample (1 uM) was placed in a buffer consisting of 20 mM Tris-HCI (pH 7.5). Using
a quartz cell at 25°C measurements were made with a 0.1 cm path length at data

pitch of 0.5 nm and a 100 nm/min scanning speed.

5.2.4 Enzyme-linked immunosorbent assay

ELISA was performed as described in Section 4.3.4.1.

5.2.5 Peptic digestion

This was carried out as described in Section 4.3.3
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5.3 Results

5.3.1 Growth medium optimization

Three different types of growth media (LBar, LBatc and LBarec) were examined to
elucidate which one will be useful for producing soluble protein in the bacterial
periplasm with low/zero concentration of chloramphenicol. BabA-Crown was
successfully expressed in LBar medium but not in LBarec or LBarcc media (Figure
5.6). E. coli endogenous ~20 kDa protein was present in the cytosolic extracts in
LBatec and LBarcc media, while a small amount of this protein was observed in LBar

medium together with BabA-Crown putative dimer.

kDa | L 1 . 1

20 —

M 1 2 3 1 2 3

Figure 5.6 Comparison between different LB media

Western blot showing protein bands in Lane 1 at molecular weight size of about 13 kilo
Dalton (kDa) in both soluble lysates, periplasmic extracts (P) and cytoplasmic extract (C),
with the presence of putative dimers, red asterisk (*) at about 26 kDa. Bands appeared
in molecular weight 20 kDa, lanes 2 and 3 in P and C, are the bacterial endogenous biotin
carboxyl carrier protein (BCCPL). 1. LBat, 2. LBatg, 3. LBatcc media, M= Molecular weight

marker. Numbers (15 and 20) indicate the marker molecular size in kDa.
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Next, to study the effect of the inducer on protein expression, a wide range of
IPTG concentrations were applied (Figure 5.7). This did not result in marked
differences in the soluble cellular lysates containing recombinant BabA-Crown. The
final IPTG concentration of 100 uM was considered the most favourable as it
showed the highest level of expression with the lowest bacterial endogenous biotin

carboxyl carrier protein (BCCPL) expression.

kDa
-
B —— G— - pE
25
a—
15 ARG,

M O 2 5 10 30 50 70 100 100 100 1000 C HM

Figure 5.7 Effect of different IPTG concentrations

Western blot showing protein bands after induction. Different IPTG concentrations were
used (2 - 1000 pM) for induction. Dimers at about 26 kDa (red asterisk) were seen in
periplasmic extracts induced by IPTG from 30 -1000 pM. Bands corresponding to the
molecular weight 20 kDa are the bacterial endogenous biotin carboxyl carrier protein
(BCCPL). M= Molecular weight marker, C= control for Western blotting. Numbers indicate

the IPTG concentrations (uM).
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Interestingly, after expressing both BabA-Crown protein having AviTag sequence
and the one without AviTag, in parallel and under identical conditions, we observed
that, after loading same amount of protein (10 pL) onto the gel, protein with
AviTag sequence appeared more concentrated than the one without (Figures 5.8).
This was also noticed after purification during immunodetection method using
anti-c-myc antibody (Figure 5.9). The bands in both lower and higher imidazole
concentrations were more pronounced compared to the protein not having the

AviTag sequence as well as the putative tetramer in ~50 kDa.

(-)

M FT W 25 50 125 250 M FT W 25 50 125 250 mM

Figure 5.8 Comparison between the presence and absence of AviTag sequence

after purification

Coomassie staining showing protein bands at molecular weight corresponding to about 13
kDa after purification in protein extracts with or without AviTag sequence. Protein was
eluted with imidazole at concentration ranging from 25 - 250 mM. Tetramers at about 50
kDa (red asterisk) have been seen in all of the elutions M= Molecular weight marker, FM
= protein flow through, W = wash before elution. Numbers are the molar concentrations

of the imidazole used. mM= mille molar.
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Figure 5.9 Western blotting comparing purified BabA-Crown protein in with or

without an AviTag

Bands at ~13 kDa represent purified BabA-Crown protein, with (+) or without (-) AviTag
sequence. Protein was eluted with an imidazole gradient ranging from 25 - 250 mM.
Tetramers with a molecular weight size of about 50 kDa have been marked in black
asterisk, while the putative dimers are labelled with red asterisk. M= Molecular weight
marker. Numbers are the molar concentrations of the imidazole used in purification. mM=

millimolar.
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5.3.2 DNAJ domain

Dnal is a member of the heat-shock protein 40 (Hsp40) molecular chaperone
family. It binds to Hsp70 and stimulates ATPase activity (Walsh et al., 2004). This
region of the Dnal superfamily appeared upon delta-blasting (using NCBI website)
of BabA-Crown and Head residues (Figure 5.10).

(A)

1
Conserved u I !
Domaine THOT —
|Houe T sEARcH | GuIDE | Newsearch Structure Home 3D Macromolecular Structures Conserved Dchvsinz Pubchem BioSystems
(B) YGPMSIENFKKLNEAYQILAQTALKR
| Dnald ‘
Dnal

thiH
|

| DnaJ superfanily
ThiH superfanily

E N F K K L N E A ¥ Q I L a T A L K R
DnalJ superfamily

Figure 5.10 Screenshots of Dnal sequence from National Center for Biotechnology

Information (NCBI) website.

A. DELTA-BLAST (NCBI website).

B. Blasting part of BabA amino acid sequence showing the presence of a Dnal domain
(cyan box) in the green box reviewed ThiH superfamily (for thiamine biosynthesis
protein).

C. Detail of the Dnal sequence as appeared in NCBI conserved domain after blasting.



142

Obtaining these 19 amino acids sequence as part of Dnal superfamily hinted to a
possible role for folding/translocation or acting as a chaperone-like region (Qiu et
al., 2006). Even though it is not highly conserved in BabA of all H. pylori strains
(Figure 5.11), online blasting restricted its existence to only being available within
BabA Helicobacter sequence. Dnal, together with part of the loop before N-
terminal of BabA-Crown sequence, form a consensus of a Lysine-Leucine rich
repeat sequence (XKKXNXAYQILXXALKGLPXL).

Dnal

1?0 1:0 |?0 I 1; | 20[0
: B W
NQ1624 A T N N NGT 199
NQ315 T ] T 197
NQ331 A M S| K T 19
NQ1832 A M S| T 199
NQ352 a ;}; g_,r z \ I x
s : : b gl =
NQ3e7 v T L K K 199
e : i AR
T : 1A E
LSU1016-1 :“ T LN N SGT 200
LSU1016:5 T LNG N T 200
LSU1021-6 d T }“i K T 200
LSU1054-1 v T [; G a K 200
LSU3001-1 a T i K GT 199
Somers : 7 o ¢ ;5
it ; i W -
e 1 e E
LSU1062-3 TSS] P E 200

Consensus PAYOQAVLLA INAAVGFWNVVGYVTQCGGNANGOKSTSSTT | FNNEPGYRSTS | TCSLNGYTPGY A ‘
o || [[ JDTITLAV UYLV ENE] ) T IRCCE O CL T T DT VTN DT Tl T T
seawrccio R CAVLLR INAAVGRWNVGY0TQ0GGNNozrS TS5 IFANEPGTRSTS ITCSCNo PG YPHS IBAFRRENEATQILOPALKRGLPALREARG

Figure 5.11 Segment of BabA residues showing the Dnal sequence

Amino acid sequence alignment of BabA from several Helicobacter strains showed the

semi-conserved Dnal sequence, which is highlighted in the black box.
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5.3.3 Circular Dichroism Spectroscopy

Circular dichroism spectroscopy was used to examine if the loss of BabA-Crown
binding affinity was due to improper folding. Different protein concentrations were
assessed in both buffer and water. The crystallography data displays BabA-Crown
(Figure 5.1), as mostly B-sheets with few loops (see chapter three for more
details). Therefore, it was expected to have a corresponding secondary structure

when analysing by CD spectrum.

BabA-Crown did not show the expected secondary structure, neither in buffer nor
in water. Although in water at 0.51 mg/ml (Figure 5.12) and 0.16 mg/ml (Figure
5.13), the conformation suggested the existence of a few of B-sheets, most of the

secondary structure was random folding with some a-helical structure.

On the other side, the CD spectra of Cr-Dnal-Cr revealed its secondary structure
as mostly B-sheet (Figure 5.14). This result is in accordance with expected original

nature of the Crown domain as mostly B-sheets with two loops.

220 240 260
Wavelength [nm]

Figure 5.12 Secondary structure, thermal stability and absorbance of BabA-Crown

BabA-Crown protein was tested in water at concentrations of 0.51 (blue) which
demonstrates a positive band in about 195 nm, which suggested to be a-Helices and a

negative band between 202 and 207 nm, 0.16 which could be B-sheets and (red), 0.08

(green) mg/ml, both show high fluctuated bands, which suggested to be random coil.
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Figure 5.13: Secondary structure and absorbance of BabA-Crown

(A) Overlay of far-UV circular dichroism spectra in the buffer at 0.16mg/ml (blue) and in
water (green). This spectrum shows band between 190 and 210 nm which suggests

random coil.

(B) BabA-Crown at a concentration of 0.08 mg/ml in water (blue) and in the buffer (green).

The spectrum illustrated weak band between 190 and 210 nm which indicates random coil.
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CD Spectrum

Delta Epsilon

200 210 220 230 240 250 260
Wavelength (nm)

Figure 5.14 Secondary structure and absorbance of Cr-Dnal-Cr

Spectrum of Cr-Dnal-Cr protein showing a mostly B-pleats from three independent

readings. The CD spectra displays a negative band between 210 and 220 nm, which is

typically B-sheets.
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5.3.4 Expression of BabA-variants

Analysis of BabA-Crown-Head-Partial-Length (BabAche) protein in the cellular
extracts, using Coomassie staining (Figure 5.15) and the confirmation through c-
Myc immunodetection, showed successful expression in the periplasmic extract
after IPTG-induction overnight at 24°C (Figure 5.16).

kDa

25

15

1 2 3 4 C M

Figure 5.15 Expression of recombinant BabAcheL protein in E. coli XL10-Gold

Coomassie staining showing protein bands with an apparent molecular weight of ~ 26 kDa

(yellow star) in the periplasmic space extract, lane 3, which could be the target protein.

1 = protein extract before IPTG induction, 2 = periplasmic extract in spheroplast buffer,
3 = periplasmic extract in MgS0O4 buffer, 4 = cytoplasmic extract, C = purified BabA-Crown
extracted from E. coli XL10-Gold periplasmic extract was used as a positive control. M =

Molecular weight marker.
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Figure 5.16 Immunodetection of recombinant BabA-CHPL protein in E. coli XL10-
Gold

Western Blot showing protein weak band at molecular weight size of about 26 kDa in the

periplasmic space extract, lane 1.

1 and 2 = periplasmic extracts using MgS04 and spheroplast buffers, respectively. 3 =
cytoplasmic extract, 4 = protein extract before IPTG induction, C = purified BabA-Crown
extracted from E. coli XL10-Gold periplasmic extract was used as a positive control, M=

Molecular weight marker.
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After immobilized metal ion affinity chromatography (IMAC), BabAchr. protein
showed two bands corresponding to 26 and 16 kDa (Figure 5.17). The second
(lower) band may be due to intra-molecular disulphide bond formation between

two Cysteines.

kDa

M C CHPL

Figure 5.17 IMAC of recombinant BabAcnpL protein

Coomassie staining revealed BabAcnrL protein bands at molecular weight size of about 16
kDa and 26 kDa in the periplasmic space extract. C= BabA-Crown was used as a positive
control, M= Molecular weight marker.
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However, BabA-Head-Crown-Handle-Free (BabAucir) was not detected in any of
the extracts (Figure 5.18). This lack of expression was reproducible using different
expression methods such as induction at variable temperatures including 37°C

and harvest 2 hours later.
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Figure 5.18 Analysis of recombinant BabAncxr protein

(A) Coomassie staining and (B) Western Blot showing no expression of BabAnchr
protein. 1= protein extract before induction, 2 periplasmic extract in spheroplast
buffer, 3= periplasmic extract in MgSO. buffer, 4= cytoplasmic extract, C=
purified BabA protein extracted from E. coli XL10-Gold periplasm was used as a

positive control for Western blotting, M= Molecular weight marker.
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After overnight IPTG-induction at 24°C, Cr-Dnal-Cr protein was successfully
expressed in the periplasmic space of E. coli bacteria. c-Myc immunodetection of
this duplicated version of the Crown showed high expression in both the soluble

and insoluble cytoplasmic extracts (Figure 5.19).
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Figure 5.19 Expression of recombinant Cr-Dnal-Cr protein

Western Blot showing Cr-Dnal-Cr protein after c-Myc immunodetection. The protein is
present in the periplasmic and cytoplasmic extracts, but mostly in the cytoplasmic.

1= protein extract before induction, 2 and 3= periplasmic extracts in spheroplast and
MSO4 buffers, respectively, 4 and 5= cytoplasmic soluble and insoluble extracts,
respectively. The red asterisk (*) = represents a putative dimer, C= purified BabA-Crown
protein extracted from E. coli XL10-Gold periplasm was used as a positive control for

Western blotting, M= Molecular weight marker.



151

5.3.5 Testing the capabilities of BabA truncates for the

drug delivery moiety

Assessment of Cr-Dnal-Cr protein resistance to peptic digestion was carried out
in a time-course experiment at pH 4.5 Afterwards, the samples were analysed
through SDS-PAGE and Coomassie staining.

Crown-Dnal-Crown was able to withstand the peptic hydrolysis for about 2
minutes (Figure 5.20). Even though after initial rapid cleavage of this duplicated
version of BabA-Crown, the cleavage products resisted further pepsin digestion
for at least 45 minutes, as two fragments corresponding to BabA-Crown protein
molecular size were visualised in Coomassie staining. This result reproduced what

was obtained in a similar experiment, under identical conditions, performed to test

BabA-Crown protein resistance to peptic digestion (Figure 4.10).

Pepsin

Cr-Dnal-Cr

Cr-Dnal-Cr
fragments

0.25 0.5 15 30 45 Minutes

Figure 5.20 Coomassie staining for Crown-Dnal-Crown after pepsin digestion at
pH 4.5

A time-course (0 - 45 minutes) of Cr-Dnal-Cr peptic digestion at pH 4.5 analysed by SDS-
PAGE and Coomassie stain. Pepsin cleaves Cr-Dnal-Cr into fragments. M= Molecular

weight marker.
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As described in Section 1.3, BabA mediates the attachment of H. pylori to
fucosylated Histo-blood group antigens. To further characterize the binding
specificity, molecular interactions were applied between BabAcwr. and Cr-Dnal-Cr
proteins, with the other BabA-Crown proteins and several glycoconjugates e.g.
Le?, Le® and LeY. These neoglycoconjugates were immobilised in a Maxisorp plate

and c-Myc tag immunodetection was carried out (Figure 5.20).

As shown in Figure 5.21A, BabAs.7« (wildtype) bound specifically to Le®, while
some of the proteins such as BabA-Crown and Cr-Dnal-Cr proteins show non-
specific binding. This occurred upon changing the primary antibody to non-
biotinylated c-Myc monoclonal antibody and the detecting secondary antibody to
anti-mouse IgG (whole molecule peroxidase conjugate) antibody instead of
streptavidin-HRP. Additionally, a reduction of BabAs,7« (wildtype) binding ability
to almost half of the strength was observed (see Figure 3.15). Unexpectedly,
BabA-Crown_p233a/s244a mutant type showed binding ability to the glycoconjugates
at pH 6 (Figure 5.21B). This could be attributed to either specific binding or non-

specific binding.
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Figure 5.21 ELISA binding assays for BabA and BabA truncates proteins

BabA variants proteins binding to immobilised HSA, HSA glycoconjugates (Le?, LePand LeY)
were assessed by sandwich ELISA. (A) BabAsa7« (wildtype) as a positive control binds to
Le®, while BabA-Crown did not show the same affinity. Even though BabA-Crown (wildtype
and mutant) proteins show together with BabAcur. show non-specific binding to HSA-LeP
and HSA-LeY. The latter protein also shows nonspecific affinity to HSA and Le?. (B) binding
assessment was performed at pH 6. Still no binding affinity for BabA-Crown was observed.
However, the interactions with the glycoconjugates were similar to BabA mutant type.
While BabA-Crown (BabA-Crownp233a/s244a) mutant variant displays attachment to all of
the glycoconjugates, no binding was observed using Cr-Dnal-Cr and BabAchrL (n=3, error
bars represent the standard error of the mean, P < 0.001) using 2way ANOVA for multiple

comparisons followed by Tukey post-hoc test.
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5.4 Discussion

The main objective of this chapter was to develop substitution methods to solve
the issue of BabA-Crown'’s lack of ligand binding. To solve this dilemma, special
consideration was given to adjusting the length of the interacting binding domain
and optimising the conditions used for protein expression, in particular, the

composition of the growth medium used.

E. coli is the most commonly used bacterium for obtaining high amounts of
recombinant protein in a fast and inexpensive way (Murray et al., 2012). Many
factors influence this goal, including growth/induction temperature, type of
inducer, concentration, the time point of induction, as well as the duration of
induction (Fernandez-Castané et al., 2012, Larentis et al., 2014, Shirano and
Shibata, 1990). Therefore, the possibility of protein expression in a low or
chloramphenicol-free medium was investigated. Accordingly, three different
culture media were prepared. LBar medium, which have neither glucose nor
chloramphenicol, LBatc medium, which only contains glucose and LBarcc medium,
which was supplement with chloramphenicol 34 pg/mL. LBarcc medium contains 5
times lower chloramphenicol concentration compared to the one initially used for
improved BabA-Crown protein expression (Section 3.3.2.2). This alternative
growth medium resulted in a non-detectable protein, which in turn, support the
need of high amount of chloramphenicol for plasmid (pOPE101) multiplication and
BabA-Crown protein synthesis. Though, the effect and the concentration of
chloramphenicol varied depending on plasmid and host bacteria. Even though it
was reported that chloramphenicol at concentrations from 10 - 300 pg/mL were
used to increase colicinogenic factor E; multiplication and protein expression, low
final concentrations of chloramphenicol (about 15 pg/mL) demonstrated to have
the same effect as concentration up to 300 ug/mL depending on the plasmid type
and host used (Frenkel and Bremer, 1986, Bentley et al., 1990). It was also
verified that under normal growth condition, each cell harbours about 24 copies
of ColE1 plasmid (Hershfield et al., 1974, Clewell, 1972).

The inhibitory effect of chloramphenicol on the cellular metabolism is reversible
but concentration-dependent. At high chloramphenicol concentrations (>100

pg/mL), plasmid propagation was minimal due to severe chloramphenicol
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inhibitory/blocking effect on peptidyl transferase binding ability to bacterial 50S
ribosomal subunit. This inhibit peptide bond formation and consequently lead to
very low protein synthesis (Dinos et al., 2016), but at low chloramphenicol
concentration (<100 pg/mL), increment in plasmid propagation was not very high
in relA mutant strains such as XL10-Gold (Frenkel and Bremer, 1986). However,
in this study, BabA-Crown protein expression in LBarec (34 pg/mL) medium was
not achieved. This could be, beside low plasmid copy number, due to either

catabolite repression or metabolic burden.

Catabolite repression occurs, in general, when glucose is present in the growth
medium, it represses the transcriptional machinery of Lac promotor, by decreasing
the level of intracellular cAMP (Donovan et al., 1996, Li and Young, 2014). While
the expression system depends on Lac operon for transcription, which is regulated
by catabolite activator protein, catabolite repression could be triggered as a result
of inducer exclusion (Deutscher, 2008). It is proposed that binding of catabolite
activator protein to the promotor increase the affinity for RNA polymerase, which
in turn, enhanced by increased levels of cyclic adenosine monophosphate (cAMP)
level. Protein expression under Lac promotor control was affected by the level of
glucose. Whereas, catabolite gene activator protein serves to maintain certain
level of carbon (Bruckner and Titgemeyer, 2002). Thus, the presence of glucose
in the medium could repress the transcription and cause catabolite repression
because of the low level of cAMP (Donovan et al., 1996), which consequently
affecting plasmid amplification and protein expression (Teich et al., 1998). Even
though, glucose downregulates protein expression which is guided by Lac operon,
using 0.1% glucose is used to give optimal results and glucose-free media is the

common practice (Kirsch et al., 2005).

The metabolic burden is used to describe a change in the host metabolism due to
the introduction of foreign DNA into a host, which may impair the host normal
metabolic process (Wu et al., 2016). The occurrence of the metabolic load may
lead to plasmid instability, i.e. loss of a part of the plasmid DNA or gene of interest
deletion (Glick, 1995). This is true with the high plasmid copy humber, however,
using a higher concentration of chloramphenicol which reversely, increases
plasmid-encoded protein synthesis (Bentley et al., 1990), gives the plasmids the
opportunity to be maintained while the cell slowly divided. As a consequence,

expression of the recombinant protein exploits the cell’s resources (e.g. ATP, rRNA
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or amino acids) which reduces the quantity of the recombinant protein produced
(Wu et al., 2016). To avoid this unwanted stress, LBar as a glucose-free medium
was used, this outcome in obtaining soluble protein lysates from both bacterial

periplasm and cytoplasm.

One of the best strategies for achieving higher protein-yield by inducing at high
cell density, mid-logarithmic phase. This is followed by decreasing the growth
temperature to slow down the growth rate, lessen proteolytic enzyme activation
and support protein folding as well as prolong the induction period (Krause et al.,
2010, Larentis et al., 2014, Fernandez-Castané et al., 2012). In this study,
different IPTG concentrations (2 uM - 1 mM) used for BabA-Crown protein showed
no alteration in protein expression. The results obtained are in parallel with the
minimal concentration (25 uM) sufficient for gene expression (Dvorak et al., 2015)
and the maximum activity achieved at IPTG concentration above 40 uM
(Fernandez-Castané et al., 2012). Even though, it is difficult to compare density
between different strains, plasmids or expression systems. However, due to the
expression of the bacterial endogenous biotin carboxyl carrier protein (BCCPL), a
higher amount of IPTG was used to allow the target protein to be predominant

over the bacterial protein.

After optimizing the growth conditions, the expression of BabA variants was
investigated. Both BabAcxwe. and Cr-Dnal-Cr proteins were both successfully
exported into the bacterial periplasmic space, while Cr-Dnal-Cr was extracted
from both periplasm and the cytosol in an insoluble form. These proteins contain
the N-terminal pelB signal sequence which directs the protein into the periplasmic
space where two actions occur. Firstly, cleavage of pelB signal by signal peptidase,
secondly, the oxidative condition provides a favourable milieu for the oxidase DsbA
and isomerase DsbC to catalyse disulphide bond formation (Ruiz et al., 2010).
Presence of insoluble Cr-Dnal-Cr protein in the cytoplasm was unexpected. This
can be a result of an imbalance between translocation efficiency and secretion
levels (Le Calvez et al., 1996). Protein transportation from the cytoplasm needs a
specific transport signal for recognition of the corresponding inner membrane
translocon, defined structure or folding for both entry/ crossing and energy for
effective transport/refolding, if needed. Insoluble Cr-Dnal-Cr protein can also
result from overcrowding of the newly synthesised recombinant polypeptides in

the reducing environment, the cytoplasm, forming inclusion bodies (Baneyx and
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Mujacic, 2004) coupled with the incompetency of pelB leader in transporting the

protein into the periplasmic space.

The absence of the first 16 N-terminal residues in BabA was reported to affect the
assembly and proper folding (Coppens et al., 2018). If synthesis of the transport
signal was completed and modified before translocation, it would lead to protein
aggregation in the cytoplasm and inclusion body formation (Chatzi et al., 2013,
Holland, 2004).

Inclusion bodies are insoluble aggregates resulting from a cellular stress reaction
to many factors, such as high IPTG concentration, a shift in pH or temperature
(Slouka et al., 2018). Inclusion bodies need complicated processes for
denaturation and refolding to get biologically active protein (Singh et al., 2015).
However, recent studies pointed out that protein obtained from inclusion bodies
still preserve its biological activity (de Groot and Ventura, 2006), if a short
hydrophobic self-assembling peptide GFIL8 (GFILGFIL) was inserted into the
carboxylic terminal of the target protein (Wang et al., 2015), or if formed in the

absence of chaperone DnaK (Gonzalez-Montalban et al., 2008).

Chaperones provide an excellent auxiliary for protein refolding and transportation
to its destination. After blasting difference sequences of BabA, a part of Dnal
domain was noticed in BabA, then it was anticipated to play a part in folding or
multimerisation. Therefore, this part together with two Crown domains was

constructed to make a divalent version of BabA.

Cheetham and Caplan (1998) divided Dnal family based on the primary amino

acid sequence into three types.
Type I (same like E. coli Dnal) has four recognised domains:

1. J domain consists of 70 amino acid forming a-helical domain at the N-terminus
2. Gly/Phe rich region.

3. Cys rich domain (CXXCXGXG), and

4

. Diverse C-terminus sequence.

Type II has a longer Gly/Phe sequence replacing the Cys rich domain.

Type III contains only the J domain.
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Dnal protein is responsible for binding substrate polypeptides and its J domain
interacts with Hsp70/DnaK to enhance the ATPase activity and location of the
polypeptides to Hsp70 chaperone (Cheetham and Caplan, 1998). J-domains are
involved in protein biogenesis and delivery of newly synthesised proteins to be

allocated into the membrane (Opalinski et al., 2018).

Although, molecular chaperones assist in stabilizing or helping the nascent protein
to reach the functionally active form, they are not present in the final protein
produced (Hartl et al., 2011). Moreover, a short stretch of amino acids (18 amino
acids instead of 70 present in the J domain) originally present in BabA was
incorporated. Thus, in this study, using the term “Dnal” in BabA variant might be
misleading. However, each one of BabA-Crown sequence contains two cysteines
which have a remote similarity with Dnal central region. Overall, this stretch of
amino acids is conserved in BabA species, so its presence may place BabA as a
member of the Dnal-like family. This stretch may also represent one additional

folding step in the post-translation (Sarvas et al., 2004).

From the data obtained from the circular dichroism, it was thought that Dnal
region may help the two Crown domains to form the expected B-pleated sheets.
Dnal region may also act as an auxiliary chaperone for BabA-Crown and/or may
stabilise BabA trimer structure. In contrast with what was predicted by Bugaytsova
et al., (2017), it was expected that, rather than “Velcro domain”, the helical
structure of Dnal together with the interacting Hydrogen bonds in the Head
domain may gave a hinge-like structure and assist in determining the Crown
binding status. This because BabA from J99 does not contain the salt bridge, as
present in BabA from 17875, in order to form the “clamp-structure” between D198
and R207 in the “key-coil” (Bugaytsova et al., 2017). Thus, Cr-Dnal-Cr may
surrogate the salt-bridge, while the helical hydrogen bonds serve to stabilise the

structure and orientation of the amino acid chain in the acidic environment.

Interestingly, an AviTag sequence which was introduced to allow site-specific
protein biotinylation, may participate in increasing protein expression. Ashraf’s
group reported two scenarios to explain this increment. Firstly, the increase in
protein yield could, probably, have happened after extraction, i.e. during IMAC
immobilisation phase, due to the biotin high binding affinity to the AviTag

sequence during purification. Secondly, increment of protein expression occur
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during protein expression and translocation (Ashraf et al., 2004). As in this study,
the metal ion Nickel was used in protein purification, the former scenario was
excluded (Wang et al., 2005). It was reported that a plasmid construct bearing
AviTag sequence also activated gene expression and increase protein yield
(Athavankar and Peterson, 2003). Overall, this interesting finding needs more

investigation and was set as an objective in our future research studies.

Two BabA-variants were not successfully expressed, BabAnchr and BabArxa. As they
were not detected in the cellular extracts, three assumptions were proposed to
know the reason, i.e. not expressed, degraded or excreted into the medium. The
latter assumption was investigated, and no protein was detected using Coomassie
stain. Even though Coomassie staining is very efficient in protein visualisation,
detected down to 50 ng, after separation by SDS-PAGE (Kahn and Rubin, 1975).
Silver staining is more sensitive (100 times) in detecting proteins (Switzer et al.,
1979). However, in respect to this, visualising tiny amount of protein is not useful
for the downstream experiments as used large scale (1 litre) was used for protein

expression.

The degradation option is more likely to be occur in any part of the protein. Hage
et al., (2015b) reported that degradation of recombinant BabA protein could
potentially be at both N-terminal and the C-terminal. To solve this issue hexa-
lysine tag at the C-terminus was introduced and successfully result in protein
expression. Therefore, it may act as a proteolytic defensive mechanism and
enhance protein solubility (Hage et al., 2015b). Hexa-lysine-tag provides an
unexplained protective mechanism to the C-terminus, but still there is a loss in
the first nine amino acids at the N-terminal, by a mechanism which remains
unanswered in BabA (Hage et al., 2015b, Subedi et al., 2014) and in LabA as well
(Paraskevopoulou et al., 2019). However, BabAucwr and BabAr contain the C-
terminal hexa-lysine tag. With this view, it was suggested that there are residues

within BabAsz7«k prone to periplasmic cleavage.

Secretion in Gram-negative bacteria follows Type V secretion system (van Ulsen
et al., 2014). Proteins are exported from the cytoplasm to the periplasm via
secretory (Sec) pathway, which represents a ubiquitous and viable system in all
living cells (Papanikou et al., 2007), protein folded into the outer membrane

through the heteropentameric B-barrel assembly machine (BamB) complex
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(Mahoney et al., 2016). Thus, the periplasm provides an environment for
structural assembly of B-barrel proteins (Miller and Salama, 2018) such as BabA,
which as a member of autotransporters, does not require an energy for

translocation (Henderson et al., 2004).

The bacterial periplasm contains about 20 periplasmic serine endoprotease
(Merdanovic et al., 2011), some of them, e.g. the dual activity chaperone-
protease (DegP), are responsible for misfolded recombinant protein degradation,
others serine protease, e.g. tail-specific protease (Tsp), for unfolded polypeptides
with nonpolar C-termini (Silber et al., 1992). This endopeptidase preferentially
cleaves 2 alanine residues at the C-terminal positions (Lykkemark et al., 2014),
while other protease such as, High temperature requirement A (HtrA), degrades
reduced unfolded protein containing two or three disulfide bonds (Kim et al., 1999)
and directly enhance the functionality of cell adhesion protein(Wessler et al.,
2017). It was envisaged that some of these proteolytic enzymes could be acting
on BabA variants but this prediction is a subject for further verification.
Alternatively, one of these proteases may act as transpeptidase in the presence
of a nucleophilic probe such as Coenzyme A (Eom and Kim, 2018) and changed

BabA primary amino acid sequence, which in turn leads to its degradation.

Furthermore, assembly of outer membrane proteins relies mainly on periplasmic
folding factors, importantly, SurA, Skp and DegP (Soltes et al., 2017). Generally,
SurA is the primary chaperone that act on many of the outer membrane proteins
and very critical factor for lipopolysaccharides transport machinery (Soltes et al.,
2016). Skp binds to the nascent protein in the early stage, while in Sec pathway,
to prevent the aggregation (Lyu and Zhao, 2015). DegP as the principle chaperone
regulator or gatekeeper defend the cell from protein folding stress (Peterson et
al., 2017). Therefore, it is hypothesised that there is a need for at least a part of
the B-barrel present in the C-terminal of the Handle domain in BabA to facilitate
the correct folding. This hypothesis was supported by the presence of stack
domain in BabA from J99 strain (Hage et al., 2015a) and the need of nano-
antibody to stabilise the structure in BabA from 17387 strain (Moonens et al.,
2016). The presence of part of the J-domain, which may act as a substrate for one
of these folding factors in BabA together with the presence of the poly-cationic
lysine tag could be an additional reason for obtaining the full length of BabA J99

extracellular part. However, recent study revealed that recombinant form of BabA
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J99 with partial length of the putative transmembrane B-domain was partially
traversed through the outer membrane without affecting the binding property
(Coppens et al., 2018).

Introducing multiple tags into a recombinant DNA gene can enhance the versatility
of the produced recombinant protein (Romero Pastrana et al., 2017). Peptide tags
are commonly employed as useful tools in molecular applications such as in
increasing the protein purification affinity, acting as epitopes for immunodection
or in protein visualisation as fluorescent substrates (Zordan et al., 2015). Hexa-
histidine tag (His-tag) is one of the widely applied tag in affinity chromatography
purification because of their metal binding ability. Recently it was utilised to
increase enzyme catalytic properties (Schoonen et al., 2017). The location of the
hydrophilic Hexa-histidine tag in one of the protein ends is important. In particular,
when the C-terminal of a protein is directed to the periplasm, the Histidine tag
may interfere with the protein traverse activity (Dilworth et al., 2018). In other
cases, the poly-His tag on the N-terminal may interfere with protein conformation
structure or decrease its thermal stability (Booth et al., 2018) and thus affecting
its solubility (Zhu et al., 2013). Hexa-Histidine tag position may also influence the
arrangement of disulphide bonds without affecting the binding ability (Klose et al.,
2004). The existence of Hexa-Histidine tag in BabA did not affect the functionality.
Even though, removal of this tag may shed a negative effect on the protein quality
(Paraskevopoulou and Falcone, 2018), no experimental trial was made to cleave

this tag to know if it interferes with the Crown binding ability.

An increasing consideration is recently given to add fusion tags to proteins in order
to enhance protein solubility and to avoid the formation of inclusion bodies (Jong
et al., 2017). Recently, solubility enhancing peptide (SEP) tag, which consists of
triplet of Arginine preceded by Glycine (GR3)3 was used for increasing the
expression, solubility and yield of Tobacco Etch Virus (TEV) protease activity
without affecting its functionality (Nautiyal and Kuroda, 2018). It was reported
that tags with positively charged amino acids increase the protein solubility,
whereas, very hydrophobic poly-Ile significantly reduced it. However, tag with
poly-Aspartic acid- and poly-Glutamic acid can also increase solubility, due to side-
chains ionization at pH 7.7 (Islam et al., 2012). Hexa-Lysine tag was used to
enhance recombinant BabA protein solubility (Hage et al., 2015b) and

recombinant Goat myosin light chain 6, anti-tumour peptide which promotes
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cytotoxicity of Natural killer cells (Liu et al., 2018a) without inhibiting the
functionality of the target protein. Whilst, tri-lysine tag was utilised for purification
of metalloproteins (Wijekoon et al., 2016). An increment of protein solubility was
ascribed to the repulsive intermolecular electrostatic forces occurring between the
protein and the lysine tag (Jung et al., 2011). However, introducing the lysine tag
at the N-terminal may result in protein misfolding or aggregation if not neutralised
by anionic functional groups of cationic exchanger (Kim et al., 2012). In this study,
the incidence of Hexa-Lysine tag at the C-terminal of BabA truncates had no effect
in either elevating the solubility or enhancing protein expression. This result was
supported recently using the same expression system for expressing LabA
However, hexa-lysine tag increases thermal stability (Paraskevopoulou et al.,
2019).

BabAra sequence contains two sites for Factor Xa introduced by site-directed-
mutagenesis. Then expression trials were carried out to obtain mature BabA
protein before purification and release of the Crown domain by incubation with
Factor Xa protease. Unlike the BabAs,7« protein used for crystal structural study,
this variant failed to be expressed. A similar trial was made to study BabA protein
after inserting a thrombin protease cleavage site between BabA passenger domain
and B-transmembrane domain. The expression of this protein was achieved but
consistently co-eluted with the 6-Histidine tag, suggesting a stable
folding/intimate connection had occurred (Coppens et al., 2018).

Factor Xa as one of the serine protease family is commonly used for tag removal
from fusion proteins. However, the exact location of the Factor Xa recognition sites
in the recombinant protein is critical (Arnau et al., 2006). Introduction of two
cleavage sites may result in canonical conformation structure which act as a
substrate for homologue serine protease in the bacteria (Ruiz-Perez and Nataro,
2014, Tyndall et al., 2005). This postulation was rationalised by the common
specificity shared by these class of serine protease enzymes and may led to
protein degradation (Perona and Craik, 1995, Hsu et al., 2008). However, to
examine this assumption, it is useful to test the expression of BabAra harbouring
one single cleavage site and then try once more with the two cleavage sites. This
will give more insight about the suitability of Factor Xa sequence introduced for
protein expression. Alternatively, it may be better to choose other proteolytic

cleavage enzymes such as Recombinant type 14 3C protease from Human
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rhinovirus (HRV 3C), which is currently of great interest due to high sequence
specificity and activity (Ullah et al., 2016).

Protein secondary structure analysis was improved through the development in
circular dichroism computational programmes, interpretational bioinformatics
tools and accumulation of modern reference databases from resolved crystal
structures (Whitmore and Wallace, 2008). Circular dichroism is good alternative
method to study membrane proteins which have not been crystallised and whose
structures are not known (Miles and Wallace, 2016). In the current study, it gave
a better indication for protein secondary structure, as it suggested that the reason
underlying the lack of ligand binding by the Crown was due to inappropriate
folding. This could be extended to the other BabA truncates, but this has not been

tried experimentally.

Cr-Dnal-Cr was made to act as a bivalent binding site and still did not show any
affinity toward the ligand Le®, though the secondary structure was attained.
Moreover, BabAchp. protein, which contains the Dnal as well, showed no affinity
for binding the glycan. This unexplainable result needs further investigation in two
ways, firstly confirming the secondary structure by another method such as
Nuclear magnetic resonance spectroscopy (NMR) which can provide detailed data
about the protein at atomic resolution (Sugiki et al., 2017) or the more advanced
solid-state nuclear magnetic resonance (SSNMR) spectroscopy which assist in
elucidation of the protein structure and provide mechanistic insights (Mandala et
al., 2018). Secondly, testing the glycan-binding by another method such as
Isothermal titration calorimetry (ITC) which may offer new insights. Otherwise,
use of synchrotron radiation circular dichroism spectroscopy (SRCD) may
overcome some of the conventional circular dichroism limitations and enable
characterisation of protein dynamic and static states, determination of protein
stability at lower wavelengths, study of protein complexes formation in a solution
and high reduced signal-to-noise levels (Wallace and Janes, 2010). Additionally,
SRCD has been recently used in characterising the membrane proteins

conformational and ligand binding abilities (Hussain and Siligardi, 2016).

To use BabA as a moiety for gastric drug delivery system, it is useful to understand
the adhesion strength of BabA-Le® interactions in different environmental

parameters. H. pylori presumably optimized its adhesion and deadhesion
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properties, which are described by open/close transitions states, to allow regular
migration to and from the cellular surfaces (Formosa-Dague et al., 2018).
Bugaytsova et al., (2017) reported that BabA-attachment of H. pylori le binding
strains to human gastric mucosal epithelium and MUC5AC gastric mucin was
increased 2-fold at pH 6 compared to lower binding at pH 2. However, BabA
undergoes reconstitution into a multimeric form. This finding suggested BabA as
a pH sensor, mediating the bacterial detachment when the mucus and epithelial

cells being shed into the acidic lumen (Bugaytsova et al., 2017).

In healthy individuals, binding to LeP receptor on MUC5AC is bacterial strain-
dependent, as strain P466 bound to LeP antigens but not to BLe® structure (Lindén
et al., 2002). It was described that H. pylori strains expressing BabA, AlpA/B and
SabA bound to MUC5AC and MUC6 at pH 3 and maximum binding at charge-
dependent way to mucins containing chondroitin sulphate/dermatan sulphate side
chains at pH 4-5, whereas at neutral pH only LeP-positive strains (17875 and P466)
bound to MUC5AC with high affinity and to H-type-1 structure on MUC1, which act
may as a decoy mucins for the bacteria (Lindén et al., 2004) and limiting bacterial
colonisation (McGuckin et al., 2007). Thus, MUC1 is upregulated in infection to
reduce bacterial adhesion and MUCI1 gene polymorphism can increase the
susceptibility for developing gastritis or gastric cancer (Quintana-Hayashi et al.,
2018). Some bacterial strains use BabA as a negative feedback mechanism to
avoid bacterial propagation and subsequent accumulation on the epithelial ends.
This suggest mucins antibacterial effect as inhibition and subsequent aggregation
may force the bacteria to be in the epithelial apical surfaces, where terminal al,4-
GIcNAc residues act as growth inhibitor, or being washed out during the mucosal
turnover (Skoog et al., 2017, Kawakubo et al., 2004).

In a study which used a microtiter plate-base assay to study H. pylori binding
affinity to pig gastric mucins, it was found that the binding ability was affected by
the change in temperature, pH, host and bacterial strain (Nordman et al., 1999).
Bacterial attachment to the stomach substantially depends on the anatomic site
and gastritis status as H. pylori render BabA adhesion property to the inner gastric
mucus layer at neutral pH during gastritis (Lindén et al., 2008). However, at acidic
conditions (pH 2 and 4), BabA was suggested to have a role in mediating H. pylori
adherence to mucins, especially, in pediatric ulcerogenic strains (Rocha et al.,
2018).
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In the current study, lowering the buffer pH did not change the BabA-Crown
binding ability, although there was a slight increase in BabAs,,« (wildtype) binding
affinity together with the increase in BabAs27« (mutant type) and BabA-Crown. The
pH change also did not improve the binding ability of BabAcur. and Cr-Dnal-Cr
proteins. However, BabA-Crown_p233a/s244a Mmutant type binding activity for all of

the glycoconjugates was increased, but this result need more investigations.

Ultimately, all the modifications attempted for overcoming the non-functionality,
suggested that binding is not possible without full-length BabA (whereby full
length meant the full extracellular region, without the transmembrane domain).
However, comparative studies proved that BabA high binding ability is attained by
the existence of a transmembrane domain (Moonens et al., 2016). This domain
stabilizes BabA full length and increases the binding avidity. Moreover, it was
reported that BabA as monomer has a lower affinity in binding to LeP (~ 2.2 %
101° M-1) (Aspholm-Hurtig et al., 2004). Therefore, in the interest of carrying on
to the next step, changing the expression system was not pursued, instead protein

binding to nano/microparticle was explored in the next chapter.

5.5 Conclusion

While suitable culture conditions allowing recombinant expression of sufficient
amounts of protein for downstream experiments were successfully established,
our attempts to define the minimal ligand binding region for the extracellular
region of BabA remained unsuccessful. Truncated versions of BabA were either
not expressed successfully, or did not show the expected LeP-specific ligand

binding patterns.
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CHAPTER SIX

6. Proof-of-principle application:
Development of biomimetic BabA-

truncates microparticles

6.1 General overview

The potential use of efficient micro/nanoparticle delivery systems critically hinges
on the specific binding interaction between the particles’ surfaces and molecules.
Modification of the particle surface by biological recognition molecules (protein,
polypeptide or DNA) is an increasingly accepted practice (Malyala and Singh,
2010). One frequently explored surface modification is the interaction between
biotin and (strept)avidin, which has been widely used for decades in biological

applications (Liu et al., 2017b).

Avidin, neutravidin and streptavidin are homotetrameric proteins sharing similar
molecular weight of ~60 kDa, high affinity to biotin and are not present in
mammalian tissues. Avidin, originally isolated from chicken egg white and also
isolated as dimer from Rhizobium etli bacteria, is glycosylated containing N-acetyl
glucosamine and mannose. Chemical deglycosylation of avidin results in
neutravidin, while streptavidin is a non-glycosylated protein, secreted by the
bacterium Streptomyces avidinii. These proteins are characterised by being heat-
stable, resistant to denaturing agents and enzymatic hydrolysis action (Lesch et
al., 2010, Dundas et al., 2013, Laitinen et al., 2006, Helppolainen et al., 2007,

Jain and Cheng, 2017) and with the biotin forms the strongest non-covalent
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interaction (Kys 4x10'* to ~10'> M) known in biology (Fogen et al., 2015,
Strzelczyk et al., 2016).

Streptavidin has lower non-specific binding than lectins, longer half-life and is
more negatively charged. These advantages made it more often used compared
to its counterpart, avidin (Luong et al., 2019). Streptavidin-biotin complex
systems provide multipurpose applications such as, drug delivery, protein
purification, diagnosis and immunoassays (Beloborodov et al., 2018, Verma et al.,
2018, Singh and Mitragotri, 2019). Neutravidin was deglycosylated to lower
binding non-specificity while preserving the biotin affinity, therefore, commonly
used together with the streptavidin and captavidin (nitrated avidin) in biotin-based

applications (Nguyen et al., 2012, Buzid et al., 2019).

For efficient site-specific protein functionalisation on different surfaces, labelling
with biotin is a useful approach. Biotin (vitamin H) is an essential coenzyme for
carboxylase enzymes present in most of the living organisms. Biotin carboxylases
are fundamental enzymes in metabolic pathways such as gluconeogenesis and
lipid biosynthesis (Chapman-Smith and Cronan, 1999, Jain and Cheng, 2017).
Biotinylation is a highly specific post-translational modification, catalysed by biotin
protein ligase (BPL). In vitro site-specific enzymatic biotinylation can be developed
using the E. coli enzyme BirA (Sternicki et al., 2017, Beckett, 2018). Then using
the irreversible bonding between the biotin in the protein and the strep(avidin),

for example on microparticles, for further applications.

This chapter describes development of biomimetic protein-microparticles
complexes model. This model takes advantage of the ability to introduce a single
biotin group, in a defined position of the protein via BirA-mediated enzymatic
ligation and hence achieve system with strong biotin-streptavidin affinity
interaction. Biotin-avidin based microparticles are easy to develop and have less
effect on protein activity (Jain and Cheng, 2017). (Strept)avidin-coated polymeric
particles are commercially available in different sizes and fluorescent chemistries,
allowing flexibility with experiments. To the best of our knowledge, this is the first
time to use neutravidin-coated particles for biotinylated protein from H. pylori and

use such model for drug delivery.
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The overall aim of this research was to develop biomimetic gastric targeted drug
delivery system, answering the question of whether obtaining particles with
surface ‘corona’ formed by the biotinylated BabA-crown can bind its physiological
ligand, Lewis b. To achieve this aim, the choice of conjugating the protein to the
microparticles and the orientation of the protein on particles’ surface are two
criteria should be considered. For the first criterion, the high affinity between the
avidin and biotin was exploited by introducing Avitag sequence into the protein
(chapter 4) and enzymatically conjugated a biotin to this sequence before
immobilising on particle’s surface. However, for the second criterion, i.e. the
functionality of this system and the ability of binding should be empirically

assessed.
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6.2 Experimental procedures

6.2.1 Protein expression and purification

Protein expression was performed, using E.coli XL10-Gold grown in LBar medium,
under the same condition described in Section 3.2.2. Purification was achieved

using AKTA purification system as described in Section 4.2.2.2.

6.2.2 Protein biotinylation

In vitro enzymatic protein biotinylation was performed using E. coli BirA biotin
ligase, which specifically adds biotin molecule to the acceptor domain (the 15
amino acid AviTag™ sequence GLNDIFEAQKIEWHE) in the substrate. Specifically,
the biotin is added to the lysine residue (bold and underlined above) in the Avi-
tagged protein (Figure 6.1). BabA-Crown (Wildtype and mutant), Cr-Dnal-Cr and
BabAcheL proteins were biotinylated using BirA biotin-protein ligase standard
reaction kit (Avidity, USA), according to the manufacturer’s protocol. Briefly, about
2 mg/mL (40 pM) was used as a substrate for BirA enzyme (1mg/mL) in the
presence of Biomix A (500 mM Bicine, pH 8.3) and Biomix B (100 mM ATP, 100
mM MgOAc and 500 pM D-biotin). The mixture was mixed well before
incubation at room temperature for 2 hours. Amicon Ultra-0.5 mL Centrifugal
Filters with a molecular weight cut-off of 3 kDa (Merck Millipore, UK) were used
for protein concentration. Verification of successful biotinylation of proteins was
achieved by Western blotting technique using only streptavidin-HRP for biotin

detection.
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Figure 6.1 Schematic representation of the biotinylation
The lysine residue in the AviTag sequence (red) conjugated through its amine group

facilitated by ATP-dependent BirA enzyme to a biotin molecule.

6.2.3 Conjugation of micro-particles to the proteins

Dynamic light scattering (DLS) also known as photon correlation spectroscopy
(PCS) or quasi-elastic light scattering, is a ‘classical’ technique to measure
particles hydrodynamic size in suspension, based on light scattering pattern of the
sample used (Stetefeld et al., 2016). More technical details can be found in

Chapter 2 and on the Malvern website.

Microparticle hydrodynamic diameters and polydispersity indices (PDI) of samples
of microparticles conjugated with proteins were measured by DLS using Zetasizer
NanoZS instrument (Malvern, UK) at 25°C. Samples were measured in triplicates

after dilution to 1% in deionised water (solids concentration of about 20 pug/mL).

6.2.4 Enzyme-linked immunosorbent assay (ELISA)

ELISA was applied as described in section (4.3.4.1) for quantification of the
biotinylated protein binding. Detection was achieved using streptavidin-HRP only,
at dilution of 1:10000, for biotin detection.
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6.3 Results

6.3.1 Assessment of protein biotinylation

BabA-Crown proteins, BabAcwe. and Cr-Dnal-Cr, were biotinylated using BirA
enzyme. Samples were then run on SDS-PAGE and analysed by Coomassie
staining and Western blotting. Using Coomassie stain, a shift was noticed in BabA-
Crown protein size after biotinylation due to the protein’s interaction with the
streptavidin (lane 3, Figure 6.2A) compared with the biotinylated ones in the
absence of streptavidin (lane 2, Figure 6.2A). This appeared in Cr-Dnaj-Cr (lane
3 compared to lane 2, Figure 6.3B). Bands around 55 kDa (lane 3 and 5, Figure
6.3A), indicated the presence of streptavidin in monomeric form. In Western
blotting, the data indicate that the mutant type BabA-Crown_p233a/s244a tends to
form more dimer than the wildtype BabA-Crown (Fig 6.2B). An excess of
biotinylated protein over the streptavidin added to saturate the reaction was
shown in lane 5 (Figure 6.2B) and in Cr-Dnaj-Cr in lane 3 (Figure 6.3B). As only
streptavidin was used for detection, bands in Western blotting confirmed that

proteins were successfully biotinylated.

(A) (B)

Figure 6.2 Biotinylation analysis of BabA-Crown proteins

(A) Coomassie-stained recombinant protein samples after SDS-PAGE separation. (B)
Western blotting of the same samples. 1. BabA-Cr, 2. biotinylated BabA-Cr, 3. Biotinylated
BabA-Cr conjugated with streptavidin, 4. BabA-Crown_p233a/s244a, 5. A complex of
biotinylated BabA-Crown_p233a/s244a  with  streptavidin 6.  Biotinylated BabA-

Crown_p233a/s244a, 7. Streptavidin. M = molecular weight ladder (kDa).
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Figure 6.3 Biotinylation analysis of Crown-DnaJ-Crown protein

(A) Coomassie-stained recombinant protein samples after SDS-PAGE separation, and

(B) After Western blotting.
1. Cr-Dnal-Cr 2. Biotinylated Cr-Dnal-Cr 3. Biotinylated BabA-Cr in complex with

streptavidin 4. Streptavidin. M = molecular weight ladder (kDa).



173

Next, to ascertain whether adding biotin to the protein affects the protein’s
capacity to bind to its physiological ligand, ELISA was conducted, again using
streptavidin-HRP for measurement of binding. As demonstrated in Figure 6.4,
none of the expressed constructs bound to Lewis b, showing only weak non-
specific binding. While only BabAs,;«x wildtype, used as a positive control,

confirmed that biotinylation did not interfere with the binding ability of the protein.
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Figure 6.4 Biotinylation analysis using ELISA

Binding of biotinylated proteins to immobilised HSA, Le?, Le and Le¥ glycoconjugates in
sandwich ELISA. Only BabAs27k (BabA-WT) shows binding to LeP. (n=4, error bars
represent the standard error of the mean, P < 0.001) using 2way ANOVA for multiple

comparisons followed by Tukey post-hoc test.
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6.3.2 Functionality of protein-microparticles complexes

and binding assessment

Biotin-avidin interaction was used to conjugate the microparticles to the proteins.
The biotin on the protein mediate the bonding interaction with the immobilised
non-glycosylated avidin (NeutrAvidin) on the microparticle surface. Various
concentrations of biotinylated proteins were chosen and incubated with the
microparticle to determine the best concentration for saturating the particle
surface. The optimum amount chosen for saturating 50 pg of NeutrAvidin

microparticle solids was 2 ug of each protein (Figure 6.5).
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Figure 6.5 Optimisation of protein-microparticle complexation in Coomassie

staining

Different amounts (0.5, 1 and 2 pg) of Cr-Dnal-Cr biotinylated proteins were incubated
with NeutrAvidin microparticles (50 pg) and analysed by Coomassie staining after SDS-
PAGE. A) BabA-Crown B) Cr-Dnal-Cr.

I. represents the unbound protein obtained from the supernatant of the protein-particle
conjugates after centrifugation. II. represents the same stated amount of the protein

before incubation with the microparticles (100% unbound protein).
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After conjugating Neutravidin microparticle to the proteins, Dynamic light
scattering was used to evaluate the change in the hydrodynamic diameter of the
microparticles. The possible scenarios (Figure 6.6) were envisaged to anticipate

the microparticle-protein interactions.

A) Proteins having the same size form monodisperse solution or polydisperse
colloid in case of different sizes such dimers or tetramers.

B) Monodisperse solution bound to microparticle via the neutravidin on its
surface and biotin molecule in the protein forming a layer, which could be
measured, in case there is a relatively similar size/weight between the
protein and the microparticle. Multiple measurements of this increase in
size can be reproducible as the monomolecular formed is devoid of
aggregation.

C) In case of polydispersity, upon protein interaction with particles, variable
size distributions can be detected as the protein may form aggregates and
then bind to neutravidin, which has 4 binding sites, in the microparticles

forming complexes of multiple intensities or heterogeneous samples.
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Figure 6.6 Schematic diagram shows the possible ways for microparticles size

increasing/aggregation

(A) Proteins (brown strings) having single biotin (red triangle) present in monomer, dimer
due to disulphide bridge (black line) or aggregates interact with neutravidin (blue
tetramer) on the surface of the microparticles forming monodisperse solution (B), or cause

particles aggregations (C) and result in polydisperse colloid.
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The hydrodynamic size distribution by intensity for the Neutravidin microparticle-
protein complexes at 50 pg/mL was investigated using DLS (Figure 6.7). An
increase in the hydrodynamic diameter was recorded in microparticle-protein
complexes, however, because of the difference in the size of the microparticle
(~1.0 um) and the protein (few nanometers), it is not possible to measure,
accurately, the change in particles hydrodynamic diameter. Microparticle alone
(Figure 6.7A) demonstrates two peaks around 1 pm in size for the three readings,
suggesting particles size (~ 900 nm). BabA-Wildtype (Figure 6.7B) shows similar
result to the microparticle alone with a subtle increase in size, however, there is
a major peak combining all measurement suggesting no/less aggregation occurs.
BabA mutant type (Figure 6.7C) illustrates different peaks from multiple runs e.g.
one reading showed particles size of 1050 nm suggesting an aggregation as there
are fluctuations in the size displayed, i.e. the complexes are not monomolecular
(polydisperse). While, BabA-Crown-Wildtype (Figure 6.7D), BabA-
Crown_p233a/s244a the mutant type (Figure 6.7E) and BabAchr. (Figure 6.7F) display
similar patterns, suggesting polydispersity due to the increase in the size
distribution and particle radius to between 1050 - 1150 nm. Moreover, intensity
measurement of BabA-Crown Wildtype and BabAchp. indicates less heterogeneous
samples, while BabA-Crown_p233a/s244a ShOWS more variable sizes and this may be
due to the tendency to form dimers more often than the other samples. Cr-Dnal-
Cr (Figure 6.7G) appeared to be bigger in size (~ 1200 nm) compared with BabA-
Crown sample. Triple measurement of size distribution by intensity of these
samples reveal multiple peaks, which are coincide with each other and displayed
as two peaks, suggesting protein bivalency, which could be in part to dimer
formation or cross-linking between the two Crown domains that forming the
protein, which bind with different microparticles together. However, the reading

look more similar, a side from the size and intensity, to BabA and microparticles.
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Figure 6.7 Evaluating homogeneity of protein solution

Measurement of hydrodynamic size distribution by intensity for Neutravidin microparticle-
protein complexes disclose (A) Microparticle alone are around (~ 900 nm in size, which is
approximately the same size of BabA-Wildtype in (B). While BabA mutant type (C) show
fluctuations in the size distribution (900 - 1050 nm) which indicate particles aggregation
or polydisperse solution. Similar patterns were noticed in BabA-Crown-Wildtype (D),
BabA-Crown_p233a/s5244a the mutant type (E) and BabAchr. (F) suggesting polydispersity but
to less heterogenecity due to size increment between (900 - 1100 nm) and less intensity
percentages (~35 %). Size distribution in Cr-Dnal-Cr (G) showed multiple coincided peaks

which are combined into two peaks (900 - 1200 nm), suggesting protein bivalency.
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For testing the binding ability of protein-microparticle complexes to the
glycoconjugates, ELISA was performed. Labelling the microparticle with
biotinylated protein and direct fluorescent detection revealed no binding activity
for the tested proteins to the glycoconjugates except BabAs,;« or wildtype (used
as positive control) which bound to le® (Figure 6.8). The presence of nonspecific
binding observed, mostly, in BabA proteins (wildtype and mutant) and Cr-Dnal-
Cr may be due to the interaction between the microparticle and the sugars as no

antibody was added for binding detection.
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Figure 6.8 ELISA determination of binding of protein-microparticle complexes
glycoconjugates

Binding of protein-microparticle complexes to immobilised HSA (negative control), HSA-
Le?, HSA-Le® and HSA-Le¥ glycoconjugates in sandwich ELISA. BabAsxx (BabA-WT)
conjugated with NeutrAvidin microparticles bound to Le°. BabA proteins (Wildtype and
mutant), Cr-Dnal-Cr and to a lesser extent BabAcnrL show non-specific binding to the
glycoconjugates (n=4, error bars represent the standard error of the mean, P <0.001)

using 2way ANOVA for multiple comparisons followed by Tukey post-hoc test.
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6.4 Discussion

This chapter represents the final objective of this study which was to find the
smallest binding domain of BabA before using it as a targeting moiety for drug
delivery. For this purpose, microparticles were surface-modified with different
BabA domains, applying biotin-avidin specific complexation approach. Biotinylated
BabA domains were attached to Neutravidin microparticles. This attachment
aimed to dually help the protein to be in an orientation similar to the bacterial

surface and to assist in approaching the correct folding for binding.

Neutravidin-biotin interaction is the strongest non-covalent bonding known in
nature. This interaction has been explored in several applications such as nucleic
acid delivery, diagnosis/detection of surface antigen and monoclonal drug deivery

are examplified below.

1. Nucleic acid delivery was exploited in developing small interfering
ribonucleic acids (siRNA) coupled to monoclonal antibody to target
podocytes (specialised cells in the kidneys) in vivo. Monovalent IgG was
conjugated to neutravidin via sulfohydryl group. Then biotinylated
protamine, polycationic nuclear protein used as adaptor for siRNA, was
joined to the neutravidin (Hauser et al., 2010). Neutravidin was used for
delivery of biotin-labelled poly(rC) binding protein 2 (PCBP2) siRNA to
hepatic stellate (HSC-T6) cells and rats (Jain et al., 2017).

2. For diagnostic purposes, Avidin-nucleic acid nanoassembly system
(ANANAS) assisted by confocal laser endomicroscopy was developed for
diagnosis of inflammatory bowel disease in experimental model. The nucleic
acids were coated by neutravidin forming toroidal structure and conjugated
to biotinylated polyethylene glycol (Buda et al., 2015). Streptavidin
conjugated to highly luminescent quantum dots in combination with atomic
force microscope and confocal laser scanning microscopy were used for
detection of TrkB receptors distributed in cultured hippocampal neurons
(Park et al., 2010). Recently, streptavidin was conjugated to gold
nanoclusters (Au-glutathione) to develop ultrasensitive fluorescent sensors
for diagnosis of HIV infection in the early stages through detection of HIV-
1 p24 antigen (Kurdekar et al., 2018).
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3. For monoclonal drug delivery, therapeutic IgG fusion protein with
transferrin receptor monoclonal antibody was used for penetrating the
blood brain-barrier through transferrin receptors (Pardridge, 2015). Anti-
epidermal growth factor receptor antibody was integrated with avidin
nucleic acid nano-assembly carrying doxorubicin for breast cancer therapy,
in vivo using human breast adenocarcinoma cells, MCF-7 and MDA-MB-
231 (Roncato et al., 2018).

The use of neutravidin-biotin for intracellular protein drug delivery is a challenge
as, generally, the proteins show low membrane permeability, limited target-
specificity and stability (Jain and Cheng, 2017). Moreover, for microparticle
encapsulation proteins need special consideration to keep the structural
organisation stable and compatible to perform the function (Deshpande et al.,
2017). Here, for the first time, BabA was used from different point of view, i.e.
instead of bacterial virulence factor, to achieve two aims. Firstly, developing BabA
as a biomimetic moiety for gastro-retention drug delivery. Secondly, simulating
bacterial BabA-binding to Le® through modelling the bacterial surface using
complete extracellular BabA-microparticle complex. This novel model
demonstrated promising results as BabA retains the binding ability and suggesting

better insight about its orientation on the bacterial surface.

The ultra-high affinity and selectivity of avidin-biotin binding has been extensively
applied to modulate protein structure and function (Dundas et al., 2013). For
preparation of avidin-biotin complexes, protein (antibody or lectin) needs to be
conjugated with biotin through a biotinylation process. This process can be
exploited through biochemical or chemical reactions (Beckett, 2018). Biochemical
(enzymatic) biotinylation is more site-specific as biotin ligase enzyme (BirA) adds
a single biotin to the lysine residue in the protein substrate bearing the biotin
acceptor, Avi-Tag sequence, in an ATP-dependent reaction (Fairhead and
Howarth, 2015). A commonly used alternative to enzymatic (mono-)biotinylation
is chemical biotinylation, e.g. via sulfo-N-Hydroxy sulfosuccinimide-(NHS)-esters.
However, chemical biotinylation is not sequence-specific and will generate multiple
biotinylations of any accessible lysine residue (Elia, 2008, Sternicki et al., 2017).
This happens because the primary amine on lysine is frequently surface-exposed,

due to its positive charge, at physiological pH. Lysine modification does not usually
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affect the protein biological activity (Elia, 2008). As the intention is to conjugate
the biotinylated Crown to nano/microparticles, multiple biotinylation could create
multiple particle binding, and thus, undesirable particle aggregation. In contrast,
mono-biotinylation cannot induce clustering of nano/micro-particles surface
modified with neutravidin. Neutravidin as a tetramer can use each of the four
binding sites to capture a single biotinylated protein (monomer) without leading
to aggregation (Dundas et al., 2013), unless the binding protein is bivalent

(dimer).

Biotinylation of BabA-Crown and other truncates was successfully performed using
BirA enzyme. This step was confirmed by Western blotting and ELISA binding
assay. However, these techniques confirmed that the biotin has been conjugated
to the proteins, but did not show if the proteins are monobiotinylated proteins.
Monobiotinylation can be specifically obtained by co-transforming a plasmid
encoding BirA enzyme into the bacterial cell, then the expressed enzyme will
target the AviTag sequence and monobiotinylated the protein of interest (Sung et
al., 2011). Other strategy, by transforming the plasmid of interest into E. coli
containing biotin ligase encoding plasmid pBirACmu and extract the

monobiotinylated protein from periplasm (Noor et al., 2018).

Interestingly, there are two tags acting as a substrate for ligase BirA enzyme. The
first is Avitag sequence which consists of 15 amino acids and the second is
BioEase™ tag which has 72 amino acids and derived from the oxalacetate
decarboxylase a subunit isolated from Klebsiella pneumonia (Kumano-Kuramochi
et al., 2017). Even with the difference in the length of the sequence and
composition (Ala-Met-Lys-Met in BioEase™ and Ala-GIn-Lys-Ile in Avitag™), both
share the same efficiency in being a substrate for BirA ligase in vitro. However,
AviTag™ is preferable as a tag due to its small size (Tirat et al., 2006, Kumano-
Kuramochi et al., 2017). While the benefit of monobiotinylated protein is the lack
of aggregation of streptaviding particles, this could still be caused e.g. by dimers
of biotinylated proteins formed by disulfide bridges present in BabA-Crown, Cr-
Dnal-Cr or other BabA truncates. These cannot be reduced (e.g. using DTT or
beta-mercaptoethanol as reducing agents), as this step would impact the ligand
binding ability of the BabA-Crown. Moreover, it was reported that disulfide bridge
formed a cysteine-clasped loop in BabA is essential for its stability, binding

interaction, and oligomer formation in response to the change in the stomach pH
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(Bugaytsova et al., 2017, Moonens et al., 2016). Even though confirmation of
protein biotinylation was conducted using tradtional Western blotting, which
recently improved by using Streptavidin containing poly-horseradish peroxidase
(Mishra et al., 2019), further confirmatory techniques are required. Mass
spectrometery to analyse the increment in protein molecular weight (biotin
molecular weight is 0.226 kDa) will be beneficial for confirming the biotinylation.
Direct detection of biotin-tagged protein (DiDBIiT) method using mass
spectrometry can increase detection of biotinylated proteins to about 200 fold
(Schiapparelli et al., 2014). Recent advances in liquid chromatography time-of-
flight mass spectrometry (LC-TOF-MS) can provide more accurate estimation
(Eeltink et al., 2017).

Dynamic light scattering (DLS) is commonly used to estimate particle
hydrodynamic size and the thickness of adsorbed layer. This is done by taking the
average particle hydrodynamic radii before and after the modification (Tiraferri
and Borkovec, 2015). In this study, microparticle was conjugated to proteins then
measured using DLS. Measurement indicated an increase in particle size in BabA-
Crown (Wildtype and mutant), Cr-Dnal-Cr and BabAcup. proteins. This
enlargement could also be due to aggregated proteins bound to neutravidin in
different particles. As DLS was used as a complementary approach for
characterisation of the microparticle-protein complexes, further confirmatory
tehniques such as electron microscopy can be advantageous. DLS is beneficial
instrument in determining the protein-particle behaviour, particle homogeneity
and estimation of the particle size (Stetefeld et al., 2016). Furthermore, it is
capable of studying the ability of the conjugates to remain as suspension, i.e. their
resistance to any aggregation/ sedimentation (Gambinossi et al., 2015). The
measurement of the hydrodynamic size is calculated assuming that the particles
are spherical in shape and can reveal more accurate measurement if there is single
population in the sample. However, DLS has many limitations such as lacking the
ability to separate the measurement of closely related molecules (e.g. monomer
and dimer) (Stetefeld et al., 2016). The main limitation is the difficulty of accurate
guantification of the amounts of the aggregates. This is because the particles are
usually considered to be spherical, which in case of heterogeneous size
distribution, makes data interpretation more problematic (Brar and Verma, 2011).

In this case, the presence of aggregates or polydispersity means that the
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technique cannot accurately estimate the hydrodynamic thickness of the adsorbed
layer on the particle surface as proposed by (Tiraferri and Borkovec, 2015). As it
was intented to use the microparticle surface to obtain functional protein, particle
aggregation can form heterogeneous layers. This would produce variable protein

loads and thus different concentrations (Tiraferri and Borkovec, 2015).

It is worth emphasizing that NeutrAvidin microparticles are polystyrene-based and
were used as proof-of-principle. Thus, their usage can be helpful in simulation of
bacterial surface for protein functionalisation. Polystyrene is commonly used as
model particles to study the surface effect on biological molecules activity. These
particles are a convenient platform for proof-of-principle application but their non-
degradability in biological environment restricts their usage in vivo (Loos et al.,
2014).

Testing protein binding ability using ELISA revealed that the aim to get a functional
protein was not achieved. While the usages of microparticle to improve BabA-
Crown functionality was not a successful strategy, BabAs,7« wild type still retains
the binding ability to its physiological ligand, LeP. This may suggest correct
orientation of BabA on the surface of the particle and retaining of the binding
functionality. However, in this case, it did not result in maximizing the binding

strength/avidity.

The non-specific binding seen in case of using microparticles-protein complex
maybe due to the neutravidin that coated the microparticle. This nonspecificity
maybe as explained by (Wilchek and Bayer, 1988) as a result of the basicity of
the neutravidin or traced to the affinity of the avidin to bind the sugar
(neoglycans). The association between Biotin and neutravidin is mediated by a set
of hydrogen bonds and van der Waals interactions. When biotin binds to
neutravidin, it buries inside a B-barrel central pocket of the neutravidin which
leads to a conformational change (Rosano et al., 1999). This change may lead to
the non-specific interactions when protein is absorbed onto a solid phase
(Vermette et al., 2003). As in the absence of biotin, the pocket in the neutravidin
contains water molecules (Wilchek and Bayer, 1999). This may explain the

protein-particle complexes’ non-specific binding.

The protein can be immobilised directly on a solid-phase microplate to reduce the

non-binding ability or facilitate antibody detection ability but this may produce
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random orientation (Vermette et al., 2003) or give rise to false-negative result
due to buried protein ligands which make the epitopes of the antibody have no
access to their targets. Moreover, protein covalent adsorption to solid surface
leads to conformational change or denaturation and potentially loss of binding
affinity (Butler, 2000). The concentration of the protein/ligand is additional critical
factor (Nguyen et al., 2012). High concentration can give rise to aggregation and
increase the background signal, while low concentration reduces the amount of
the exposed reactive receptors and lead to misinterpretation, giving false negative
results (Glven et al., 2014). Background noise can be eliminated by changing the
buffer, e.g. ChonBlock™ buffer system, which was reported to substantially reduce
these non-specific interactions (Waritani et al., 2017). This mainly occurs because
protein-ligand interactions are measured in soluble form. Isothermal titration
calorimetry can provide more factual results with less background noise even
when a minimal buffer concentration was used (Booth et al., 2018). However,
sample purity and preparation, protein and ligands concentrations need to be
more precisely determined for accurate results (Duff et al., 2011). Another
sensitive techniques to analyse the binding of immobilised protein on microparticle
to the ligand is surface plasmon resonance spectroscopy, which can provide real-
time data (Masdor et al., 2017). An alternative strategy is coating the
microparticles with a layer of poly(ethylene) glycol, after protein adsorption, which
provides antiadhesive characteristic and reduce particles aggregation. However,
the density of the surfactant should be adjusted to preserve protein specificity and
affinity (van der Wel et al., 2017).
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6.5 Conclusion

In summary, from the overall results obtained, coating the microparticle with
BabAs,7x did not affect its glycan binding ability. This indicates that BabAszzk
retained the correct folding when attached to the microparticle surface. As the
AviTag sequence is located at the C-terminal end of the recombinant protein, this
may bring the orientation on the particle following complexation which exposes
the crown facing outwards, similar to what is found on the H. pylori surface. This
surface presentation could be used as a biomimetic vector for further studying of

the binding affinity.

Unexpectedly, it also appears from the data that a reduction in the size of the
extracellular domain of BabA molecule did not yield a functional protein, as none
of the truncated forms resulted in binding to BabA’s physiological ligand, Lewis B.
Thus a strategy based on finding the smallest possible binding domain, followed
by protein engineering to remove the last remaining pepsin cleavage sites, is not

a viable option.
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CHAPTER SEVEN

7. General discussion

7.1 Study impact and importance

The aim of this study was to develop a new system for cytoadhesive drug delivery,
using H. pylori adhesin as a targeting moiety. While this remains to be
accomplished, the work has defined some key challenges and desirable properties

of such systems.

Concisely, the best cytoadhesive drug delivery system would need to increase
gastric retention time by 1) direct binding to the gastric epithelial cells, 2) have
the sustainability to withstand constant gastric mucus turnover and 3) be resistant
to the combined action of gastric acidity and pepsin proteolytic activity (Streubel
et al., 2006b). Lectins are the best candidates which might help in achieving such
characteristics as reviewed in these references (Oldenkamp et al., 2018, Marcos
Luciano, 2019, Devi and Basil-Rose, 2018, Coelho et al., 2017, Brooks, 2017).
However, no such specific lectin-based gastric drug delivery system has been
described in the literature. This might be due to the potential of the lectins to be
immunogenic and possibly toxic (Mbae et al., 2018). Though, this gap in the
knowledge could be filled by utilizing a similar model already existent in Nature,
for example, inspired from gastric bacteria. H. pylori as a widespread gastric
inhabitant represents a good model to be simulated. This research for the first
time paved the way for the use of one of H. pylori lectins (BabA), which specifically
interacts with gastric ligands, as a novel strategy. This biomimicry, if successful,

would open a new frontier for new improved drug delivery systems.

The biomimetic system aimed to increase gastric retention time, and this poses a

special challenge. This because targeting a proteinaceous moiety bearing a drug
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to the gastric epithelium makes the system highly susceptible to the hostile acidic
and proteolytic nature of the gastric digestive juices. Therefore, characterisation
of the glycan binding abilities and its resistance to peptic digestion were important

elements of this thesis.

Indeed, a recombinant form of BabA'’s full extracellular domain can be a candidate
drug targeting moiety, but its sensitivity to proteolysis makes it a less suitable
system. One possibility to avoid degradation by gastric pepsin would be to use the
smallest possible binding domain of BabA. This would facilitate the creation of a
targeting moiety without any pepsin digestion sites. Therefore, defining the
minimal binding domain of BabA besides the empirical assessment of its properties
in a simulated gastric environment were attempted. This has been done for the

first time in this thesis.

Importantly, it must be stressed on the possible disadvantage of using such lectins
for targeting the drug delivery system to gastric surface glycans in vivo. The
possibility of premature or unavoidable binding to the mucins in the mucosal layer,
rather than to the gastric epithelium could be a possible hindrance to this model.
This could occur because BabA binds to a variety of ligands, shared with gastric
mucus, starting from the oral cavity up to the secreted mucin MUC5AC found on
the stomach epithelium. Thus, it is essential that this biomimetic system should
be studied in a relevant physiological environment, i.e. not just in vitro, to achieve

a more realistic evaluation of the feasibility of this approach.

An unexpected outcome of this work was the inability to express a functional,
shorter domain of BabA. This initially appeared achievable, because knowledge
gained from crystallography suggested that all binding interactions between BabA
and its ligand were restricted to a small area of the adhesin, which was called the
Crown domain. It is worth noting that, throughout this study many advances were
achieved, not only in trying different BabA truncates and understanding the
possibility in mediating the adhesion, but also in the elucidation of a pepsin
digestion-resistant model and microparticle application, which was also a novel
achievement applied in this thesis for the first time. Overall, new insights were
obtained from the results of the experiments performed in this thesis and some

are summarised and discussed below.
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7.1.1 Improved periplasmic expression approach

Bacterial periplasmic space, as oxidising environment, is the site of choice for
targeting recombinant proteins when formation of disulfide bonds is required for
correct folding or functionality. It also makes isolation of the recombinant protein
easier and could be used for developing strategies for improving protein yields
(Selas Castineiras et al., 2018, Ytterberg et al., 2019).

While most of the experimental procedures used for protein expression were
derived from the previous published strategy (Hage et al., 2015b), the protocols
had to be modified to obtain successful expression of truncated BabA versions.
The use of chloramphenicol in the growth medium, instead of incorporating a
hexa-lysine tag as originally used in the published study, resulted in a significant
improvement in the expression yield. This strategy can be considered for future
studies to increase the copy number of plasmids having Co/E1 origin of replication
(i.e. ColE1 family plasmids) such as pMB1, p15A and CloDF13 (Son et al., 2016,

Camps, 2010) and thus, increase protein periplasmic expression.

The introduction of hexa-lysine tag at BabA carboxylic terminal increased the
solubility of the protein, through a yet to be explained mechanism, and protected
it from partial N-terminal degradation (Hage et al., 2015b). Recently, partial N-
terminal degradation was also occurred in expression of LabA in the presence of
hexa-lysine tag (Paraskevopoulou et al., 2019). Albeit a significant increase in the
protein yield was achieved, this method failed to produce two different BabA
truncates. However, a pronounced band was observed after protein purification in
BabA-Crown variant having AviTag™ sequence. In the literature, this 15 amino
acids long sequence was usually used to generate a biotinylated protein through
being a substrate for BirA enzyme-dependent biotinylation (Fairhead and Howarth,
2015). Little is known about the ability of this sequence to increase protein
expression. Therefore, it would be interesting to determine if this sequence could,

empirically, improve the expression also in other proteins.
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7.1.2 Identification of the minimal binding mechanism

The molecular recognition of H. pylori adhesins and cellular receptors has been
sought for a long time until recently established. Out of all of H. pylori adhesins,
only two were co-crystallised with their ligands, BabA and HopQ (Hage et al.,
2015a, Javaheri et al., 2016). BabA crystallisation led to elucidation of the
mechanism these bacteria undertake to interact with Le and type 1 ABO/Le blood
group, thereby, publicised initial gastric colonisation. The structural insight gained
from this knowledge revealed the existence of the binding site, which is mostly
stranded B-domain, termed the Crown. Application and understanding of such
binding mechanism is critical, not only to elucidate the structural basis and how
H. pylori mediates the attachment, but also for developing functional minimal

binding site vectors, which could be rationalised to other adhesins.

This data shed a light on the usage of the Crown as a targeting moiety for drug
delivery. It was assumed that the minimal interactive domain if used for surface

modification of nano/microparticles, it would increase the avidity.

Indeed, the experimental trials conducted in this study have increased the
knowledge about the characteristics of BabA protein, even though the binding
issue has not been completely tackled. It is worth constructing different BabA
sequences from different bacterial strains after comparing their binding affinity.

This because of

1) BabA variants have different dissociation rates (Aspholm-Hurtig et al., 2004).

2) The high diversity in the amino acid sequence may affect the functionally and
binding properties (Bugaytsova et al., 2017).

3) Some variants might tend to form oligomers (Moonens et al., 2016).

For the sake of generating a prospective drug delivery moiety, it is useful to try
other H. pylori adhesins as an additional/alternative targeting moiety. LabA or
SabA are two possible lectin-based candidates having proved affinity towards
specific ligand in the gastric glycans (Rossez et al., 2014a, Pang et al., 2014).
LabA specifically adheres to lacdiNac motif, which is abundantly carried by healthy

gastric mucosa. SabA binds to sialylated glycoproteins which are found on the
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epithelium in an inflamed stomach. However, crystal structures of these adhesins
with their ligands are not available, so far. Thus, more investigation is needed to
know the binding molecular interactions between these adhesins and their ligands.
The recently characterised H. pylori adhesin ‘*HopQ’ could be a potential alternative
as it was crystallised alone and co-attached with its ligand carcinoembryonic
antigen-related cell adhesion molecule (CEACAM). Interestingly, the crystal
structure shows the binding domain comprising of a small Crown region, f-domain
consists of 2 strands instead of the 4 strands present in BabA (Javaheri et al.,
2016). Future comprehensive knowledge of these domains or molecular binding
interactions could reveal better insights about the possible ways of enhancing

cytoadhesive properties.

A further alternative approach could be sought to develop antimicrobial peptide to
antagonise bacterial binding and/or inhibit the colonisation/invasion. The principle
of anti-adhesion was applied through mannosides, small-molecular-weight
compounds, which blocked uropathogenic E. coli (UPEC) adherence to the bladder
epithelium through inhibiting bacterial FimH type 1 pilus lectin (Cusumano et al.,
2011). This orally administrated FimH antagonist demonstrated potentially
promising new treatment for urinary tract infection in females. Moreover, a newly
identified family of lectin ‘odorranalectin’ was the focus area of recent research.
This 17-amino acid sequence was isolated from skin secretions of the frog of
Odorrana grahami. It represents a promising candidate as anti-amphibian and in
brain targeting drug delivery (Wen et al., 2011a, Wu et al., 2012, Li et al., 2008,
Wen et al., 2011b). However, applying this new lectin or any of the family member

for gastric drug delivery was not recorded, so far.

Recently, monoclonal antibody was used for gastric drug delivery such as
programmed death-ligand 1 (PD-L1) monoclonal antibody. This antibody was
conjugated with polyethylene glycol-poly-caprolactone nanoparticles to enhance
Docetaxel delivery and showed chemotherapy efficacy in gastric cancer cells in
vitro besides induced cell apoptosis and increase cell cycle arrest at Gap2/Mitosis
phase in vivo (Xu et al., 2018).
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7.1.3 Creation of Crown-DnaJ-Crown

The observation of a sequence (ENFKKLNEAYQILQTALKR) representing a part of a
molecular chaperon Dnal within BabA has attracted our attention to its possible
function. This semi-conserved 19-amino acid sequence is only present in H. pylori
J99 strain. It may play a role in increasing the flexibility of the Crown folding or
binding functionality. This assumption was derived from the role J-domain played
in Mycoplasma pneumoniae in terminal organelle function protein (TopJ). Loss of
this domain led to adherence-deficient phenotype (Cloward and Krause, 2009).
Alignment of this sequence with other BabA allelic variants (Figure 7.1) shows the
middle 11 amino acids are semi-conserved. Blasting these residues
(NEAYOILQTAL) using NCBI protein bank displayed a matching (91% identity) with
only BabA sequence. Yet the exact function, if any, is poorly understood and

interpretation of its role is beyond the scope of this thesis.

BabB KNYAIINKAYQIIQKALTA 1¢
BabC DEFKKLNEAYQIIQQALKN 1€
BabA-Dnal NFKKLNEAYQILQTALKR- 1€
BabAl ENFKKLNEAYQILQTALNKG 20
BabB/BabAl ENF K

(LNEAYQILQTALNKG

Figure 7.1 Multiple sequence alignment of BabA allelic variants

Dnal sequence in BabA from 199 H. pylori has two different residues (K/N and R/K) from
BabA1l (not expressed protein) and the chimeric BabB/BabA1l. While there is 100% identity
in BabAl and BabB/BabA1l, there is heterogeneity in BabC.
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The presence of part of Dnal domain in BabA may indicate one or both of these

possibilities:

1. It may acts as chaperon-like or putative co-chaperone with DnaK sequence
and help in folding/unfolding. This assumption derived from the role Dnal
protein plays in localising the protein to Hsp70 chaperon (Kampinga et al.,
2019). Or the role BabA ‘key-coil’ plays in monomer to trimer/oligomer
transition in response to the variation in the pH (Bugaytsova et al., 2017).

2. Has a signal transducing role intracellularly, such as a sensor for unknown
element. This is suggestive explanation derived from the role Dnal-like
‘DjlA’ protein plays in interaction with the membrane sensor kinase RcsC in
E. coli (Castanié-Cornet et al., 2014). Noticeably, DjlA does not contain the
cysteine-repeat domain but only has the J-domain (Genevaux et al., 2007).

Both of the above-mentioned possibilities need further investigation.

From J99 BabA crystal structure, Dnal sequence appeared to form alpha-helix in
the head domain. It located upstream to the Crown domain, between two
cysteine-clasps. Its position is close to the Crown key-coil found in BabA from
17387 strain, in which D198 with R207 forms a salt-bridge clamp. This clamp, at
low acidity, acts as a pH sensor, while maintaining the binding interactions
(Bugaytsova et al., 2017). As BabA J99 protein does not contain this key-coil, we
suggested that Dnal may acts as an alternative in this strain. Successful folding
of Cr-Dnal-Cr, as displayed in the CD experiment, may support the suggestive
role Dnal played in acting as a chaperon-like factor (Takayanagi-Kiya and Jin,
2016). This probably was made possible by bringing the two Crowns together to
form Cysteine clamps. However, the inability of Cr-Dnal-Cr protein to bind its

ligand is far from being understood.

As the Cr-Dnal-Cr is the divalent form which is made up of two Crowns, an
interesting concern is raised about the nature of the Crown itself. The Crown as a
domain could be either a native sequence evolved to mediate BabA attachment
function, or it might be acquired from an external DNA source through e.g.
transformation/transduction, and subsequent integration events. Upon blasting
the Crown’s DNA nucleotide and amino acid sequences, no significant homologue
sequence was identified with any other organisms. This result was supported by

two studies considering BabA-Crown as a unique (BabA-ID) sequence mainly
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present to mediate the specific binding of H. pylori to the gastric histo-blood group
antigens (Hage et al., 2015a, Moonens et al., 2016). Noticeably, the presence of
two hypervariable loops sequences, complicated the choices of the blasting, as

numerous sequences should be tested.

Searching for a similar protein/molecule share the same binding ability to Le® to
gain more insights, have led to two viruses that infect the stomach. These two
viruses are from the Caliciviridae family, namely, Norovirus and Sapovirus. They
are infecting most of the world’s population and are the dominant cause of
gastroenteritis (Atmar et al., 2018). At least three human Norovirus genogroups
are binding to histo-blood group antigens (HBGAs) including Le® (Shirato, 2011),
while Sapovirus bind only to sialic acids (Kim et al., 2014). An association between
infection with H. pylori CagA-positive strains and an increase in Norovirus (GII.4
strains) binding spectrum to the mucosal surface was reported (Ruvoen-Clouet et
al., 2014). It was proposed that the bacteria induce fucosyltransferase 1 (FUT1)
expression in the gastric epithelial cells, thereby increasing the binding sites for
Norovirus GII.4 virus. However, this association does not explain the competition

between H. pylori and Norovirus in binding to the same gastric glycoconjugates.

Unexpectedly, it has been shown that H. pylori expresses glycoconjugates (e.g.
LeP) on its surface as part of the lipopolysaccharides (Li et al., 2016a). If these
Lewis antigens are used for immune evasion, then how the bacterium can
differentiate between its own receptors and the ones expressed by the host cells?
On one side, while some scientists, such as Chmiela et al., determined that
bacterial expression of Lewis antigen is host-mimicking mechanism and
corresponded to the host phenotype at various conditions (Chmiela et al., 2014,
Chmiela et al., 2018, Chmiela and Gonciarz, 2017), other scientists concluded that
this expression has no definite role in host evasion and need more exploration
(Matsuura, 2013) also expression of Le® in H.pylori does not interfere with the
bacterial adhesion capability (Zheng et al., 2003). It is interesting that the bacteria
can produce highly specific lectins to mediate the host attachment and at the same
time express these lectins to be located on their surface. It was suggested that
the bacteria can distinguish between these carbohydrate ligands based on the

differences in the core structure (Falk, 2001).
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Recently, it was revealed that BabA binding to Le® inhibits bacterial proliferation.
This negative feedback mechanism is regulated by histidine kinase sensor (ArsS)
and leads to a decrease in babA gene expression (Skoog et al., 2017). However,
this finding complicates the situation, as some bacterial strains, e.g. H. pylori
26695, do not express functional BabA or SabA protein. This, in turn, raised two

questions which remained unanswered.

1. Why is BabA expressed in some strains and not in others?
2. Does BabA have another function in addition to mediating the bacterial
attachment?

In summary, knowledge of the Crown role is of great interest not only for
developing a drug delivery moiety but also for understanding how H. pylori
mediates the attachment and elucidation of BabA functionality. Although the
crystal structure of SabA was solved before BabA, no Crown or comparable B-
strand domain was revealed in SabA crystal structure (Pang et al., 2014).
Moreover, SabA was not co-crystallised with the sialyl-Le* to know the binding
domain. However, there is a shorter B-domain (2 strands instead of the 4 strands
present in BabA) in the recently crystallised HopQ (Javaheri et al., 2016). A
comprehensive knowledge of these domains or molecular binding interactions
could reveal better insights about the possible ways of enhancing cytoadhesive

properties.
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7.1.4 Discovery of partial BabA-Crown resistance to

peptic digestion

What makes H. pylori a successful gastric inhabitant bacterium, is its ability to
adapt to this hostile environment. This adaptation depends on several factors,
including attachment to the gastric epithelial cells. This specific binding could be
an advantageous characteristic for making a suitable moiety for gastric targeting,

however, using proteinaceous moiety is a challenge.

BabA-Crown partial resistance to pepsin, aside from binding non-functionality,
renders it as a model for drug delivery. This because the proteolytic sensitivity
could be solved by mutagenic mutations to give a completely resistant form.
Moreover, pepsin secretion into the gastric lumen occurs during digestion as a
response to the meal’s entry (Gritti et al., 2000). This gives BabA-microparticles
drug delivery system the opportunity to be administrated in the fasted state only.
However, one limitation anticipated, BabA when conjugated to the surface of the
microparticles could not be replaced continuously in response to the surrounding

environment such in the case of being on the bacterial surface.

Even if the binding issue was solved and the resultant mutagenic model could
resist the gastric acidity, still further in vivo assessment should be performed
before it could be considered for use regardless of the prandial status. An
alternative substitution strategy could be to use pepstatin to inhibit the pepsin
activity (Kim et al., 2018), providing a space of time for BabA activity. However,
the potential interference of this intervention with the natural digestive processes

would need to be considered carefully.

The experimental work proved that both recombinant BabA-Crown and Cr-Dnal-
Cr proteins were partially resistant to pepsin digestion at both low and full
proteolytic activity phases. These results could be translated into a knowledge for
elucidating the adhesin susceptibility to the gastric lumen during the course of H.
pylori infection. In this context, it is useful to take into account that bacterial
attachment/detachment does not only rely on adhesins but also on multiple other
factors such as flagella and urease enzyme. The former propel the bacteria to
escape from the harsh environment, while the latter is employed to neutralise the

acidity in the surrounding microenvironment (Karkhah et al., 2019). These two
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factors cannot easily be applied with the drug system to give it additional

advantages.

Of course, BabA is not the only adhesin expressed on the outer membrane. Other
outer membrane proteins were also found on the bacterial cell surface (Kable et
al., 2017). At the same site, there is the lipopolysaccharide (LPS) which is the
prevalent component of the outer membrane. LPS consists of lipid A,
polysaccharide region and O-antigen chain. It was established that most of H.
pylori strains have Lewis antigens, Le* and LeY, within the O-antigen region. This

lead to variability in the structural organisation and length (Li et al., 2018).

To know how the bacteria managed to use its adhesins to bind the gastric
carbohydrate ligands in spite of the proteolytic and acidic environment, we
anticipated that the oligosacchardies of the LPS are extended to cover most of the
Crown. This could support BabA-Crown resistance to the acidity and pepsin
digestion by providing a glycosylated microenvironment. However, measurement
of the membrane thickness by electron microscopy, Attenuated Total Reflection
Fourier Transfer Infra-Red (ATR-FTIR) spectroscopy (Bass and Freger, 2015) or
indirectly through fluorescent lipid tension reporter (FliptR) (Colom et al., 2018)

should be done to confirm this finding.
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7.1.5 Development of a novel glycan-binding drug using
BabA-Crown

As emphasised throughout this thesis, the main object of this study was to develop
functional glycan-binding particles which can increase the gastric retention time.
Empirical in vitro and in vivo analysis to test the efficiency, viability and
functionally of this drug delivery model are of great importance. However, due to
the primary need to focus on tackling the glycan-binding issue, such experiments
were limited in this thesis. It worth noting that, in this study, preliminary
experiments were conducted using MUC5AC cell line as a gastric model.
Unfortunately, these attempts required more optimisation to the cultural
conditions to support the cellular expression of ABO/Le blood group antigens on
their surface. More investigation is ongoing to establish this method, not only
because of the need to confirm the outcomes obtained, but also to use a suitable
in vitro model to study H pylori interactions with the human epithelium as
proposed by (Boccellato et al., 2019). Moreover, it will be required for future work

to
1) Explore the properties of other adhesins as biomimetic vectors.
2) Investigate the particles’ penetration ability and

3) Mechanisms of withstanding of these moieties against the frequent gastric

mucus turnover.,

Albeit there is no defined model developed for studying gastric mucin turnover,
but the renewal rate of the mucus layer in the distal colon was studied (Johansson,
2012). Recently, mucus and glycocalyx turnover were analyzed in the small
intestine by in vivo labeling of O-glycans with N-azidoacetylgalactosamine
(Schneider et al., 2018). These models could be applied/ optimised to be used for

future experiments.

So far, using bacterial adhesin from H. pylori as specific lectin gastric-targeted
drug delivery system has not been described in the literature. Other lectin
candidates such as Helix pomatia (HPA) and Ulex europaeus agglutinin I (UEA-I)

were tested toward blood group antigens and showed specificity to blood group A
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and H antigens, respectively. However, cross-reactivity (non-specific binding) with
other mucins was detected (Matsui et al., 2001). Wheat germ agglutinin (WGA)
interaction with pig gastric mucin (PGM) was studied. It was found that the WGA
binding is specific to sialic acid and N-acetyl-glucosamine residues in PGM but fully
reversible (Wirth et al., 2002b).

In summary, it worth to keep trying with BabA-Crown or C-Dnal-Cr to achieve
proper folding and retain glycan-binding functionality by trying different
expression system such as chaperone-fusion expression plasmid vectors
(Kyratsous et al., 2009) or try pMAL-c5X vector, which depends on maltose-
binding protein (MBP) fusions (Lee et al., 2015), then treating with Factor Xa for
cleaving the protein from maltose-binding protein. Other strategy can be
employed such as investigating BabA from different bacterial strains, assessing
their binding capacity, then use the binding domain, the Crowns and/or BabA

truncates for developing drug delivery system (more details below).
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7.2 Future work

The experimentations presented throughout this thesis shed a light on some
aspects that could be used for further development of gastroretentive drug
delivery strategies. A future outlook could be drawn from unsuccessful attempts

to generate fruitful outcomes.
1. Selecting a suitable form of BabA from different strains

H. pylori 199 strain does not possess a gene for babC but contains one allele for
each of babA gene (jhp0833) and babB gene (jhpl1164). Homologous
recombination between these genes leads to chimeric babB/A gene. The resulting
protein is active in LeP-binding ability (Yamaoka, 2008). It would be interesting to
try expressing the Crown domain from chimeric babA/B or babB/A genes. This
may give a general overview about sequence variations regarding BabA binding
functionality and pepsin resistant ability. A published study (Fujimoto et al., 2007)
classified the bacterial binding ability through the level of BabA expression into

three classes:

A. BabA-high producers (BabA-H), which includes strains that highly express
BabA with high affinity to bind LeP.

B. BabA-low producers (BabA-L), which include strains that express small
amounts of BabA without binding to LeP. These strains are highly associated
with mucosal injury and duodenal ulcers.

C. BabA-negative strains, which include strains that do not possess a BabA
gene and therefore do not express BabA protein.

This indicates that bacterial binding ability to the host cellular receptors does not
only rely on the strength of BabA protein or oligomerisation, but also on the level
of expression. Therefore, before selecting a Crown domain from any strain, it is
better to investigate/quantify the strain level of BabA expression. Then produce
the recombinant form by cloning and expression, followed by measuring the
binding affinity. After selecting BabA proteins that of high affinities, the Crowns
can be used for developing the drug delivery model. Moreover, since 17875 BabA
appears to have 3x higher affinity than J99 BabA, it would an interesting candidate

for drug delivery.
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2. Confirming the mutant binding ability

BabA does not bind to LeY because of the structural difference in Gal (B1-4)GIcNAc
glycosidic linkage with Le® and it is not a known receptor for H. pylori (Hage et al.,
2015a). To sustain the chronic colonization and evade the immune system, H.
pylori mimics the host carbohydrates structures by expressing Lewis antigens on
its surface (Leker et al., 2017). Some of these glycans are expressed in deep
gastric glands such as MUC6 type 2 antigens, which express LeY and Le*
(Magalhdes et al., 2010). The result obtained in this work about the ability of the
Crown mutant protein to bind to LeY is interesting, and need to be considered for
future research. In European population, expression of LeY together with Le* was
found to be linked with atrophic chronic gastritis in H. pylori VacA*CagA® strains
more than strains expressing Le? and Le® (Broutet et al., 2002). While in Asian
patients, strains expressing Le*¥ are associated with peptic ulcer but not with VacA
and CagA expression (Zheng et al., 2000). LeY plays a role in angiogenesis and
thrombomodulin domain 1 (TMD1), which acts as specific ligand (Kuo etal., 2012)
and enhances monocytes adhesion (Lin et al., 2017). However, LeY is associated
with various forms of human tumours such as ovarian carcinoma, lung and
colorectal adenocarcinomas and can be used for enhancing T cells anti-tumour
activity or for immunotherapy (Westwood et al., 2009). If the investigation
revealed the ability of the Crown mutant form to specifically interact with LeY, then
a wide application could be followed. This will not only be the first lectin that
discovered to bind to LeY, but also could be used as a broad spectrum ligand for

therapeutic or developing an effective drug delivery system.
3. Using cell culture model

Cell lines were used in this study but further optimization was needed, therefore,
no result was included. This made a gap in knowledge and understanding of BabA-

Crown binding capability which constituted one of the research limitations.

There is a pressing need for establishing an in vitro or in vivo gastric models for
translational research as most cell lines are taken or transformed from gastric
adenocarcinoma (Burkitt et al., 2017). The knowledge derived from these types
of cells have not comprehensively addressed H. pylori initial mechanism of
infection in healthy patients. Therefore, several trials were conducted to establish

a lab model to study how H. pylori initiate gastric colonisation. Gastric human
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pluripotent stem cells have been used to form primitive gastric glands and led to
identification of the association of CagA factor with c-Met receptor, which could
enhance the initiation of cancer onset (McCracken et al., 2014). New in vitro quasi-
immortal tissue culture model was developed from spheroids and used as primary
gastric cells to study the H. pylori mechanisms of infection (Schlaermann et al.,
2016). This place the gastric organoids as an emerging in vitro model system to
study bacterial pathogenicity from the early stages. Different stem cell-derived

organoid systems were recently reviewed in (Pompaiah and Bartfeld, 2017).

4. Mutagenesis of the cysteine residue

Cysteine is a conserved residue within BabA-Crown sequence and it could be an
essential for binding and pH sensing abilities (Bugaytsova et al., 2017). However,
for the minimal binding domain it may not be essential, therefore, it worth to
substitute the one which does not participate in binding with any other residues,
such as Serine. It was established that changing Cysteine into Serine, by site-
directed mutagenesis, in HopQ adhesin does not affect the binding functionality.
Out of the six Cysteine residues, only 2 are essential for adherence and CagA
delivery. Mutation in one of the disulphide bridges resulted in expression of HopQ
in the periplasmic and outer-membrane fractions, while mutant H. pylori strain
P12 having HopQci23s bind to CEACAM1 molecules with the same strength as the
wild type (Grzeszczuk et al., 2018).

5. Use different techniques for investigating binding interaction

As most of the work performed in this study based on binding, other techniques

could be used for future work to get more knowledge and better results.

A. Although ELISA was the predominant technique performed throughout this
study, several techniques can be used to study the binding ability. This
could be started with the newly reported ELISA-based method for detecting
specific carbohydrates. This method utilised multivalent gold-nanoparticles
conjugated with oligosaccharides for coating ELISA plates. This approach
presented easy and high sensitive method for detection and quantifying the

binding abilities (Chiodo et al., 2013). This technique can be used as a
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simple confirmatory test after coating gold nanoparticles with the
glycoconjugates and test BabA-Crown interactions.

. Isothermal titration calorimetry (ITC) is a biophysical tool for measuring the
affinities and thermodynamic characteristic of binding interactions (Damian,
2013). This technique uses label-free protein and provides valuable data
about the dissociation constants and thermodynamic parameters such as
binding heat capacity, enthalpy and entropy (Boudker and Oh, 2015). ITC
is useful tool in studying weak interactions (Erefio-Orbea et al., 2018),
therefore, it worth to study BabA-Crown binding affinities with this approach
because it may detect transient binding ability to Le® or demonstrate
binding capabilities at human body temperature.

. Surface plasmon resonance (SPR) is very useful technique for monitoring
carbohydrate-lectin association and dissociation rate constants in real time
(Thakur et al., 2007). In this technique, only low amount of sample is
needed (nM concentration) without labelling and can detect picomolar
amount of analyte (Besenicar et al., 2006). Recently, it has been used for
glycan profiling of proteins using specific glycosidases (Wang et al., 2017).
It also very useful in investigating the dynamic dimeric assembly that blocks
the lectin from binding to the cellular glycoreceptors as suggested by
(Machida et al., 2017).

. Most of the mammalian cell surfaces are decorated by multiple glycans or
glyco-conjugates, which play a role in defining the cell function. This elicits
a continuous request to understand carbohydrates biological interactions in
cell surface composition/function (O'Neil et al., 2018). Glycan microarray is
technique used to mimic these interactions and involves immobilising a
large set of these glycans onto a solid-phase platform to be used for
screening glycan-binding proteins (GBPs) such as lectins, antibodies or
viruses (Song et al., 2012). Even though this method needs small amount
of protein, it is limited to the nature of the glycan and the enzymatic process
used to generate the backbone components. It also provides little
information about the protein binding specificity and ligand binding affinity
(Leppanen and Cummings, 2010). The recently released method of
assembly of cell-based glycan arrays offers a rapid and economic way for
studying the interactions between the glycan and its binding protein. This

array could be constructed using Chinese hamster ovary cell mutants Lec2
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as a platform and through recombinant glycosyltransferases, sialic acid,
fucose, and some monosaccharides analogues which are directly introduced
on the cell surface (Briard et al., 2018). Thus, it would be interesting to
apply this recently developed technique as an alternative or additional

technique in the future.

6. Glycosylation as a new look

Glycosylation is a common post-translation modification in the secretory pathway.
It contributes in protein folding, intracellular trafficking and functional maturation
in the eukaryotic cells (Xu and Ng, 2015). It is thought that about half of the
secreted proteins are glycosylated to increase the stability, enhance the

functionality and provide protection against proteolysis (Goettig, 2016).

The discovery of glycosylation in Campylobacter jejuni (Kelly et al., 2006)
unlocked the potential of post translation modifications in prokaryotic cells. The
genes responsible for synthesising the N-linked glycosylation system were
identified and demonstrated to be functional when transferred into E. coli (Wacker
et al., 2002). Until now, no such system was discovered in H. pylori, except the
similar O-linked glycosylation system for flagella modification (Josenhans et al.,
2002). However, it was suggested by Champasa et al., upon using mass
spectrometry, that some of the bacterial proteins were glycosylated (Champasa
et al., 2013). These glycosylated protein may play a biological role such as in
modulation of the host immune system (Gilbreath et al., 2011). It was predicted
that post-translational modification of surface adhesins form a protective
conformational structures which enable the bacteria to be resistant to the hostile
gastric environment (Szymanski and Wren, 2005). Some studies support this
point, exemplified the presence of glycosylated proteins e.g. flagellar (Josenhans
et al., 2002), and the presence of fucosylated N-acetyllactosamine units in the
lipopolysaccharides, which function to mimic surfaces glycoconjugates, that found
in human gastric granulocytes (Aspinall et al., 1996). Recently, N-linked protein
glycosylation system was disclosed in Helicobacter pullorum and named HgpA
(Jervis et al., 2018). This glycan provides a bulky hydrophilic groups which may
reduce protein dynamics but can stabilise the structure. It may also provide a

precise conformation/oligomerization which influence the function (Jayaprakash
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and Surolia, 2017). Moreover, Yersinia kristensenii and Yersinia rohdei used N-
glycosylation to promote enzymes structure and function such as histidine acid
phosphatase phytases. Through this mechanism, the bacteria can decrease
pepsin’s approachability to the active sites, enhancing proteins stability (Niu et
al., 2016). Thus, it would be very interesting to try expressing BabA-Crown in
mammalian cells and test, if glycosylation can restore the Crown ligand binding

ability.
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7.3 Conclusion

The main objectives of this study were partially fulfilled, even though the ultimate

goal is still ongoing. Below is a roadmap for the overall objectives.

1. Generation of the recombinant form of BabA J99 Crown region as the

minimal Le® binding domain through cloning and expression.

These molecular biological techniques used for establishing constructing an
expression system for studying BabA-Crown for subsequent characterisation and
its utilization as a drug targeting moiety. The protein was extracted from the
periplasmic space of E. coli XL10-Gold, which was used for plasmid propagation
and protein expression. The experimentations presented to achieve this objective
demonstrated that optimising the growth conditions for a better expression could
be achieved through 1) addition of the chloramphenicol to elevate the plasmid
copy number and subsequently, successful protein expression. 2) Excluding the
glucose from the growth medium restrain Lac operon repression which in turn led

to protein synthesis and successful protein expression.

2. Testing the functionality of BabA-Crown protein

The ability of recombinant BabA-Crown protein to bind its host ligand (Le®) and its
resistance to simulated gastric acidity/peptic digestion were tested. These tests
represented fundamental points in determining the minimal binding domain and
to know if it could retain the binding functionality of whole BabA. It appeared that
BabA-Crown as the minimal binding site was not able to render the adhesion
functionality of BabA. Attempts to restore this loss of binding activity were
performed using different truncates without solving the issue. In terms of testing
pepsin digestion, BabA-Crown partial resistance to peptic hydrolysis could be the
first milestone towards the successful generation of a protein/polypeptide for drug
delivery. Full resistance could be developed, by point mutations in the Crown

domain, for gastric targeting.



208

3. Developing a biomimetic drug delivery system.

While coating the microparticle with BabA-Crown to improve the binding
functionality was not a useful process, BabAs,7« proved to retain the binding ability
to its physiological ligand, Le®. Overall, what has been achieved in this study laid
a good foundation enabling further development of proof-of-principle for the use
of BabA-Crown as the minimal binding site domain, also in the creation of a new
gastric targeting drug delivery system which mimics H. pylori attachment
mechanisms. As a final remark, encapsulating BabAs,,x-microparticle with gastric-
resistance polymer such as Eudragit S100 could reduce BabAs,;« sensitivity to
peptic digestion (Beck et al., 2008), provided that such encapsulation does not
interfere with ligand binding properties. Other alternative way processe could be
co-administration of pepsin inhibitors such as Pepstatin A. Otherwise, use natural
additives such as sunset yellow food additive (sodium (E)-6-hydroxy-5-((4-
sulfonatophenyl) diazenyl naphthalene-2-sulfonate), which is used as natural
food, pharmaceutical and cosmetic colouring agent (Mohseni-Shahri et al., 2018),
or Nobiletin (5,6,7,8,3’,4’-hexamethoxyflavon), anti-inflammatory flavonoid
found in citrus fruits, which were both suggested to inhibit pepsin activity (Zeng
et al., 2014b). Finally, as stated by Victor Hugo “we make the road, others will

make the journey”.
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