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ABSTRACT
The rapid rise of antibiotic resistance and shortage of new antibiotics in the drug
development pipeline is reaching crisis point, and the scientific response must include
a supporting infrastructure for delivery and production. A primary threat to human
health is Gram-negative bacteria, which are naturally more resistant to antimicrobial
drugs due to the presence of an outer membrane acting as an additional protective
barrier.
A growing body of research promotes the use of endolysins as novel antibiotics. In
their native context, these enzymes lyse the peptidoglycan layer of the bacterial cell
wall to release phage progeny from within the host bacterium at the end of the infection
cycle. It has been shown that they can also lyse bacteria “from without”, holding great
promise as next-generation antibiotics by targeting molecules essential for bacterial
viability.
This work demonstrates that the eukaryotic microalgae Chlamydomonas reinhardtii
can be modified to produce endolysins that target Gram-negative bacteria, offering a
new photosynthetic platform with limitless potential for sustainable production.
The C. reinhardtii chloroplast presents an excellent compartment for the expression of
endolysins as it has a prokaryotic origin, mimicking the environment in which
endolysins are naturally produced. Furthermore, it does not contain PG, so the
accumulation of endolysin proteins does not pose a deleterious effect on cell viability
due to the lack of substrate.
Transgenic lines of C. reinhardtii expressing the globular endolysin LysAB2 targeting
Acinetobacter baumannii were produced by chloroplast transformation, and
recombinant protein accumulation and antimicrobial activity were demonstrated.
Enzymatic and antibacterial assays showed clear endolysin activity in algal crude
extract against reference strains and multidrug resistant clinical isolates of A.
baumannii. Synthetic endolysins that were fused with antimicrobial peptides, so that
they act more effectively against Gram-negative pathogens, were also expressed in the
C. reinhardtii chloroplast.
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IMPACT STATEMENT
The discovery that algae can be used as a production platform for naturally-occurring
lytic enzymes (endolysins) that can destroy the superbugs that cause major infections
such as sepsis and pneumonia has a broad potential impact. If scaled up, a
photosynthetic source of mass-produced endolysins would help combat some of the
world’s deadliest and most pervasive hospital-acquired infections in a sustainable and
effective manner.
The public health benefits of helping avoid annual deaths (predicted to reach 10
million people by 2050) from bacterial infections are clear, but the research also has a
number of other implications for society, in areas including the health policy sector
and the algae research community. These range from promoting algae as a platform
for other treatments to affecting the debate on genetic modification to help save lives.
Through specialist and mainstream media coverage, this research and other work like
it could have a significant effect on perceptions of novel antibiotics entering the
market, helping promote endolysins and push the advances through to clinical trials.
Harvesting these life-saving enzymes from genetically modified green algae also
raises the prospect of shifting the debate around GM crops to an area of research where
the scientific advances available far outnumber the applied uses. Demonstrating to the
public that in a controlled environment the algae works as a host to the enzyme,
coupled with showcasing its effectiveness against deadly bacteria offers a significant
boost to the perception of genetically modified organisms.
In time, with the development of a cheap and effective method of delivery for this
potential novel antibiotic, the platform could be rolled out to both advanced and
developing countries, reducing reliance on antibiotics and improving public health by
slowing the rising number of deaths resulting from hospital-acquired infections.
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ABBREVIATIONS
aadA

aminoglycoside 3' adenyl transferase

Amp

ampicillin

AS

ammonium sulphate

bp

base pairs

BSA

bovine serum albumin

CBD

cell binding domain

CD

catalytic domain

CFU

colony forming unit

DNA

deoxyribonucleic acid

e.g.

exempli gratia = for example

EAD

enzymatically active domain

ECL

enhanced chemiluminescence

EDTA

ethylenediaminetetraacetic acid (disodium salt)

g

gram

GC

guanine and cytosine

GOI

gene of interest

HA

influenza haemagglutinin

His

histidine

HSM

high salt minimal medium

IMAC

Immobilised metal affinity chromatography

Kb

kilo base pairs

kDa

kilo Dalton

KPi

potassium phosphate buffer

LB
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MDR

multidrug resistant

mg

milligram

MIC

minimum inhibitory concentration

min

minute

ml

millilitre

mM

millimolar

mRNA

messenger RNA
7
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molecular weight cut-off

NCBI

National Centre for Biotechnology Information

OD

OD

OM

Outer membrane

PCR

polymerase chain reaction

PBD

peptidoglycan binding domain

PCNP

polycationic peptide

PDR

pandrug-resistant

PG

peptidoglycan

PSI

photosystem I

PSII

photosystem II

RNA

ribonucleic acid

SD

Shine-Dalgarno consensus sequence

SDS

sodium dodecyl sulphate

SDS-PAGE

sodium dodecyl sulphate polyacrylamide gel electrophoresis

sec

second

SN

supernatant

TAP

tris acetate phosphate medium

TBS

tris buffered saline

TBS-T

tris buffered saline – tween 20

TEMED

N, N, N’, N’-tetramethylethylenediamine

tris

tris(hydroxymethyl)aminomethane

TRA

turbidity reduction assay

tRNA

transfer ribonucleic acid

TSP

total soluble protein

UTR

untranslated region

v/v

volume for volume

XDR

extremely drug-resistant

w/v

weight for volume

WHO

World Health Organisation
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Chapter 1 Introduction
The following study details the successful development of a new
photosynthetic platform with which to produce novel therapeutic compounds targeting
Gram-negative pathogenic bacteria. As these bacteria increasingly become resistant to
known antibiotics, this study brings together two fast-growing areas of research: the
activity of lytic enzymes against multi-drug resistant bacteria and the genetic
engineering of algae for therapeutic recombinant protein production.
This introduction begins by highlighting the historical proliferation, recent
decline and excessive use of antibiotics as bacteria rapidly evolve and develop
resistance to them, outlining the threat posed specially by Gram-negative pathogens
and the urgent need for new scientific solutions. This is followed by an overview of
the importance of the bacteriophage-derived enzymes endolysins, as well as synthetic
lytic enzymes, and their role in combating antimicrobial resistance. Finally, the green
unicellular alga C. reinhardtii is introduced as a platform for the expression of
endolysins, and its potential application for production of therapeutic proteins in the
cell’s chloroplast.
1.1

The “Golden Age” of Antibiotics
From warding off infections in chemotherapy patients to treating common

household illnesses such as food poisoning, antibiotics have become integral to
everyday life and to human development. They are also central to the safeguarding of
our food chain by killing infections in livestock and promoting growth (Kapoor et al.,
2017; Meek et al., 2015).
Plants, fungi, and bacteria with antibacterial properties have been utilised by
humans to treat infections for thousands of years. There is evidence that the Egyptians,
among other ancient civilisations, used mouldy bread to treat infected wounds (Gould,
2016). It was not until 1928, however, that the active component of one such mould
was formally isolated and classified, the drug now known as penicillin. Alexander
Fleming’s accidental discovery of the antibacterial properties of benzylpenicillin
occured when natural mould spores, carried in the air from a Penicillium fungus (hence
21

the name), interacted with a staphylococcus culture left out in his lab. Fleming,
however, did not manage to extract enough penicillin, and it took 10 years for the
compound to reach therapeutic use for human treatment with the work of Howard
Florey and Ernst Chain at Oxford University (Zaffiri et al., 2012). Penicillin was first
released for widespread use in the early 1940s and it saved many lives during World
War II (Everett, 2015).
Prior to this, the only other targeted antimicrobial compound characterised was
Arsphenamine, discovered by Paul Ehrlich and Sahachiro Hata and introduced in 1910
for the treatment of syphilis and known as the “magic bullet”. Soon after penicillin
was first characterised, several other antibiotics were identified, such as streptomycin
and sulphonamide, and throughout the majority of the twentieth century multiple new
classes of antibiotics were introduced. This period is now known as the “golden age”
of antibiotic development (Lewis, 2017). Diseases such as pneumonia, tuberculosis,
diarrhoea, and diphtheria, (considered the main causes of death in children and adults
in the 19th century), were successfully treated after the discovery of antibiotics. The
rapid discovery and efficacy of these drugs made it possible to treat previously fatal
infections and save millions of lives. The discovery of these small molecules is
considered by many to be one of the greatest achievements in medicine,
revolutionising the healthcare systems globally (Spellberg & Shlaes, 2014).
Most successful antibiotic drugs are microbial natural products or their
derivatives, and the discovery of an entirely novel antimicrobial compound is uniquely
difficult. This is due to several reasons, including bioavailability, toxicity, resistance
development, and the poor penetration of compounds into bacterial cells (Ling et al.,
2015). Naturally sourced antibiotics are traditionally discovered by the Waksman
discovery platform, which involves screening soil-derived microorganisms to find
natural compounds that have antimicrobial activity, and detecting zones of growth
inhibition of a susceptible organism on an plate (Lewis, 2013).
Antibiotic compounds are naturally produced in microorganism found in soil
and other environments as an evolutionary survival mechanism in order to inhibit the
growth of competing organisms (Martínez, 2008). Penicillin and cephalosporin for
example are antibiotics derived from fungi, while aminoglycosides and carbapenems
22

are derived from bacteria. The search for new antibiotics from natural sources
continued once the development of resistance by bacteria started to arise. However, by
the late 1970’s, most of the drug screenings were re-discovering the same chemical
scaffolds as in existing antibiotics. Furthermore, the screening is usually performed in
organisms that can be cultivated in a laboratory environment, which represents only a
small fraction (less than 1%) of the microorganisms available and, therefore, highlights
the vast and “untapped” source for new antimicrobial discovery (Wright, 2015).
In the hopes of tackling further development of resistance, the drug-discovery
industry turned to semi-synthetic and synthetic antibiotics. Such compounds are
usually designed by modifying the chemical structure of well-known antibiotics such
as β-lactams and fluoroquinolones (Wright, 2012). Advances in biotechnology such
as high-throughput screening of bacterial genomes led to the discovery of potential
target genes. This created a second generation of antibiotics, which helped extend the
use of conventional antibiotics (Hughes and Karlén, 2014). Chemically synthesised
antibiotics include quinolones and sulphonamides. As such drugs are synthetic, it was
thought that natural enzymes within the bacterial metabolism that could degrade or
modify the compound were unlikely to exist. However, again, bacteria thrived and
developed genetic mutations that allowed for resistance development, even more
rapidly than resistance acquired to natural antibiotics, due to the higher resistance
complexity (Hoek et al., 2011).
Antibiotics are classified based on their chemical structure and mechanism of
action. Common mechanisms include the inhibition of DNA, RNA, and protein
synthesis, interference with the bacterial cell wall, and disruption of primary
metabolism (Figure Error! No text of specified style in document.-1) (Hoek et al., 2011).
It is important to state that antibiotics act on only a limited number of targets in the
bacterium cell wall, and some antibiotic classes affect the same chemical scaffold.
There is a vast number of molecular targets that can be explored still, but despite that,
the discovery and generation of new drugs is lacking (Wright, 2012).
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Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-1. The main antibiotic targets in a
bacterial cell. The main antibiotic targets in a bacterial cell, with examples of antibiotic
classes for each target. Antibiotic targets include cell-wall synthesis, DNA gyrase, metabolic
enzymes, DNA-directed RNA polymerase and protein synthesis. Reproduced from Lewis,
2013 with permission.

The most successful class of antibiotics, the β-lactams, includes penicillin,
cephalosporin, cephamycins, carbapenems and monobactams, and act by inhibiting
cell-wall synthesis. Penicillin is active against only a narrow spectrum of bacteria,
whereas other drugs such as ampicillin, from the same class, can target a broader range
including Gram-negative bacteria (Coates, et al., 2002).
As the need for antibiotics increased, these drugs were not only used for
treatment of infections, but as a prophylactic measure. It is standard practice to use
antibiotics to prevent infections when performing invasive surgical procedures such as
hip replacement, for example. It is estimated that without prophylactic use of
antibiotics, the rate of postoperative infection would increase from 1% to 50%.
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Another example is the use of antibiotics in cancer-treatment patients for example, as
chances of infections increase due to immunosuppression (Smith and Coast, 2013).
Thus, advanced surgical procedures, transplantation medicine and cancer
chemotherapy would not be possible without access to antibiotics (MacGowan and
Macnaughton, 2017).
Veterinary use of antibiotics, as well as animal husbandry use is widespread.
These drugs serve as growth supplements and to prevent infections in livestock and
fish farms worldwide, improving overall health of animals and generating larger
amounts of higher-quality product. The direct growth promoting effect of subtherapeutic doses of antibiotic in farming (although the reasons behind this effect still
remain unexplained) has an advantageous impact economically, as it increases
agribusiness and lowers food prices. Besides, more animals can be farmed in close
proximity, in barns for example, with low risk of bacterial infection (Cabello, 2006;
Manyi-Loh et al., 2018). In 2006 the EU banned the use of antibiotic as grow
promoters in animal feed (EC Regulation No. 1831/2003), reducing dramatically the
consumption of antibiotic (Millet and Maertens, 2011). However, the use of antibiotics
in animal feed was estimated to represent from 25 to 50% of all antibiotic consumption
in the US, accounting for a huge market (Fair and Tor, 2014).
Although the majority of resistance elements already occur naturally in the
environment, the vast consumption (and human misuse) of antibiotics accelerated the
selective pressure upon bacteria to acquire resistance to antibiotics of both natural and
synthetic origin (Wright, 2012). Alongside this increase of strains that have acquired
resistant mechanisms, there was a slowdown in the discovery and development of
antibiotics in the 80s, and to date research and development (R&D) by the
pharmaceutical industry has failed to meet the needs for new drugs for clinical
treatment (Figure Error! No text of specified style in document.-2) (Livermore, 2004;
Nikaido, 2010).
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Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-2. Numbers of applications for
approval of new antimicrobial drugs over the last 40 years. For the past three decades, the
market has slumped, with a small increase in the ten years to 2014, which nonetheless leaves
new approval rates drastically low when compared with the 1980s. Data from CDC and FDA
Centre for Drug Evaluation and Research. Reproduced from Ventola, 2015, with permisison.

Due to the increase in antibiotic resistance and threat to morbidity and
mortality worldwide by previously treatable infections, there is a new pressure and
more incentives for R&D, and a few drugs are being tested in the pharmaceutical
industry (Tacconelli et al., 2018). However, it is difficult to predict the future of
antibiotic discovery. Although sales of antibiotic generated 42 billion dollars in 2009
globally, this represented only 5% of the global pharmaceutical market, and the growth
per year is four times slower than that of the antiviral drugs and vaccine market
(Hamad, 2010).
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The economic model for antibiotic development shifts when resistance
emerges. First, there is the scientific difficulty of finding new drugs that can target
different chemical scaffolds, as previously mentioned, and researchers now believe
that much of the ‘low hanging fruit’ has been harvested. This makes generating a new
compound time-consuming, complex and expensive (Spellberg et al., 2013). Second,
from an economic point of view, the development of antibiotics represents a poor
return on investment for drug-development companies when compared to other drugs.
That is due to the short course use of this therapeutic, compared to drugs that are used
on a daily basis to treat chronic diseases, which can generate more revenue. As of
September 2016, only approximately 40 new antibiotics were being investigated for
development in the US, compared with hundreds of cancer drugs (Frieri et al., 2017).
Also, antibiotic development is specific for only one type of infection. So, again, the
company only gets a share of the overall market. If the return were bigger, companies
would tolerate difficult scientific barriers. Third, the regulations to get new antibiotics
approved by the U.S. FDA have become difficult and stricter, and clinical trials can
cost over $100 million (Smith and Coast, 2013). The increase of antibiotics that are
less efficient against common infections, and the decrease of new antibiotic classes
being discovered, have not only caused human health problems. Some of the most
important industries in the world are also suffering as a result. The acquirement of
resistance mechanisms, due to both overuse and inappropriate use of such drugs, will
be discussed in detail in the following section.
1.2

The “Dark Age” of Antimicrobial Resistance
One of the main problems affecting the health sector in the last decade is the

increase in pathogenic bacteria that are resistant to all frontline antibiotics. The overuse
and misuse of antibiotics by humans favours the selection of bacteria that are
increasingly acquiring and spreading new resistance mechanisms. This results in
failure to treat infectious diseases that, until recently, could be easily treated. In 2012,
the European Centre for Disease Prevention and Control reported that every year 25
thousand people die from multidrug resistant (MDR) bacteria, and that this number
was increasing rapidly (Carlet et al., 2014; Rios et al., 2016). Antibiotic resistance has
a massive impact on the economy, and it was estimated that “therapeutic impotence”
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against common infections incurs a cost of 55 billion dollars to the US alone. That
represents 20 billion dollars in health services and 35 billion dollars in lost of
productivity (Munita and Arias, 2016). The 2014 World Health Organisation’s report
on global surveillance of antimicrobial resistance stated that we are heading towards a
post-antibiotic era where common infections can once again kill and urgent action is
needed, and that we cannot take for granted the availability of antibiotics (WHO,
2014).
As early as 1945, Sir Alexander Fleming alerted the scientific community about
the possible evolution of resistance against antibiotics, when the first bacterial
resistance against penicillin was described, mediated through the action of βlactamases. β-lactamases are enzymes that confer resistance through antibiotic
deactivation by cleaving the β-lactam square ring required for antibiotic activity, and
their production was identified in Escherichia coli even before the release of penicillin
for medical use (Davies and Davies, 2010). More than a thousand different βlactamases have been described to date (Munita and Arias, 2016). As previously
mentioned, genes encoding antibiotic resistance naturally exist in different bacterial
species. Such traits become a problem when bacteria develop multidrug resistance.
The new selective pressure that comes with the overuse of these drugs allows for the
spread of different resistant genes, usually acquired by bacteria in clinical settings and
farms, into the environment. These resistance mechanisms can then be acquired by
other bacteria that were previously susceptible to the drug. Antibiotic resistance is thus
a never-ending evolutionary arms race (Fernandes, 2015).
Microbes develop resistance to antibiotics using a wide range of mechanisms.
From an evolutionary perspective, bacteria have been observed to utilise two key
genetic strategies that allow them to adapt to the way in which antibiotics attack. The
first involves changes to endogenous genes linked to the antibiotic target, and the
second is the appropriation of foreign genes encoding resistance determinants through
horizontal gene transfer (HGT) (Munita and Arias, 2016). Some of the mechanisms
include the modification of the antibiotic binding site on the target enzyme within the
cell, enzymatic modification or degradation of the drug itself, active efflux of the
antibiotic from the microbial cell, and permeability changes in the bacterial cell wall,
28

restricting the access of the drug to target sites (Figure Error! No text of specified style
in document.-3) (Van Hoek et al., 2011). Bacteria evolved to prefer some mechanisms

to others, and that difference is observed between Gram-positive and Gram-negative
bacteria. For example, the mechanism of resistance to β-lactams in Gram-negative
bacteria is the production of β-lactamases, whereas resistance to these compounds in
Gram-positive organisms is mostly achieved by modifications of their target site, the
penicillin-binding proteins (PBPs).

Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-3. The main mechanisms of bacteria
to create resistance to antibiotics. They can modify the site of action (enzyme, ribosome or
cell-wall precursor), bypass metabolic pathways, reduce the intracellular concentration of the
antimicrobial agent, inactivate the drug, or the target enzyme can be overproduced by the
bacteria (Coates et al., 2002). Reproduced from Lewis, 2013, with permission.

Another mechanism that bacteria evolved in order to decrease drug
permeability is to reduce the number of water-filled diffusion channels (porins) or to
impair their function to prevent the drug from reaching its intracellular target. This
method affects a large number of hydrophilic molecules such β-lactams, tetracyclines
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and some fluoroquinolones, which often use such channels to cross the cell wall. The
low susceptibility of Acinetobacter baumannii and Pseudomonas, two major Gramnegative pathogenic bacteria, is partly due to the reduced number of porins (Kaye and
Pogue, 2015). In the early 80s the description of an efflux system, a complex bacterial
machine that can pump a toxic compound out of the cell, was reported in E. coli, where
tetracycline was excluded from the cell cytoplasm. The genes encoding efflux pumps
can be located in mobile genetic elements or in the chromosome (Coates et al., 2002).
Bacteria can also modify the target of the antibiotic by mutating their own genes and
changing important metabolic systems. An example is the mutation in the bacterial
30S ribosomal protein RpsL, conferring resistance to streptomycin (Lewis, 2013).
Bacteria can acquire novel antibiotic resistant genes through a range of
different strategies. These include transformation, phage-mediated transduction,
conjugation using mobile genetic elements such as plasmids and transposons, and
accumulation

of

antimicrobial

resistant

genes

by

integrons

(site-specific

recombination systems). Conjugation is probably the most common horizontal gene
transfer, and the main cause of resistance in hospital environments (Munita and Arias,
2016).
Bacteria displaying resistance to antibiotics can do so on various levels. Those
classed as multidrug resistant (MDR) have acquired non-susceptibility to at least one
agent in three or more antimicrobial classes, while those considered extremely drugresistant (XDR), have remained susceptible to only one or two categories. Pandrugresistant (PDR) bacteria are defined as non-susceptible to all agents in all antimicrobial
categories (Magiorakos et al., 2012). Several Gram-positive and Gram-negative
bacteria can fall within these three categories, and among the best known are the
variants of the Gram-positive Staphylococcus aureus known as MRSA – methicillinresistant S. aureus. Although named as methicillin resistant, this “super bug” has
acquired resistance to most types of antibiotics, such as aminoglycosides, macrolides,
tetracycline, chloramphenicol, lincosamides, and also disinfectants, acting as a major
source of hospital-acquired infections (Nikaido, 2010). Recent reports however show
a major reduction in bacteraemia caused by MRSA, indicating that spread of resistant
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strains is much more controlled than it was 10 years ago, at least in the United
Kingdom. The main issue now lies with Gram-negative pathogens (Livermore, 2012).
Highly-resistant

Gram-negative

bacteria,

including

MDR

Klebsiella

pneumoniae and Acinetobacter spp. and virulent E. coli are now outnumbering Grampositive MDR strains and require special attention, as some of these organisms are
already resistant to all currently available antimicrobial agents. Therapeutic options
are so limited that drugs that were not in use anymore due to toxicity, such as colistin,
are now back in use as a treatment of last resort (Boucher et al., 2009). Thus, there is
a huge need for new antimicrobial agents to overcome the problem of antibiotic
resistance.
As previously mentioned, most pharmaceutical companies stopped antibiotic
research because of the high development costs and, also, the low profitability of
antibiotics due to the quick acquirement of resistant traits. That is true especially for
Gram-negative bacteria, as it is technically difficult to find antibiotics that enter Gramnegative bacteria and evade endogenous efflux (Livermore, 2012). Furthermore, the
drugs that usually reach clinical trial stage are mostly against Gram-positive MDR
bacteria.
1.3

Gram-negative pathogens
Infections caused from multi-drug resistant Gram-negative pathogens are a

major concern. Amongst the pathogenic bacteria posing higher threat, most of them
are Gram-negative bacteria. Of the “ESKAPE” pathogens, considered to be bacteria
that have the ability to escape the effect of antibiotics, five out of six are Gram-negative
species: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species
(Pendleton et al., 2013). The virulence of Gram-negative bacteria is higher due to the
presence of an external membrane that acts as a protective barrier for antibiotics
(Masschalck and Michiels, 2003). The cell wall of Gram-negative bacteria consists of
a thin single layer of peptidoglycan (PG), an inner membrane (IM) and a surrounding
outer membrane (OM), the latter not present in Gram-positive bacteria. This cell wall
composition makes for an elastic and tough structure that protects the cell contents.
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The OM structure phospholipid bilayer is composed mainly of lipopolysaccharides
(LPS), as well as proteins, receptors and lipids, and the inner layer is composed
primarily of phospholipids and lipoproteins. The periplasm has a thin layer of
peptidoglycan that is connected to the other layers through protein–protein
interactions, which gives the stability and strength to the bacterial envelope (Figure
Error! No text of specified style in document.-4) (Beveridge, 1999; Brown, 2016;

Chatterjee and Chaudhuri, 2012).
Gram-positive bacteria

Gram-negative bacteria
LPS

OM
PG
PG
IM

IM

Figure Error! No text of specified style in document.-4. Schematic of Gram-negative
bacteria cell wall structure compared to Gram-positive bacteria. PG = Peptidoglycan; IM
= Inner membrane; Outer membrane = OM, LPS = Lipopolysaccharides

The LPS layer of a Gram-negative bacterium projects outward from the OM
and is made of three basic elements: Lipid A, core polysaccharides (inner and outer
cores) and O-antigen repeats. The LPS is functionalised with anionic charges because
of exposed phosphoryl and carboxyl groups, which can be readily ionised. The crosslinking by divalent cations of Ca2+ and Mg2+ to the negatively charged phosphate
groups in the LPS finalises the interlocked defensive barrier (Brown, 2016). Instead of
an OM, Gram-positive species have a much thicker PG multilayer of about 40–80 nm,
compared to the single layered 7–8 nm thick PG of Gram-negative bacteria. However,
due to the OM architecture acting as a barrier, the number of antibiotics that work
effectively on Gram-negative pathogens is very low, and most of the efforts to produce
new antibiotics by pharmaceutical industries are still focused onto targeting Grampositive bacteria such as MRSA and Clostridium difficile strains, overlooking the
development of drugs against Gram-negative pathogens (Taneja and Kaur, 2016).
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As previously mentioned, the control of MRSA infections has improved over
the past 10 years, and the same is seen in resistant pneumococci, such as Streptococcus
pneumoniae, after the implementation of a conjugate vaccine (Whitney et al., 2003).
In contrast, there has been a global increase in the number of infections caused by
Gram-negative bacteria over the same period of time. These include the spread of
Enterobacteriaceae strains resistant to quinolone and cephalosporin, expanded
spectrum β-lactamases (ESBL) producing Acinetobacter, PDR Pseudomonas
aeruginosa, Neisseria gonorrhoeae resistant to fluoroquinolones and cephalosporin,
and carbapenem-resistant Klebsiella pneumoniae (CRKP) (Figure Error! No text of
specified style in document.-5) (Kaye & Pogue, 2015; Ventola, 2015). Such pathogens

are common causes of intra-abdominal infections, urinary tract infections (UTIs),
ventilator-associated pneumonia (VAP), and bacteraemia, and are prevalent in hospital
settings.

Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-5. Rise in Acinetobacter baumannii
resistant to carbapenems (from bacteraemia isolates) from 1997 to 2009. Event 1 indicates
<2% of isolates with carbapenem resistant by the Antibiotic Resistance Monitoring and
Reference Laboratory. Event 2 indicates the first recognition of carbapenem-resistant variant
in early 2000. Event 3 and 4 show the first appearance of A. baumannii strains producing 0XA23 (clones 1 and 2) carbapenemase. Reproduced from Livermore, 2012, with permission.
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Gram-negative bacteria have both specific resistance mechanisms, such as
extended spectrum β-lactamase (ESBLs) and carbapenemases, and non-specific
mechanisms, including porins and efflux pumps. A further non-specific mechanism is
the OM barrier that blocks the entrance of amphipathic compounds, stopping most
soluble drugs from reaching the cytoplasmic membrane (Lewis, 2013; Munita and
Arias, 2016). Currently, there are only a few therapeutic options available to treat
Gram-negative nosocomial infections. That includes two revived old antibacterials
(colistin and fosfomycin) and tigecycline, which is the first representative of the new
class glycylcyclines. These drugs have significant drawbacks in toxicity and efficacy,
with huge potential for acquired resistance. There is also an improved drug – Doripen
- from the carbapenems class, and a recent combination drug (b-lactam/b-lactamase
inhibitor) (Kaye and Pogue, 2015). However, from 44 new antibiotics in the
development pipeline, only 15 show some spectrum of activity against Gram-negative
bacteria, with only five of them reaching phase 3 clinical trial (Tacconelli et al., 2018).
1.3.1

The ESKAPE Gram-negative pathogen Acinetobacter baumannii
Acinetobacter baumannii is a Gram-negative coccobacillus that is an obligate

aerobic, pleomorphic and non-motile. This bacterium is found in soil and in surface
water samples, and sometimes colonises human skin as a commensal bacterium.
However, in immune-compromised individuals, it causes severe infection, including
urinary tract infections, skin lesions, hospital acquired pneumonia, meningitis and
sepsis (Howard, et al., 2012). A. baumannii is acquiring resistance to most common
antibiotics used to treat infections including carbapenems (often considered the last
resort antibiotics) (Ventola, 2015; Lood et al., 2015). The WHO has listed this
pathogen in the critical group of bacteria that present the greatest threat to human
health, with an urgent need for new antimicrobial treatments (WHO, 2017).
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MDR A. baumannii isolates are becoming one of the most serious therapeutic
problems worldwide, with several outbreaks in hospitals and military medical facilities
(Chen et al., 2017). More than 12, 000 hospital-acquired infections per year are caused
by MDR A. baumannii in the US alone (Ventola, 2015). This is largely due to the
ability of this pathogen to form biofilms, which are bacterial communities that form in
an extracellular matrix. Biofilms are commonly found on solid surfaces – for example,
medical catheters. A. baumannii biofilms can also colonise skin and soft-tissue
infections, forming robust biofilms both in the wound and on occlusive dressings
(Harding et al., 2017). A. baumannii also gained particular notice in the military zones
in Iraq (where the bacterium has a nickname of “Iraqibacter”), as bacteraemia among
US Army service was high (Howard, et al., 2012). The global surveillance statistics
rate that MDR strains of A. baumannii found in Latin America and in the Middle East
can reach as high as 70%, approximately four times higher than P. aeruginosa or K.
pneumoniae. Infections caused by this organism account for 2% of all infections in the
United States and Europe in health-care settings, with this number being twice as high
in Asia and Middle East (Harding et al., 2017).
This organism is considered to have a high genetic plasticity, meaning that it
can easily acquire foreign DNA and therefore resistance traits (Visca et al., 2011). It
can acquire resistance by producing β-lactamases, increasing efflux pump activity, and
OM modifications. In the treatment of MDR A. baumannii, colistin, polymyxin B,
tigecycline, and minocycline, in combination or alone, are now the only active agents
effective against carbapenem-resistant or MDR strains; however, there are toxic side
effects and the unreliable pharmakinetics data available makes treatment difficult
(Neonakis, et al., 2010). Resistance to some of the antibiotics listed has already been
described, especially against the cationic polypeptide antibiotic colistin by
modification of the A. baumannii Lipid A composition in the LPS layer of the OM,
stopping the binding of the drug to its target (García-Quintanilla et al., 2013; Harding
et al., 2017). Infection by MDR A. baumannii is a major problem, especially due to
high environmental persistence of this organism, and the high occurrence in intensive
care units of patients that are severely ill, with the mortality rate reaching 70%
(Maragakis and Perl, 2008). It is extremely important to address this problem,
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especially as more and more PDR strains are being characterised. Therefore, the need
for new drugs against this pathogen is urgent.
1.4

The need for new drugs
Bacteria have found methods of resistance to all known classes of antibiotics. It

will not be long until they can overcome the ‘antibiotics of last resort’ that are still in
use. In the race against superbugs, there is a need to develop a robust pipeline of
continuous drug discovery, as mechanisms of resistance will most certainly continue
to evolve. The most important source of new antimicrobials continues to be Nature,
and in the push to fight antibiotic resistant, different sources are being explored, such
as antimicrobial peptides (AMP), plant extracts, essential oils, bacteriophages and PGdegrading endolysins, which are now being studied as potential new protein-based
antibiotics. Although the pipeline for new agents for the treatment of resistant Gramnegative bacteria is limited, a few new and emerging treatments for difficult-to-treat
infections are emerging. In this study, endolysins derived from bacteriophages will be
explored in details.
1.4.1

Bacteriophages and their applications in the fight against superbugs
Bacteriophage (phage) therapy is one of the attempts to deal with the issue of

antimicrobial resistance. Phages are viruses that infect bacterial cells, while remaining
inactive against eukaryotic cells. They are the most abundant entities in Earth,
outnumbering bacteria at least 10-fold, and they maintain the balance of all the
ecosystems on the planet by regulating the bacterial community (Fischetti, 2018).
Phages and their derivative proteins (endolysins, exolysins and depolymerases)
represent a potential treatment for Gram-negative infections.
Virulent phages infect the bacterial cell by disrupting the PG layer of the cell
wall in a single location by virion-associated lysins and insert their genome during
infection. Endolysins, another class of PG hydrolases, are expressed by phages during
the early stage of the infection cycle and accumulate within the infected cell. They are
then transported across the plasma membrane with the aid of a holin protein that will
allow the passage of endolysin to the PG layer by generating pores in the cell
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membrane at the end of the replication cycle. Endolysins then induce a massive cell
lysis to release the phage progeny through a process of “lysis from within”, in which
the enzyme cleaves key bonds within the PG layer (Figure Error! No text of specified
style in document.-6) (Yves Briers & Lavigne, 2015; Ziedaite et al., 2005).
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Penetration/ Transcription/ Translation

Release

Assembly

Endolysins

Figure Error! No text of specified style in document.-6. Bacteriophage life cycle
demonstrating cell lysis of bacteria host cell by the action of endolysins on the PG layer.

The use of phage as an antibacterial agent in humans was first reported in 1921
(about four years after the discovery of bacteriophages by Félix d’Hérelle) to treat a
skin disease caused by Staphylococcus sp. (Hermoso et al., 2007). Despite significant
promise, phage therapy stagnated in the West with the discovery of antibiotics and
clinical failures attributed to a lack of understanding of phage biology. Interest in
phage therapy only started to surface again relatively recently, with the increase in
antibiotic resistance (Hanlon, 2007; Luzhetskyy et al., 2007). However, the Soviet
Union continued the use of phages during the Second World War for the treatment of
staphylococcal infections amongst soldiers in the Red Army, with successful
outcomes. The commercialisation of phage cocktails is still used for infection
treatment in both modern-day Russia and Georgia, but there is still scepticism in the
West as to their efficacy and the use of a biological replicating entity for human phage
therapy (Kvachadze et al., 2011; Lin et al., 2017; Loc-Carrillo & Abedon, 2011).
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Phage treatment has been dubbed “Stalin’s forgotten cure” (Stone, 2002). No phage
drugs for human therapy have yet been approved by the FDA, however there are a few
case studies of the use of phage cocktails to treat severe human infections in Eastern
Europe (Kutateladze and Adamia, 2010; Sulakvelidze, 2013). Furthermore, phage
therapy is now approved by the FDA to prevent meat contamination with Listeria
monocytogenes (Sarhan and Azzazy, 2014).
Most phages are very species-specific due to their mode of attachment onto the
bacterial surface. This feature is extremely advantageous over common antibiotics, as
the destruction of the bacteria does not damage the commensal flora and limits the
spread of resistant traits, although bacteriophage insensate mutants (BMIS) can still
occur (Carvalho et al., 2017; Mills et al., 2010). Phage specificity to a particular
bacterium can complicate its use in an emergency case of infection, since there is a
need for prior diagnosis of the disease-causing agent, and this can be time consuming.
This could be considered a disadvantageous feature when trying to commercialise this
product as an individualised therapeutic, when compared to broad-spectrum drugs.
However, Międzybrodzki et al., 2007, reported that the cost of oral phage therapy for
the treatment of Staphylococcus aureus infections can be less than that using
antibiotics such as vancomycin, linezolid, teicoplanin and quinopristin/dalfopristin.
Another concern is that rapid action of the phage against a large number of
bacteria releases endotoxins, which could cause an immune response for an allergic
reaction, or a toxic shock (Fischetti, 2011; Maciejewska et al., 2018). Nevertheless,
adverse reactions to antibiotics are also extensively reported including allergic
reactions, and a number of gastrointestinal and haematological complications (Lin et
al., 2017). Still, regulatory issues are still the major obstacles to phage therapy as these
are protein-based, biological agents, as phages can encode toxins, and due to phage
replication, the rapid cell lysis of bacteria may result in the release of large amounts of
endotoxins (Courchesne et al., 2009).
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1.4.2

Endolysins and synthetic derivatives as new drugs against Gram-negative
pathogens

1.4.2.1 Endolysins
Endolysins, lytic enzymes encoded by bacteriophages, have received
significant attention over the past decade as potential antimicrobials due to their ability
to lyse bacterial cells from “without” (as oppose to within) by lysing the PG layer of
the cell wall. Under native conditions, the PG maintains the shape of the bacteria cell,
and resists the internal osmotic pressure that ranges from five atmospheres for Gramnegative bacteria to up to 50 atmospheres for Gram-positive bacteria. When the PG is
compromised by the action of endolysins, the internal pressure is not sustained causing
osmotic lysis of the cell (Briers & Lavigne, 2015).
Several endolysins that lyse Gram-positive pathogens have been studied and
well characterised. Some examples are endolysins against Streptococcus sp.,
Staphylococcus aureus and Bacillus anthracis, which have been shown to have high
efficiency when applied externally (Nelson et al., 2001; Schmelcher et al., 2012;
Schuch et al., 2002). In contrast, there is a dearth of understanding of endolysins that
attack Gram-negative pathogens, a field that only in the last few years has started to
be addressed. This class of microorganisms are naturally more resistant than Grampositive bacteria due to the presence of the OM, limiting the passage of hydrophilic
molecules, including those much smaller than endolysins. Therefore, applying
endolysins externally against these pathogens becomes a much harder task.
Endolysins have a much higher enzymatic activity compared with virionassociated lysins (e.g. Pseudomonas aeruginosa endolysin KZ144 has an enzymatic
activity eight-fold higher than its virion-associated lysin KZ181), and their application
as antibiotics for human infections and food treatment has been studied in detail for
the past decade (Briers et al., 2011; Fischetti, 2005; Lavigne et al., 2004; Lood et al.,
2015; Schmelcher & Loessner, 2016; Thandar et al., 2016). Endolysins are classified
based on their catalytic activity on the PG layer. N-acetylmuramidases (or
muramidases) are the most common class within endolysins. Then, endo-b-Nacetylglucosaminidases (glucosaminidases) and lytic transglycosylases act on the
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sugar moiety (glycosidases). N-acetylmuramoyl-L-alanine amidases (NAM-amidases)
hydrolyse the amine bond connecting the sugar and peptide components of the PG.
Lastly, endopeptidases cleave the peptide cross-bridge (Figure Error! No text of
specified style in document.-7) (Hermoso et al., 2007).
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Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-7. Different classes of endolysins and their PG target. PG structure from Gram-positive bacteria S.
pneumonia, consisting of alternating N-acetyl-D-glucosamine and N-acetyl muramic acid. Reproduced from Rios et al., 2016, with permission.
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Endolysins encoded from bacteriophages that infect Gram-positive or Gramnegative bacteria present distinct enzymatic structures. The enzymes specific for
Gram-positive bacteria usually have a modular organisation, with a two-domain
structure connected by a linker. The N-terminal catalytic domain (CD) cleaves the PG
layer of the cell wall, and the C-terminal cell wall binding domain (CBD) attaches the
enzyme tightly to its substrate (Figure Error! No text of specified style in document.-8)
(Fischetti, 2005). These enzymes usually have a molecular range of 25 kDa to 40 kDa,
with the exception of PlyC (specific to Streptococcus sp) that is 114 kDa (Donovan et
al., 2006; Rios et al., 2016). The catalytic domain is less variable than the cell wallbinding domain, the structure of which depends of the type of the bond the enzyme
will hydrolyse, although the presence of more than one CD is reported for several
endolysins (Gerstmans et al., 2018; Gutiérrez et al., 2018; Rios et al., 2016; Schuch et
al., 2013).

Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-8. Structure of a modular endolysin.
Representation of Cpl-1 endolysin structure with the two domains colored differently.
Catalytic N-terminal, green; linker, orange; and cell wall-binding domains cyan and magenta.
Reproduced from Hermoso et al., 2003, with permission.
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Endolysins that are specific for Gram-negative bacteria are usually smaller
single-domain proteins without a cell wall-binding domain (with a few exceptions
having a modular structure such as OBPgp279 endolysin from Pseudomonas
fluorescens phage OBP and PVP-SE1gp146 from Salmonella enterica phage PVPSE1), which makes the enzyme usually more active (Briers & Lavigne, 2015). One of
the reasons for this difference is the high affinity of the cell wall-binding domain in
Gram-positive endolysins, which keeps the enzyme tightly bound to cell debris after
cell lysis, preventing new potential host cells from being lysed before being infected
by the released phage particles (Loessner et al., 2002). In the case of Gram-negative
infecting phages, the presence of an OM eliminates this risk, protecting uninfected
cells from external/residual endolysins, removing the need for a tight cell wall-binding
domain. It has been suggested that globular endolysins can perform multiple cleavages
and better perform their biological role compared to modular endolysins that generally
can only cleave once (Briers & Lavigne, 2015; Lai et al., 2011; Lukacik et al., 2012).
Since bacteriophages are the most abundant biological entities on earth, Gramnegative endolysins potentially represent an almost unlimited resource. Also, due to
the conserved chemical structure of the Gram-negative PG (Schleifer & Kandler,
1972), Gram-negative endolysins are enzymatically active on the PG of most other
Gram-negative species (Walmagh et al., 2013). This characteristic contrasts with the
high diversity of PG structures in Gram-positive species. Thus, endolysins targeting
Gram-positive PG have a much higher specificity than endolysins targeting Gramnegative PG. Furthermore, the PG layer in Gram-negatives is much thinner than Grampositives, suggesting that once endolysins get access to the PG layer, they will be more
efficient in degrading it (Briers & Lavigne, 2015).
Most efforts to expand the use of endolysins to Gram-negative pathogens have
either involved the use of OM permeabilising chemicals such as chelating agents, in
combination with endolysins; or by attaching hydrophobic peptides to the enzymes,
with both showing promising results (Figure Error! No text of specified style in
document.-9) (Briers et al., 2011, 2014, 2014(b); Orito et al., 2004). It was also recently

found that a few endolysins have some intrinsic capacity to destabilise and pass
through the OM (Lai et al., 2011; Lai et al., 2013; Lood et al., 2015). In these cases,
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the endolysins contain helix-forming amphipathic peptides with basic amino acid
residues that seem to interact with negatively charged membrane elements, such as
lipopolysaccharide, in the Gram-negative OM (Lai et al., 2011; Love et al., 2018) .
The advantages of endolysins over common antibiotics include their rapid
mode of action. Many antibiotics act by passively inhibiting a certain metabolic step,
leading mostly to a deteriorating cell, whereas endolysins actively degrade the cell
wall. Endolysins therefore act much faster than antibiotics (results seen within 5 and
30 min) and they show activity against persister cells, including quiescent cells within
biofilms. Moreover, they show much higher specificity compared to antibiotics, not
targeting the commensal flora, and no detectable cytotoxicity (which is seen when
using whole bacteriophages for treatment). Furthermore, the development of
resistance to these enzymes is very rare, as they target highly conserved sites of the
cell wall that have a limited number of possible resistance mechanisms against drugs
(Fischetti, 2010; Nelson et al., 2012; Schmelcher et al., 2012; Schmelcher & Loessner,
2016). These features, together with the potential synergy with existing antibiotics,
make endolysins a promising novel class of antibiotics.
Several biopharmaceutical companies are now investing in the production of
endolysin-based therapeutics for both human, animal and food treatment. Micreos was
the first company to receive FDA approval for an endolysin-based therapeutic for
topical treatment of S. aureus against skin diseases. ContraFect Company is also
developing endolysin therapy for both Gram-positive and Gram-negative endolysins,
and phase II clinical trials are on-going (Herpers et al., 2014; Totté et al., 2017).
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Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-9. Endolysins against Gram-negative
bacteria. A) OM preventing endolysins access to the PG layer, so they cannot lyse Gramnegative bacteria from “without”. B) Endolysins being able to penetrate the OM when they
have intrinsic membrane passaging capabilities (1), when applied together with permeabilising
agents or OM treatments (2), when fused with antimicrobial peptides mediating the uptake of
endolysin through OM (3). Reproduced from Schmelcher & Loessner, 2016, with permission.

1.4.2.2 Engineered endolysins
Endolysins, especially modular ones, have a very flexible structure. The
domains can be exchanged, modified, or different ones added for the purpose of the
design. That led to the development of chimeric endolysins by genetic engineering,
where catalytic sites were added for bifunctional lysins for example, or swapped with
other specific endolysins (Manoharadas et al., 2009; Rios et al., 2016).
The enzymatic activity in endolysins targeting Gram-positive bacteria can be
either improved by the addition of a CBD, essential to target the catalytic domain
towards the PG (Lu et al., 2006, Loessner et al., 2002, Kashani et al., 2017), or by the
deletion of CBD, with several studies showing that complete deletion of CBD
increases endolysin activity, as seen with the LysK endolysin and others (Cheng and
Fischetti, 2007; Donavon et al., 2006; Horgan et al., 2009; Mao et al., 2013; Mayer et
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al., 2011). Therefore, chimeric constructs of Gram-positive endolysins focus on
increasing enzymatic activity by addition of catalytic sites or deletion of CBD, as well
as by adding or swapping CBDs to extend the lytic spectrum of the endolysin. In
endolysins targeting Gram-negative bacteria, however, the chimeric protein designs
are mainly focusing on the penetration of the endolysin through the OM (Gerstmans
et al., 2018).
Fusion proteins combining a Gram-negative specific endolysin, a linker, and
an LPS-destabilising peptide, represent a successful design for the treatment of Gramnegative bacterial infections, as it can overcome the OM. This peptide can be attached
either in the N-terminus of the enzyme or on the C-terminus. The LPS layer is
stabilised through ionic interactions of the negatively charged phosphate groups with
divalent cations as well as the hydrophobic stacking of the lipid A moiety (Briers et
al., 2014). The peptide disrupts the LPS layer, allowing the endolysin to cross the OM
and reach the PG layer for degradation and lysis (Briers & Lavigne, 2015). As outermembrane penetrating endolysins, these are highly bactericidal against MDR Gramnegative pathogens including A. baumannii and P. aeruginosa.

For the design of this enzymes, different peptides can be used depending on
their mode of action. Polycationic peptides (PCNPs) compete with stabilising divalent
ions in the LPS layer, whereas hydrophobic peptides can increase the surface
hydrophobicity and interfere with the lipid A moiety of LPS. Amphipathic peptides
combine the properties of both polycationic and hydrophobic peptides (Briers &
Lavigne, 2015).
To date, the data published involve studies with the “exception to the rule”
modular Gram-negative specific endolysin, since most Gram-negative endolysins are
globular (Briers et al., 2014; Gerstmans et al., 2016; Rodríguez-Rubio et al., 2016;
Yang, et al., 2014). There are no studies reported so far to the author’s knowledge of
the design of a globular endolysin. The first study describing these synthetic enzymes
established that Gram-negative modular endolysins OBPgp279 and PVP-SE1gp146
linked to a PCNP can kill MDR pathogens in 30 min (up to 5 log reduction). The
enzyme activity can be improved by lengthening the linker size between the endolysin
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and peptide or by a combination of both polycationic and amphipathic peptides (Briers
et al., 2014). The best performing engineered enyzme was composed of the endolysin
OBPgp279 with an 18 residue long linker, and a PCNP at the N-terminus. N-terminal
fusions of LPS-disrupting peptides appear more efficient than C-terminal fusions,
although the reasons for this is not entirely clear but could be related to the C-terminus
possessing the catalytic activity, and the addition of the peptide therefore
compromising this activity. This enzyme kills MDR P. aeruginosa and A. baumannii
(more than 5.5 log reductions in the presence of 0.5 mM ethylenediaminetetraacetic
acid [EDTA] – effectively killing all cells), reaching the same level of bactericidal
effect as endolysins against Gram-positive species (Briers et al., 2014). This
engineered endolsin has shown to be effective in vitro in cell cultures (human
keratinocytes) and in vivo in worms (Caenorhabditis elegans).
These enzymes can be engineered to suit a particular target. Their modular
assembly allows for the modification of the OM-permeabilising peptide, the linker
length, the catalytic and cell wall binding domain in any particular design. This
flexibility and the strong antibacterial activity make them an excellent novel
antimicrobial option for treatment of Gram-negative bacterial infections.

Art-175, an Artilysin®, is based on the fusion of an antimicrobial peptide
(AMP) and an endolysin. Artilysin is a registered trademark in the European Union,
United States, and other countries, owned by Lysando company. AMPs were first
discovered also by Alexander Fleming in 1922, and there are now more than 1700
antimicrobial peptides described (Bruhn et al., 2011; Rios et al., 2016). These
peptides are part of the innate immunity of animals and plants, acting as a defence
strategy against numerous microbes (Gerstmans et al., 2016). AMPs are
polypeptides usually comprising between 12 and 50 amino acids with cationic and
amphipathic structures. They typically have a hydrophilic domain that inserts into
the membrane lipid bilayer and a hydrophobic domain that binds to the negatively
charged bacterial membrane (Silva and Machado, 2012). The polypeptide can then
disrupt the bacterial cell membrane, along with its various other functions. Art-175
is the fusion of the broad-spectrum sheep myeloid 29-amino acid AMP (SMAP29) and the Gram-negative specific endolysin KZ144. Resistance studies with this
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Artilysin®, by continuous exposure to sub-inhibitory doses of the enzyme in order

to select for resistant mutation traits did not generate resistant strains. This
corroborates previous findings that AMPs and endolysins present a low probability
of resistance development (Gerstmans et al., 2016; Nelson et al., 2001).
More research is needed on the biopharmaceutical factors of these enzymes
such as half-life storage and safety. Nevertheless, in vivo studies with Artilysins®
showed successful treatment of an ear infection caused by P. aeruginosa in dogs
(Briers & Lavigne, 2015). These enzymes can also attack persisters - dormant bacterial
cells usually present in biofilms and, therefore, clinically relevant. The presence of the
persister phenotype in A. baumannii is broadly distributed among the bacterial strains.
Due to the mode of action of antibiotics, they cannot attack dormant cells. Artilysins®,
however, do not require an active metabolism to have activity. Art-175 is the first
molecule to show activity against A. baumannii persister cells (Defraine et al., 2016).
1.4.2.3 Advantage and limitations of peptidoglycan hydrolases as new
antimicrobials
The advantages of lysins over common antibiotics can be summarised as
follows (Carvalho et al., 2017; Fischetti, 2018; Fischetti, 2005; Hermoso et al., 2007;
Lavigne et al., 2004; Nelson et al., 2012; Rios et al., 2016; Rodríguez-Rubio et al.,
2013, 2016).
i)

High enzyme selectivity, not affecting the commensal flora.

ii)

Rapid action, with small concentrations of enzyme reducing the
number of viable bacteria in less than 5 minutes.

iii)

No bacterial resistance has been reported to date.

iv)

Potential infinite resource of endolysins available for therapeutic
application, as bacteriophages are the most abundant entities on the
planet.

v)

Clinical tests so far do not show treatment with lysins to produce
harmful side effects.

vi)

Reports show synergism of endolysins with antibiotics.
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vii)

Several endolysins are thermostable (can withstand temperatures over
60°C).

viii)

Endolysins can attack MDR strains.

Antibiotics are generally small molecules and have low immunogenicity.
Endolysins, on the other hand, are larger proteins, which can stimulate and generate
an immune response. Immunogenicity can reduce enzyme activity as well as having
toxic effects. Even though no toxic effect has been reported yet, this is an important
point to address when performing in vivo assays ( Fischetti, 2010; Fischetti, 2008;
Hermoso et al., 2007; Loeffler et al., 2003).
At the same time as it is an advantage; the narrow spectrum of activity of
endolysins can be a limitation to clinical treatment. It can be time consuming to prediagnose the disease-causing agent, especially if the infection is caused by more than
one species. A potential solution to this issue is the combination of different endolysins
as an “endolysin cocktail”. Such combination-therapy could treat the infection as well
as prevent resistance development, and can be more cost-effective (Wu et al., 2012).

Furthermore, it is important to state that another issue during treatment is the
stability of endolysins, which could be affected when in contact with biological fluids
containing proteases that can degrade such compound of proteinaceous nature
(Gervasi et al., 2014; Jun et al., 2017). Nonetheless, animal studies and clinical trial
data have demonstrated successful treatment of several infections with these enzymes
due to the fast mode of action of endolysins and optimization of delivery methods
(Doehn et al., 2013; Gerstmans et al., 2018; Gervasi et al., 2014; Gilmer et al., 2013).
In 2012, Oliveira et al. suggested that one barrier for the development of
endolysins as therapeutics would be the production costs, expected to be high with the
technology and expression systems available. The study suggested that other
platforms, such as photosynthetic organisms, could help reduce production costs (as
they can use sunlight and basic nutrients for growth and generation of a product),
especially for the food industry, an industry that generates higher revenue quicker. Six
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years later, the achievements in the endolysin field are enormous, and new platforms
are arising for the production of these therapeutic enzymes (Oliveira et al., 2012).
1.5

The microalga Chlamydomonas reinhardtii as a platform for endolysin
production
The green microalga C. reinhardtii is the chosen recombinant protein production

platform in this project to express endolysins and engineered endolysins. C. reinhardtii
is chosen as the proof-of-concept species for testing the efficacy of unicellular algae
as cell factories for mass production of therapeutic drugs in a low-cost, low-tech and
sustainable approach (Scranton et al., 2015).
1.5.1

General features of Chlamydomonas reinhardtii
Microalgae are an extremely diverse, polyphyletic group of photosynthetic

microorganisms, consisting of eukaryotic organisms and prokaryotic cyanobacteria
(Figure Error! No text of specified style in document.-10). Microalgae have been used
for millennia as a natural source of several compounds, from food additives, food
consumption due to their high omega-3 fatty acid content, pigments and cosmetics
(Leu and Boussiba, 2014). The increase interest in biofuel production by microalgae
boosted the knowledge on genetic engineering for production of novel bioproducts,
and how to improve metabolic pathways to increase lipid production (Specht et al.,
2016).
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Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-10. Phylogenetic tree highlighting the
diversity and distribution of algae (boxed groups), compared to animals (circled red) and
land plants (circled green). The colours in the boxes indicate the diversity of pigmentation
across
the
different
domains.
Reproduced
from
https://www.glycomar.com/marine_natural_products_microalgae.htm.

Chlamydomonas is a genus of unicellular eukaryotes, and a member of the
Chlamydomonadaceae family within the order Volvocales (with approximately 30
genera) contained in the green algal (chlorophyta) group of micro and macroalgae.
This microalga has two flagella to allow the cell to swim in response to stimuli such
as light, and the flagella are also used in mating. Species classification of
Chlamydomonas is based mainly on cellular features, and more than 400 species have
been identified. However, only a few species have been exploited as laboratory
models, with the main species being C. reinhardtii (Harris, 2001).
The natural habitats of Chlamydomonas species are generally freshwater
environments including soil, eutrophic lakes and melting snow (Harris, 2009). The
oval shaped Chlamydomonas cell is about 10 μm in length and 7 μm in width and
contains multiple mitochondria, contractile vacuoles, a pyrenoid, eyespot, nucleus and
one single chloroplast occupying ~70% of the cell compartment (Figure Error! No text
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of specified style in document.-11). C. reinhardtii can grow photoautotrophically (light

and CO2 as sole carbon source), mixotrophically (light and an inorganic reduced
carbon source such as acetate in the growth medium), or heterotrophically (in the dark
in the presence of acetate) (Shamriz and Ofoghi, 2017). This alga has a relatively fast
doubling time (approximately 8 hours – dependant on nutrient, CO2 and light
intensity), and can be being easily scaled up (Harris 2009). This microalga is the model
organism for study to a range of biological aspects such as photosynthesis, chloroplast
biogenesis, flagella function, circadian rhythm and the cell cycle.

Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-11. Schematic of Chlamydomonas
reinhardtii
cell
structure.
Reproduced
from
http://www.cronodon.com/images/Chlamydomonas_2.jpg.

The nuclear genome of C. reinhardtii has 17 chromosomes and over fifteen
thousand genes, with a size of 120 Mb, and it was fully sequenced in 2007 (Merchant
et al., 2007). The mitochondrial genome is substantially smaller, with a size of 15.8
kilo base pairs (kb), and it was sequenced in 1993 (Vahrenholz et al., 1993). The
chloroplast genome (plastome), sequenced in 2002, has a size of 203 kb, and contains
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99 genes that encode mainly core proteins of the photosynthetic machinery, and of the
transcription and translation machinery such as ribosomal and transfer RNAs, RNA
polymerase, ribosomal proteins and (Maul et al., 2002; Taunt et al., 2017). The
chloroplast contains between 80 to 100 copies of its genome, and the structure of such
include two regions of single copy DNA and two large inverted repeats (IR) regions
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1.5.2

C. reinhardtii as a platform for recombinant protein production
The development of proteins for therapeutic applications requires an expression

platform that is safe, efficient and inexpensive, especially when it comes to large-scale
commercial production (Barrera and Mayfield, 2013). The production of small
molecule drugs such as antibiotics is usually low priced in comparison with the
production of recombinant proteins (Dove, 2002). Therefore, a system that can deliver
a recombinant therapeutic protein such as endolysins without having high costs would
be desirable. There are many platforms for the production of recombinant proteins like
antibodies and vaccines aimed at the pharmaceutical industry. The most common are
bacterial systems, yeast, and mammalian cell cultures, but studies with photosynthetic
organisms (plants, algae and cyanobacteria) are growing.
Currently, the production of complex eukaryotic therapeutic proteins (e.g.
monoclonal antibodies) in mammalian cell cultures dominates commercially. The
most commonly used cells, Chinese Hamster Ovary (CHO) cells, have all the
machinery necessary to perform post-translation modifications and to fold complex
and large (over 100 kDa) proteins from humans correctly. However, some of the
disadvantages of this system include the high cost of the media, and the expense of
maintaining sterility and the difficulty of scale up (Dumont et al., 2016).
Bacterial systems are used for producing simpler proteins, such as human
insulin, on a large scale due to the high bacterial growth rate and inexpensive
cultivation (Ferrer-Miralles et al., 2009). E. coli, the main bacterial species used as a
production platform, has had extensive research and development, allowing for the
availability of the many genetic tools to assist in achieving high yields of the
bioproduct. Yet, these microorganisms have important drawbacks: they are unable to
correctly fold complex eukaryotic products, and contain endotoxins that need to be
removed at the end of the production process. Expression of endolysins in bacterial
hosts to high levels can become difficult due to the cell wall-degrading characteristics
of those proteins (Oey et al., 2009; Schmelcher & Loessner, 2016).
Yeast platforms can produce more complex proteins like mammalian systems
and have a reasonably cheap production due to ease of cultivation like bacterial
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systems, but the post-translation machinery is less efficient than what is seen in other
eukaryotic organisms, with studies reporting poor protein folding due to the lack of
necessary chaperones (Nielsen, 2013; Rasala et al., 2010). Also, yeast can often hyperglycosylate recombinant proteins, impacting protein function, and making yeast less
suitable for different therapeutic applications (Specht et al., 2016).
Plants are a newer explored platform with only approximately 20 years of
extensive research on plant-based therapeutics, such as vaccines (Yao et al., 2015).
Crop plants provide a cheap and scalable platform, and as a eukaryotic platform they
can express to high yield and assemble complex proteins. Tobacco (Nicotiana
tabacum) is used extensively as an expression platform either as a whole plant crop or
in plant cell culture, and has been used to produce influenza vaccines and ZMapp for
Ebola treatment (Yao et al., 2015). However, issues on transgene biocontainment and
the time consuming generation of transgenic plants are seen as disadvantages of this
system (Yan, et al., 2016).
All the systems mentioned above are capable of producing recombinant
proteins on a gram-per-litre scale, but they either lack easy cost-effective scalability
or are limited by the classes of proteins they can produce (Barrera and Mayfield, 2013).
Eukaryotic microalgae such as C. reinhardtii can be an attractive platform for
production of recombinant proteins (Mussgnug, 2015; Rasala et al., 2010; RosalesMendoza et al., 2012). One of the main attractions of microalgae is its ability, as a
photosynthetic organism, to utilise sunlight, inorganic nutrients and CO2 for the
production of bioproducts. That is an appealing advantage as CO2 emissions are
increasing, and this platform can present a sustainable solution, using natural resources
and cleaning the environment. Also, algae can be grown in areas that are not suitable
for crop production, producing biomass from cheap substrates or unused land (Stoffels
et al., 2016). Such features allow for low cost cultivation of microalgae, and easy scale
up (Pulz, 2001).
Moreover, several species of green algae are generally recognised as safe
(GRAS) for human and animal consumption, and it is considered that this could reduce
costs required for bioproduct purification by simplifying downstream processing, or
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even by using simple crude extracts containing the recombinant therapeutic (Gimpel
et al., 2014; Mayfield et al., 2007; Murbach et al., 2018; Rasala et al., 2010). It also
means that the proteins produced in algae are free from endotoxins and viral
contaminants, which is important especially for therapeutic proteins (Dove, 2002). The
issue of purity and solubility of the recombinant protein is a problem in bacterial
production systems, and companies producing therapeutic endolysins in E. coli have
failed in receiving FDA approval for systemic use, or had to choose a topical
application for the drug, with less regulations (Parmley, 2014).
Although sharing similar characteristics, microalgae can offer several
advantages over plant systems. They can be easily grown in full containment under
sterile conditions in simple photobioreactors. This prevents the risk of environmental
contamination of the production system and the flow of transgenes to environment.
Gene flow is a major concern for transgenic plant cultivation conducted in open and
semi-enclosed settings, increasing the risk of transgene flow to surrounding plants
including food crops (Dove, 2002; Rasala et al., 2010; Specht et al., 2010). Moreover,
the creation of transgenic plants requires significantly more time compared to
transgenic microalga strains. It takes between two and four weeks to create a
transgenic microalga, whereas the creation of a transgenic plant line can take months
or even years (Specht et al., 2010).
Although a new field compared to E. coli for example, with not many genetic
tools available, there is a good amount of molecular information about C. reinhardtii.
All its three genomes (chloroplast, mitochondrial, and nuclear) are sequenced and have
established transformation methods (Maul et al., 2002; Merchant et al., 2007). More
than 50 recombinant proteins have been expressed in microalgae, with C. reinhardtii
being the most widely used host for recombinant protein expression (Rasala and
Mayfield, 2015).
All the transgenic lines producing therapeutic proteins are a result of
chloroplast or nuclear transformation. Only a few studies have produced transgenic
lines by transforming the mitochondria (Hu et al., 2012; Remacle et al., 2006). Nuclear
transformation with transgenes can occur by several methods such as electroporation,
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glass bead and particle bombardment, and the foreign DNA is randomly incorporated
into the genome. The random insertion of the gene into the genome has
disadvantageous positional effects, and nuclear transgene expression has lower yields
when compared to foreign gene expression in chloroplast. Transgene selection can be
performed with antibiotic resistance markers, such as BLE (phleomycin resistance)
(Franklin and Mayfield, 2004; Scaife et al., 2015). One of the advantages of the nuclear
expression is that proteins can be secreted out of the cell with signal peptides. As the
genetic tools for nuclear transformation advance, with the development of new vectors,
synthetic promoters and regulatory elements, new studies are increasing the yield of
recombinant proteins produced in the nucleus (Barahimipour et al., 2016; Lauersen et
al., 2015; Scranton et al., 2015).
Chloroplast transformation can be performed with the very straightforward
method of glass bead agitation (usually using a cell wall less mutant) (Kindle et al.,
1991; Maliga, 2014). Vortexing a suspension of cells and DNA with glass beads
generates transient lesions, which enables the DNA to enter the chloroplast.
Transformant selection can occur without the use of antibiotic selective markers if
using a photosynthesis mutant strain, for example, and the rescue of photosynthesis
act as the selection mechanism (Wannathong et al., 2016). The chloroplast cannot
glycosylate proteins, which can be a disadvantage if expressing mammalian proteins
although an advantage when producing bacteriophage-derived proteins such as
endolysins. Furthermore, the insertion of the foreign DNA into the chloroplast genome
is precise and predictable as it occurs through homologous recombination. Hence, a
transgene can be targeted to a specific locus in the plastome (Purton et al., 2013) as
shown in Figure Error! No text of specified style in document.-13. Furthermore, the
chloroplast can produce recombinant proteins to high yields compared to the nucleus,
and the foreign protein is compartmentalised within the chloroplast, preventing
deleterious effects on overall fitness of the cell by not interfering with metabolic
pathways (Sticklen 2008; Oey et al. 2009b).

57

GOI
1. Transformation
and homologous
recombination

vector

2. Integration of GOI
results in
heteroplasmy

Chloroplast
genome
3. Plating on
selective
medium

4. Growth of
transformant
colonies

5. Continued
selection results
in homoplasmy

Figure Error! No text of specified style in document.-13. Transgene integration in the
chloroplast genome. GOI: gene of interest. Reproduced from Esland et al., 2018.

The major limitation of using microalgae as a recombinant protein platform is
the low production yields when compared to other platforms. Recombinant proteins
expressed in the chloroplast are reported to achieve from 0.1 to 5% of the total soluble
protein (TSP), with the highest report reaching ~10.5% (Specht et al., 2010). A pilot
scale production of a recombinant bovine milk amyloid A in C. reinhardtii achieved
3.28 mg/L, one of the highest reports. This is substantially lower than the yield found
in platforms such as E. coli, yeasts and mammalian cells, which can produce up to 20
g/L of recombinant protein (Gimpel et al., 2014).
The genetic engineering of microalgae for protein production is considered a
new field, and the molecular tools available for transgene expression and protein
production are limited compared to E. coli for example, lacking basic inducible
systems. However, the rate of development can be fast due to increased demands for
new platforms that address fundamental problems. For example, endolysins that have
low expression and yield in bacterial systems. As more knowledge is acquired on
chloroplast gene expression in microalgae, new strategies can be developed to improve
transgene production. The chloroplast organelle offers several genetic targets that can
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be modified in order to improve transgene expression, and further aspects on the
advantages of using the plastome for transgene synthesis will be explored below
(Coragliotti et al., 2010; Rosales-Mendoza et al., 2012; Surzycki et al., 2009).
1.5.2.1 The chloroplast of C. reinhardtii as an advantageous platform for
endolysin production
Expression of a range of different recombinant proteins, including reporter
proteins, monoclonal antibodies, hormones, single chain antibodies and vaccine
antigens, is already well established in the chloroplast of C. reinhardtii (Table Error!
No text of specified style in document.-1) (Franklin et al. 2002; Rasala et al. 2010;

Surzycki et al. 2007; Mayfield et al. 2007).
Table Error! No text of specified style in document.-1. Summary of main therapeutic
proteins produced in the chloroplast of C. reinhardtii. Modified from Dyo & Purton, 2018;
Almaraz-Delgado et al., 2014, and references within.
Protein

Description

Yield in total soluble
protein (TSP)

Reference

3-4%TSP

Sun et al., 2003

1.5-2%TSP
0.1 - 10.5 % TSP

He et al., 2007
Surzycki et al., 2009

Vaccines Subunit
CTB-VP1
E2
VP28
CTB-D2

Protein VP1 from foot-and-mouth disease virus that attacks
livestock, fused to CTB.
Structural protein E2 from a Swine fever virus, a swine pathogen
White spot syndrome virus protein 28, a pathogen of crustaceans
CTB adjuvant fused to the D2 fibronectin-binding domain of
bacterial pathogen, Staphylococcus aureus.
Surface protein antigens from malarial parasite Plasmodium
falciparum

0.7 % TSP

Dreesen et al., 2010

0.5%, 0.2% TSP

Gregory et al., 2012

Large single-chain (lsc) human antibody against glycoprotein D
of herpes simplex virus

0.5% TSP

Mayfield et al., 2003

Variable domain of camelid heavy chain-only antibodies targeting
botulinum neurotoxin

1.4% - 4.6%

Barrera et al., 2015

Chimeric antibody to B-cell surface antigen CD22 fused to the
enzymatic domain of exotoxin A from Pseudomonas aeruginosa

0.3 - 0.4 % TSP

Tran et al., 2013

Growth factors
VEGF

Human vascular endothelial growth factor

2 - 3 % TSP

Rasala et al., 2010

Gut-active proteins
M-SAA

Bovine mammary-associated serum amyloid

3-5%TSP

Manuell et al., 2007

Anti-bacterials
Cpl-1 and Pal
CD27L

Endolysins from bacteriophage of Streptococcus pneumoniae
Endolysin targeting Clostridium difficile

0.9% - 1.2% TSP
not reported

Stoffels et al., 2016
not published

Cancer cell therapeutics
TRAIL

Tumor necrosis factor-related apoptosis-inducing ligand

0.43% - 0.67 % TSP

Yang et al, 2006

Pfs25 and Pfs28
Monoclonal antibodies
HSV9-lsc
Nanobodies
VhH

Immunotoxins
αCD22CH23PE40
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Production of recombinant proteins in the chloroplast of C. reinhardtii presents
several advantages over the nucleus. These include the lack of gene silencing
mechanisms, which is often seen for transgenes integrated in the nuclear genome,
particularly when multiple copies of the gene are integrated. This is believed to be a
defence mechanism against viral attack in the nucleus, and there are no known viruses
that target the chloroplast (Wu-Scharf et al., 2000). Also, there is a higher recombinant
protein accumulation in the chloroplast than in the nucleus. This is believed to be partly
due to the multiple copies of the genome present in the organelle, resulting in a high
copy number of the transgene, and the use of regulatory elements (promoters and
5’UTRs) from highly expressed endogenous genes (Specht et al., 2010, Dyo & Purton
2018). Furthermore, in the chloroplast there is targeted transgene insertion into the
genome via homologous recombination. This reduces the risk of positional effects that
are seen in nuclear transformation due to random transgene insertion (Purton, 2007).
In the chloroplast, the introduction of several genes can be performed at the same time,
as they can be designed to insert at different loci. Also, the expression of multiple
genes from one promoter (polycistrons) can be performed, and whole metabolic
pathways can be introduced (Specht et al., 2010). Finally, since the chloroplast genome
is uniparentally inherited from the m+ type parent, this provides a level of transgene
containment by using a mt– parent as the recipient for transgenic line creation (Harris
2009).
The particular value of algal chloroplasts as a platform for endolysin
production is a consequence of its evolutionary history. The chloroplast (or plastid)
has evolved from a free-living photosynthetic Gram-negative bacterium: a
cyanobacterium. As shown in (Figure Error! No text of specified style in document.-14),
this was encapsulated by a non-photosynthetic eukaryotic cell over one billion years
ago, and gave rise to green and red algae. The chloroplast then spread throughout
various eukaryotic lineages via subsequent secondary and tertiary endosymbiotic
events in which algal cells themselves became endosymbionts and were reduced to a
complex plastid within the new host (Margulis 1970).
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Image (s) removed for copyright purposes. Please refer to original source as
described in the figure legend.

Figure Error! No text of specified style in document.-14. Endosymbiosis theory. The
chloroplast of green microalgae and higher plants originated when a cyanobacterium
was engulfed by a heterotrophic, unicellular eukaryote (primary endosymbiotic event).
Modified from Parker et al., 2008, with permission.

Thus, the chloroplast has retained several properties that are of prokaryotic
origin, such as bacterial-type transcription and translation machinery, arrangement of
genes in operons, and presence of prokaryotic proteases (Purton et al., 2013). The
chloroplast is therefore a good ‘mimic’ of the bacterial cell where endolysins are
naturally produced, particularly for endolysins of Gram-negative bacteria, and should
allow high-level expression. In addition, the similarity of chloroplast and bacterial
proteases should allow stable accumulation of endolysins as they have evolved to be
relatively insensitivity to bacterial proteases (Fischetti, 2005). Furthermore, proteins
produced within the organelle are not glycosylated unlike those made in eukaryotic
platforms such as yeast, which is important when producing bacterial proteins such as
endolysins, which do not require this post-translational modification (Franklin and
Mayfield, 2004). Finally, the key benefit of using the algal chloroplast as a platform is
that the chloroplasts of the different algal groups (with the exception of the
glaucophytes) has lost the peptidoglycan cell wall, therefore there is no target for the
endolysin and the accumulation of the recombinant protein has no adverse effect on
the integrity of the chloroplast.
The chloroplast also has several additional characteristics that make it valuable
as a recombinant platform. It is able to correctly fold and assemble complex eukaryotic
structures such as antibodies, being able to incorporate di-sulphide bridges (Mayfield
et al., 2003). The chloroplast is also able to accumulate and completely retain foreign
proteins within the organelle, thereby preventing the rest of the cell’s metabolism from
being affected (Taunt et al. 2017).
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As a first demonstration of endolysin production in chloroplasts, the Cpl-1 and
Pal endolysin against Gram-positive bacteria were successfully expressed and
accumulated in the chloroplast of both tobacco and C. reinhardtii, with extremely high
accumulation of Pal in the plant chloroplast (70% of the TSP in the leaf) (Oey et al.,
2009a; Stoffels et al., 2016). These results bode well for an attempt to produce
endolysins against Gram-negative pathogens in the C. reinhardtii chloroplast, which
is the focus of this thesis.
1.6

Summary, aims and objectives
One of the main health issues in the world now is bacteria that have acquired

resistance to all available antibiotics. In order to tackle the issue of multidrug resistant
strains, there is an urgent need for the development of new antimicrobials that can treat
the infections and reduce the spread of resistance. Gram-negative pathogenic bacteria
are of particular concern. Broad-spectrum antibiotics that are still used for the
treatment of infections caused by Gram-positive bacteria are now ineffective against
MDR Gram-negative pathogens. Furthermore, ESKAPE pathogens have already
acquired resistance to those antibiotics of last resort.
Endolysins, bacteriophage peptidoglycan hydrolases, are emerging as a new
class of protein-based antibiotic, with several reports demonstrating their efficacy
against Gram-positive bacteria. These enzymes are now being investigated against
Gram-negative pathogens such as Acinetobacter baumannii, an opportunistic MDR
bacterium. However, due to the nature of these enzymes and their mode of action,
there is a need for new platforms that can produce these new biologics and still have
low cost of production. Photosynthetic organisms such as plants and algae are
potentially suitable candidates for production of recombinant protein, having features
such as low cost of cultivation, good scalability, GRAS status, and transgene
biocontainment when proteins are produced in the chloroplast.
The aim of the research presented here, therefore, is to investigate the suitability
of the chloroplast of the microalga as a production platform specifically for
recombinant bacteriophage endolysins targeting Gram-negative pathogenic bacteria.
With this aim, the following objectives were established:
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.

Production of a endolysin, targeting the Gram-negative human pathogen A.
baumannii in the chloroplast of C. reinhardtii, followed by an analysis of the
stability and production yields of the protein in the chloroplast

.

Demonstration of the antibacterial activity of the endolysin against the target
bacteria and the development of purification strategies for endolysins produced
in C. reinhardtii

.

Production of highly active synthetic endolysins in the chloroplast, and
demonstration of antibacterial activity against Gram-negative targets.
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Chapter 2 Materials and Methods
All chemicals used in this work, unless otherwise stated, were purchased from Sigma
Aldrich.
2.1
2.1.1

Strains, culture conditions, and growth measurements
Chlamydomonas reinhardtii

2.1.1.1 Strains
The TN72 strain used in this work was produced in the Purton lab and is a
photosynthetic mutant (the chloroplast gene psbH is deleted) and cell-wall deficient
strain, that is mating type plus (Wannathong et al., 2016). The transgenic lineages used
and constructed in this work using this strain are described in Table Error! No text of
specified style in document.-2.

2.1.1.2 Cultivation
All C. reinhardtii strains were cultivated under mixotrophic conditions on Trisacetate phosphate (TAP) medium that contains acetate as a fixed carbon source, unless
otherwise stated (Table Error! No text of specified style in document.-3). The cultivation
of new transformant cells was on High Salt Minimal (HSM) medium, and then
transferred to TAP after reaching homoplasmicity (Table Error! No text of specified style
in document.-5).

Photosynthetic mutant strains were grown on TAP plates with 2% (v/v)
DifcoTM Bacto agar (Becton, Dickinson and Company, USA) incubated at 25°C, under
dim light (5-10 μmol/m2/s), and wrapped in white tissue for storage (Gruissem, 1989;
Kropat et al., 2011). Transformant strains that can grow photosynthetically were
maintained initially on HSM 2% agar in an illuminated incubator (Panasonic
Biomedical, UK) and then transferred to TAP 2% agar plates. Settings were 25°C, and
a light intensity of 80-100 μmol/m2/s. To maintain healthy cells, the strains were restreaked onto fresh TAP plates every 2–3 weeks.
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For liquid cultures, a loopful of cells was taken from fresh TAP plates and
inoculated in 50 ml Erlenmeyer flasks with liquid medium (25 ml of TAP). The cells
were incubated in an illuminated shaking incubator (New BrunswickTM Innova,
Germany), shaking at 120 rpm under 24-hour illumination with a light intensity of 80100 μmol/m2/s and temperature of 25ºC. For larger cultures of 500 – 1,000 ml, a 1%
inoculum was taken from liquid pre-cultures at mid-logarithmic phase. For liquid
cultures of the TN72 photosynthetic mutant, the Erlenmeyer flasks were covered with
white tissue paper.
Growth of C. reinhardtii was measured by monitoring the light scattering (as
a proxy for cell density) at OD 750 nm with a Unicam UV/Vis spectrophotometer
(Thermo Electron Corporation, USA), with a path-length of 1 cm. 750 nm was used to
minimise chlorophyll a and b absorbance. Growth was also automatically measured in
an Algem® photobioreactor at OD 750nm (400 ml cultures at 100 μmol/m2/s).
Cell counting was performed using a haemocytometer. To inhibit cell motility,
10 μl of iodine tincture (19.7 mM iodine in 95 % (v/v) ethanol) was added to 1 ml of
cell culture before the measurement. The cell number on both grids from the
haemocytometer was counted by eye using a bright-field microscope (Olympus,
Japan). The average of the cell count was multiplied by 104 in order to give a value for
cells/ml of culture volume.
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Table Error! No text of specified style in document.-2. Transgenic C. reinhardtii lineages
used and constructed in this work
Strain

Description
mt+, CW15.3A (cell-wall deficient), psbH gene

TN72

partly deleted by aadA cassette, PSII-deficient
mutant, spectinomycin resistant

Reference
(Wannathong et
al., 2016)

TN72 transformed with the empty pRY154d
TN72_pRY_control

vector, no GOI, carrying psaA promoter and the

This study

psbH gene rescued
TN72 carrying lysAB2 gene with HA-tag under
TN72_ysAB2

the promoter psaA of vector pRY154d. The

This study

psbH gene was rescued
TN72 genetically transformed with empty
TN72_pSR_control

pSRSap1 vector, carrying psaA promoter region
and the rescued psbH gene

(Wannathong et
al., 2016)

TN72 carrying cpl-1 gene with HA-tag under
TN72_cpl-1

the psaA promoter of vector pSRSapI. The psbH

Taunt (2013)

gene was rescued
TN72 transformed with the pRY154d vector
TN72_LoGT27

carrying the logt27 gene with a His-tag under

This study

the psaA promoter. The psbH gene was rescued
TN72 transformed with the pRY154d vector
TN72_LoGT23

carrying the logt23 gene with a His-tag under
the psaA promoter. The psbH gene was rescued
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This study

Table Error! No text of specified style in document.-3. Gorman-Levine Tris-acetate
phosphate (TAP) medium. Solid medium for plates was prepared by the addition of 2% (v/v)
DifcoTM Bacto agar (Becton, Dickinson and Company, USA), prior to autoclaving.
Ingredient

Concentration

NH4Cl

0.4

g/L

MgSO47H2O

0.1

g/L

CaCl2H2O

0.05

g/L

K2HPO4

0.108

g/L

KH2PO4

0.056

g/L

Tris

2.42

g/L

Glacial acetic acid

1

pH 7.0

1

ml/L

Trace element stock solution (Table Error! No text of
specified style in document.-4)
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Table Error! No text of specified style in document.-4. Trace Elements stock solutions.
Seven different solutions at 1000x were prepared and 1ml of each were combined into a single
7ml solution. This medium supports cells in a stationary phase, at approximately 2 x 107
cells/ml with different transition metals, ensuring the cells do not experience trace nutrient
deficiency in stationary phase (Kropat et al., 2011).
Stock solution

Concentration in stock

EDTA-Na2

25 mM

(NH4)6Mo7O24

28.5 μM

Na2SeO3

0.1 mM

Zn-EDTA

2.5 mM

Mn-EDTA

6 mM

Fe-EDTA

20 mM

Cu-EDTA

2 mM
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Composition
Titrated to pH 8.0 with
trace element grade KOH

2.5 mM ZnSO4 in 2.75 mM
EDTA
6 mM MnCl2 in 6 mM
EDTA
20 mM FeCl3 and 22 mM
Na2CO3 in 2 mM EDTA
2 mM CuCl2 in 2 mM
EDTA

Table Error! No text of specified style in document.-5. High Salt Minimal (HSM) growth
medium. The pH was adjusted to 6.9. Soft agar HSM was prepared by adding 0.5% of Bacto
agar prior autoclaving. Solid medium was prepared by the addition of 2% of Bacto agar prior
autoclaving.
Ingredient

2.1.2

Concentration

NH4Cl

0.4

g/L

MgSO47H2O

0.1

g/L

CaCl22H2O

0.05

g/L

K2HPO4

0.717

g/L

KH2PO4

0.363

g/L

Trace element stock solution

1

g/L

HCl

-

pH 6.9

Escherichia coli

2.1.2.1 Strains
E. coli strain DH5α was used for bacterial transformation and amplification of
plasmid DNA. Two different clinical isolates strains of E. coli were used for enzymatic
and antibacterial assays Table Error! No text of specified style in document.-6.
2.1.2.2 Cultivation
The E. coli strains used in this work were cultured on plates of lysogeny broth
(LB) with 1.5% (v/v) of DifcoTM Bacto agar (Becton, Dickinson and Company, USA),
or in LB liquid medium under constant shaking at 150 rpm in an incubator (Stuart
Scientific, UK) set at 37°C (Table Error! No text of specified style in document.-7) .The
media was supplemented with the antibiotic ampicilin 100 μg/ml when necessary. For
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long-term storage, E. coli strains were stored at –80°C with 25% (v/v) sterile glycerol.
Cell density was measured by optical density (OD) at OD600nm.
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Table Error! No text of specified style in document.-6. Strains of E. coli used in this study.
Strains
DH5α

Description
Recipient host for bacterial transformation (Hanahan, 1983)
provided by Clonetech (Saint-Germain-en- Laye, France)
Clinical isolate (lower respiratory tract infection) provided
by The Royal Free Hospital. Phenotypic resistance:
- Amoxicllin
- Amoxiclav

Eco1

- Ciprofloxacin
- Gentamicin
- Piperacillin-tazobactam
- Co-trimoxazole
Clinical isolate (lower respiratory tract infection) provided
by The Royal Free Hospital. Phenotypic resistance:
- Amoxicllin
- Amoxiclav
- Cefepime
- Cefixime
- Cefuroxime

Eco2

- Cephalexin
- Co-trimoxazole
- Ertapenem
- Gentamicin
- Piperacillin
- Piperacillin-tazobactam
- Tobramycin
- Trimethoprim

E. coli BL21-CodonPlus(DE3)-RIL
E. coli BL21(DE3)pLysS

Positive control strain obtained from Dr Yves Briers
containing the engineered endolysin OBPgp279-Link4PCNP
Positive control strain obtained from Dr Yves Briers
containing the engineered endolysin PCNP-L4-OBPgp279
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Table Error! No text of specified style in document.-7. Lysogeny broth (LB) medium. Solid
medium was prepared by the addition of 1.5% agar prior to autoclaving.

2.1.3

Ingredient

Concentration

Bacto-tryptone

10.0 g/L

Yeast extract

5.0 g/L

Sodium Chloride

10.0 g/L

dH2O

to make 1 L

Acinetobacter baumannii

2.1.3.1 Strains
The A. baumannii strains (reference strain and clinical isolates) were used in
this study on enzymatic and antibacterial assays (Table Error! No text of specified style
in document.-8).

2.1.3.2 Cultivation
A. baumannii was cultured on plates on Nutrient Media with 1.5% of agar, or
in liquid Nutrient Media under constant shaking at 30°C (Table Error! No text of
specified style in document.-9). For long-term storage, stocks of 50% glycerol were made

and stored at –80°C. Cell density was measured by optical density (OD) at OD600nm.
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Table Error! No text of specified style in document.-8. Strains of Acinetobacter baumannii
used in this study
Strains

Description
Reference strain acquired at the Leibniz Institute DSMZ-German

ATCC19606

Collection of Microorganisms and Cell Cultures (DSM No.:
30007, Type strain) (Bouvet and Grimont, 1986),
MDR clinical isolate (lower respiratory tract infection) provided
by The Royal Free Hospital. Phenotypic resistance:
- Amikacin
- Ciprofloxacin
- Gentamicin

Abau1

- Meropenem
- Piperacillin-tazobactam
- Imipenem
- Ceftazidime
- Levofloxacin
MDR clinical isolate (lower respiratory tract infection) provided
by The Royal Free Hospital. Phenotypic resistance:
- Ciprofloxacin

Abau2

- Co-trimoxazole
- Meropenem
- Ertapenem

Table Error! No text of specified style in document.-9. Recipe for Nutrient Medium
containing meat extract. The pH was adjusted to 7.0 with HCl. Solid medium was prepared
by the addition of 1.5% agar prior to autoclaving (Sigma).
Ingredient

Concentration

Peptone

5.0 g/L

Meat extract

3.0 g/L
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2.2
2.2.1

Molecular biology techniques
Gene synthesis
The coding sequences for all genes designed in this study were acquired either

from GenBank or from collaborative sources. The sequences were verified by a
BLASTp search (https://blast.ncbi.nlm.nih.gov). All genes were codon optimised for
the chloroplast of C. reinhardtii using the Codon Usage Optimiser Beta 0.92 software,
which is based on a selection of highly expressed genes in the microalgal chloroplast
(Kong, 2013). The sequence for an epitope tag (either an HA-tag or a hexahistidine
tag) was added at the 3’ end, unless otherwise stated.
All genes were synthesised by GeneArt and received either as a GeneString
Fragment or as plasmid clones with the gene inserted into the company’s vector pMA,
carrying a selectable marker for ampicillin resistance.
2.2.2

Polymerase chain reaction
Polymerase chain reaction (PCR) was used for the amplification of DNA

sequences (Mullis et al. 1992). PCR reactions were performed in 25 μl volume using
Phusion polymerase (Fermentas) following the manufacturer’s instructions. The DNA
was amplified using a Techne TC-3000G thermocycler and the parameters can be
found in Table Error! No text of specified style in document.-10.
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Table Error! No text of specified style in document.-10. PCR reaction protocol. The
annealing temperature was calculated based on the melting temperature (Tm) of the specific
primers, and the elongation time was based on the expected length of the fragment.
Cycle

Temperature

Time

Initial Denaturation

98°C

2 min

Denaturation

98°C

10 s

25-30x Annealing

Tm+3°C of the lower primer Tm

30 s

Elongation

72°C

≈ 1 min/kb

Final Elongation

72°C

10 min
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2.2.2.1 Oligonucleotide primers
The primer sequences used for amplification of PCR fragments were designed
manually. Thermodynamic parameters were analysed and adjusted using the software
MacVector. Melting and annealing temperatures were checked using the online NEB
Tm calculator (tmcalculator.neb.com). The primers were synthesised by Eurofins
MWG (Ebersberg, Germany). The primers listed in Table Error! No text of specified
style in document.-11 were used in this work.
Table Error! No text of specified style in document.-11. List of oligonucleotides used in this
study.
Primer

Sequence (5’ to 3’)

FLANK1

GTCATTGCGAAAATACTG

Description

Primers for general
rbcL.Fn

CGGATGTAACTCAATCGGTAG

sequencing and PCR

rbcL.R

CAAACTTCACATGCAGCA

screening for successful
transformants of C.

RYpsa.R

GGATTTCTCCTTATAATAAC

reinhardtii with the

psASEQ

AACTATTTGTCTAATTTAATAACC

vectors pSRSapI or

RY123a

GGAGGGAAGTAGGCAGTAGC

FLysAB2

GTTACCGCTCTTCTATGATTTA

LysAB2 gene

RLysAB2

CTTAATAAGCATGCTCCGTC

amplification

pRY145
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2.2.3

Agarose gel electrophoresis
DNA fragments were separated on 1% agarose gels (w/v) made with 1X TAE

buffer (40 mM Tris, 1 mM sodium EDTA, 17.5 mM glacial acetic acid) and 1 μg/ml
ethidium bromide. 6x DNA Loading Dye (Fermentas, USA) was added to the samples
that were subsequently loaded onto the gel, together with either the marker
GeneRulerTM 1 kb Plus DNA Ladder (Fermentas, USA) or the O Generuler Mix ladder
(Fermentas, USA) to estimate the size of the fragments. Electrophoresis was
performed at 85 V for 30 to 90 min. The DNA fragments were visualised using a UV
transilluminator (UVP Gel Documentation System) by illumination with 302 nm UV
light.
2.2.4

DNA purification and gel extraction
PCR products were purified using the QIAquick PCR purification kit from

Qiagen (Hilden, Germany). The same kit was used following restriction digests to
remove small fragments of DNA (<50 base pairs [bp]). To extract DNA bands from
an agarose gel after electrophoresis, the band of interest was removed from the gel
using a scalpel and placed into a microcentrifuge tube, and the QIAquick Gel
Extraction Kit was used, following the manufacturer’s instructions.
2.2.5

Plasmid isolation
For small-scale (<20 μg) plasmid isolation the QIAprep Spin Midiprep Kit

from Qiagen was used according to the manufacturer’s instructions. For large-scale
(<200 μg) plasmid isolation the QIAfilter Plasmid Midi Kit (Qiagen) was used
according to the manufacturer’s instructions.
2.2.6

Restriction enzyme digests, dephosphorylation and ligation reactions
Digestion of DNA samples was performed using restriction endonuclease

enzymes according to the manufacturer’s instructions (New England Biolabs (NEB)
and Fermentas [Thermo Scientific]).
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To prevent re-ligation of the digested vectors, sample were treated with
Antarctic phosphatase (NEB) according to the manufacturer’s instructions.
DNA ligations were performed at a 3:1 (insert:vector) molar ratio using T4
DNA ligase (NEB) following manufacturer’s instructions.
2.2.7

DNA sequencing
Sanger sequencing of plasmid DNA and PCR products was outsourced to

Source BioScience (UK) following specifications. The sequencing results were
aligned and analysed using MacVector 12.6.0.
2.2.8

Bioinformatics
The software MacVector 12.6.0 was used for DNA and protein sequences

alignments, reverse complementation of DNA sequences, endonuclease digest
predictions and other molecular biology modelling. The software CUO was used for
codon optimisation of genes. The online molecular analysis tools and databases used
in this study are listed in Table Error! No text of specified style in document.-12.
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Table Error! No text of specified style in document.-12. Online bioinformatic tools.
DNA and protein sequence databases
NCBI

http://www.ncbi.nlm.nih.gov

C. reinhardtii chloroplast
genome

http://www.chlamy.org/chloro/default.html
https://www.ebi.ac.uk/pdbe/

Protein Data Bank,
structural information

http://www.uniprot.org
https://www.proteinmodelportal.org
Bioinformatic tools

Primer design

http://www.bioinformatics.org/sms2/

Restriction digest

http://tools.neb.com/NEBcutter2/

BLAST

http://blast.ncbi.nlm.nih.gov/Blast.cgi

RNA secondary structure

http://rna.tbi.univie.ac.at/cgi-

prediction

bin/RNAWebSuite/RNAfold.cgi

Protein structure prediction

https://swissmodel.expasy.org -MODEL

Microorganism strains and cultivation
DSMZ

http://www.dsmz.de
Endolysin database

phiBIOTICS

http://phibiotics.org

GMEnzy: Genetically
moFTdified enzybiotic

http://biotechlab.fudan.edu.cn/database/gmenzy/index.php

database
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2.2.9

Genetic transformations

2.2.9.1 Transformation of E. coli
2.2.9.1.1 Preparation of competent cells
A single E. coli (DH5α) colony from an overnight culture on an LB-agar plate
was picked and inoculated into LB liquid medium (10 ml) and grown under constant
shaking at 37°C overnight. 1% of the overnight culture was re-inoculated onto fresh
100 ml LB medium and grown for 2.5 hours at 37°C under constant shaking to an
OD600nm of approximately 0.6.
The cells were centrifuged at 4°C in four precooled tubes at 3,000 x g for 5
minutes and pellets were resuspended in 10 ml 50 mM CaCl2, followed by a 30 min
incubation on ice. Cells were centrifuged again and resuspended in 1.5ml of fresh
CaCl2. Sterile glycerol was added (final concentration 15%) and the competent cells
were aliquoted (200 μl) and stored at –80°C.
2.2.9.1.2 Heat-shock transformation of competent E. coli cells
Competent cell stocks were thawed on ice and 100 μl was split into two 1.5 ml
sterile Eppendorf tubes. DNA (0.1 μg for plasmid DNA) was added to the competent
cells, and a negative control with no DNA was always included. Samples were
incubated on ice for 30 min, heat shocked at 42°C for 1 min and immediately returned
to ice. LB medium (0.9 ml) was added and the samples were incubated at 37°C for 1
hour under continuous shaking. After incubation, 100 μl of each sample was spread
onto an LB agar plate with the appropriate antibiotic and incubated overnight at 37°C.
2.2.9.1.3 E. coli colony PCR
Colonies were picked using a sterile pipette tip and resuspended in a 25 μl PCR
mix in a 200 μl microcentrifuge tube. The PCR protocol was modified from Table
Error! No text of specified style in document.-10 by an additional 2 minutes at the start of

the reaction at 98°C to allow for bacterial cell lysis.
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2.2.9.2 Transformation of the C. reinhardtii chloroplast
2.2.9.2.1 Glass bead transformation
The C. reinhardtii chloroplast was transformed according to Economou et al.,
2014. A liquid culture (20 ml) of recipient strain TN72 was grown in TAP medium in
a light incubator until mid-log phase (approximately 1-2 x 106 cell/ml). Then, cells
were centrifuged at 6,000 x g for 5 min at 16°C. The pellet was resuspended with TAP
medium to give a final concentration of 2 x 108 cells/ml. The cell suspension (300 µl)
was pipetted into sterile test tubes containing approximately 0.3 g of 0.4 mm diameter
glass beads (Sigma) and 10 µg of plasmid DNA.
The tubes with C. reinhardtii, plasmid DNA and glass beads were agitated
using a Vortex Genie-2 (Scientific Industries) for 15 seconds each at maximum speed.
Subsequently, 3.5 ml of molten HSM medium with 0.5% agar (cooled to 42°C) was
added to the test tubes. Cell suspension and agar were mixed and instantly plated onto
HSM plates (HSM + 2% agar) (Table Error! No text of specified style in document.-5).
The plates were left for 1 h in the dark to allow the soft agar to set, and prevent
phototactic migration of the cells, and incubated for 12 h in dim light before transferral
to bright light. The plates were sealed with parafilm with four holes to allow for gas
exchange. Transformant colonies appeared 3 to 5 weeks later. All transformant strains
were selected by photosynthesis restoration as described in Young and Purton, 2014.
2.2.9.2.2 Isolation of DNA for confirmation of transgenic colonies
Confirmation of correct DNA insertion and homoplasmy of transformants was
achieved by PCR of crude DNA extracts prepared using the Chelex method (Berthold
et al., 1993). Briefly, a small loopful of actively growing transformant cells were
resuspended in 10 µL ddH2O, followed by the addition of 10 µL absolute ethanol. The
mixture was incubated at room temperature for 1 minute. 100 µL 5 % (w/v) Chelex100 resin (Biorad) was then added to the mixture, and the sample was vortexed at full
speed for 15 seconds, and incubated in a heat block (Eppendorf Thermomixer comfort
1.5 ml) at 98°C for 5 minutes. The sample was cooled on ice and centrifuged for 2
minutes at 21,000 x g. The supernatant was used for a PCR reaction (1 µl of Chelex
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sample in a 25 µl reaction) or stored at -20°C for a maximum of 2 months before being
discarded.
2.3
2.3.1

Protein analysis
Denaturing preparation of C. reinhardtii total protein extracts
Cell lysis was performed to analyse protein production in the chloroplast of C.

reinhardtii strains. A 25 ml culture of C. reinhardtii was grown to exponential phase
(OD750nm ~1) and harvested by centrifugation at 5,800 x g. The pellet was resuspended
in Solution A (0. 8M Tris-HCl pH 8.3, 0.2 M of sorbitol, 1% β-mercaptoethanol and
SDS to a 1% final concentration). The volume added was based on the OD reading, in
order to normalise for variance in concentration. 10 % SDS (5 µl) was added to the
samples and heated to 99°C for 1 minute for protein denaturation. Samples were
cooled on ice for 5 seconds and centrifuged for 2 min at 21,000 x g. The supernatant
was analysed by SDS-PAGE described in 2.3.2.
2.3.2

Sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-PAGE)
Gels for the SDS-PAGE were prepared based on the Laemmli gel recipe

(Laemmli, 1970), with modifications (Table Error! No text of specified style in
document.-13 and Table Error! No text of specified style in document.-14). SDS-PAGE was

carried out using the protein gel tank system from Biorad holding 80 x 83 x 1 mm gels
with 10 or 15 wells. The resolving gel once poured was overlaid with absolute ethanol
and polymerisation was allowed to proceed for 30 minutes. Subsequently, the ethanol
was removed and the top of the gel washed with dH2O to remove any un-polymerised
acrylamide. The stacking gel was poured and the appropriate comb was inserted. After
30 minutes of polymerisation, the comb was removed and the prepared samples
(approximately 10 to 25 µg) and protein ladder (5 µl; Colour Prestained Protein
Standard, Broad Range (11-245 kDa), New England Biolabs) were loaded in the gels.
The gels were run in reservoir buffer at 150V for 90 to 120 minutes (Table Error! No
text of specified style in document.-15).
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Table Error! No text of specified style in document.-13. SDS-PAGE Resolving gel recipe.
Resolving gel (recipe for 2 gels)
dH2O

5.3 ml

Acrylamide 40% (Sigma)

5.6 ml

1.5 M Tris pH 8.0

3.75 ml

SDS 10%

150 µl

Ammonium persulphate (APS) 10%

150 µl

Tetramethylethlediamine (TEMED)

6 µl

Table Error! No text of specified style in document.-14. SDS-PAGE Stacking gel recipe.
Stacking gel (recipe for 2 gels)
dH2O

4.3 ml

Acrylamide 40% (Sigma)

750 µl

1 M Tris pH 6.8

750 µl

SDS 10%

60 µl

Ammonium persulphate (APS) 10%

60 µl

Tetramethylethlediamine (TEMED)

6 µl

Table Error! No text of specified style in document.-15. Reservoir buffer recipe.
Reservoir buffer (10x stock)
Tris

0.25 M

Glycine

1.92 M

SDS

1%

HCl

to pH 8.3
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2.3.3

Coomassie Brilliant Blue R staining
To visualize proteins, gels were stained with Coomassie staining solution (3

mM Coomassie brilliant blue R, 50 % (v/v) methanol, 10 % (v/v) glacial acetic acid)
for one hour shaking gently at room temperature. The gel was then destained in
destaining solution (40 % (v/v) methanol, 10 % (v/v) glacial acetic acid) overnight.
The gel was scanned using the Odyssey® imaging system from LI-COR.
2.3.4

Western blot analysis
The gel, together with 6 pieces of 3MM Whatman filter paper and ECL-

nitrocellulose membrane (Thermo Scientific) was soaked in Towbin Buffer (Tris 25
mM, glycine 192mM, methanol 20% v/v), for 10 min. Each gel was assembled into a
stack consisting of 3 pieces of filter paper, membrane, gel, and the other 3 pieces of
filter paper. Transfer of proteins from the gel to the membrane was performed using a
Trans-Blot Shine-Dalgarno (SD) semi-dry electrophoretic transfer cell (BioRad
Laboratories, USA) for one hour at 20V.
2.3.5

Immunodetection (semi-quantitative, quantitative and dot-blot)
Membranes were blocked into 1x TBS-T (20 mM Tris base pH adjusted to 7.4

with 5 M HCl, 137 mM NaCl, 0.1 % (v/v) Tween-20) with 0.5 % skimmed milk
overnight at 4°C. Membranes were washed with TBS-T for 15 min with gentle
agitation. Primary antibodies (anti-HA polyclonal antibody from rabbit, SigmaAldrich, USA, or 6x-His Tag Polyclonal Antibody, ThermoScientific) were added to
TBS-T with 0.5 % skimmed milk at a dilution of 1:5000 or 1:250 respectively, and the
membrane was incubated for 1 hour at room temperature on a rotary shaker (60 rpm).
After incubation, the membrane was washed for 15 minutes in TBS-T, followed by
three washes of five minutes each to remove unbound antibody.
2.3.5.1 Quantitative analysis
For quantitative western blot analysis, Goat anti-Rabbit IgG IRDye®
secondary antibodies (DylightTM 800) were added to TBS-T with 0.5 % skimmed
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milk in a 1:25000 dilution. The membrane was incubated for 1 hour at room
temperature, on a rotary shaker (60 rpm), in the dark. After incubation, the membrane
was washed for 15 minutes in TBS-T, followed by three washes of five minutes each.
The infrared fluorescence signal was excited at 785 nm and detected using the
Odyssey® Infrared Imaging system (Li-COR Biosciences). All western blots were
detected using the Odyssey system, unless stated otherwise.
2.3.5.2 Semi-quantitative analysis
For semi-quantitative enhanced chemiluminescence (ECL) analysis, the
secondary antibody (ECL anti-rabbit IgG, horseradish peroxidase-linked, GE
healthcare, USA) was added to TBS-T at 1:5000 dilution and mixed with 1x TBS-T.
The membrane was incubated for 1 hour at room temperature, on a rotary shaker (60
rpm). After incubation, the membrane was washed for 15 minutes in TBS-T, followed
by three washes of five minutes each. Subsequently, the membrane was incubated with
SuperSignal® West Pico Chemiluminescence Substrate (Thermo Scientific) for five
minutes at room temperature. The membrane was exposed to a Hyperfilm ECL sheet
(GE Healthcare) in a dark room. The film was developed using a Xograph automatic
film developer (Xograph Healthcare, UK), and the exposure time varied depending on
the signal strength between 5 and 15 seconds.
2.3.5.3 Dot-blots
For dot-blots, 2 μl of enriched samples (described in 2.4.2) were spotted onto
a nitrocellulose membrane and allowed to dry for 30 minutes, before blocking
overnight at 4°C. Subsequently, the nitrocellulose membrane was treated as described
in 2.3.4. and detection and quantification of the spots were performed using the
Odyssey® Infrared Imaging system.
2.3.5.4 Signal analysis
The Odyssey® Infrared Imaging system signals were analysed using the Image
Studio Lite Version 3.1.4 software from LI-COR Bioscences. When possible,
quantifications between gels were avoided. However, when the number of samples
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exceeded the gel capacity, different gels were run and blotted in parallel under the
same condition to minimise variations. Figures containing quantification of samples
from different gels are stated in the captions.
2.3.6

Protein quantification
To determine total protein concentration, Bradford assays (BioRad) were

performed, following the manufacturer’s instructions. Dilutions of a protein standard
(bovine serum albumin [BSA]) were used to generate a standard curve (Figure Error!
No text of specified style in document.-15). Dilutions of the crude extract were also

prepared. All samples were added in triplicate to a 96-well plate, and mixed with BioRad protein assay dye reagent concentrate, followed by 10 min incubation at room
temperature. Subsequently, the absorbance of the samples was measured at 595 nm
and compared to the plotted BSA absorbance.
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1

1.2
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Figure Error! No text of specified style in document.-15. BSA standard curve for Bradford
protein assay. Calibration curve using BSA at concentrations ranging from 0.2 to 0.5 mg/ml,
assayed at 595 nm (n = 3).
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2.4
2.4.1

Protein purification
Preparation of non-denatured C. reinhardtii crude extract
For the preparation of a soluble protein extract, C. reinhardtii TN72 transgenic

cultures were grown to an OD750nm of 2 to 3. Then, the cells were harvested by
centrifugation at 5,000 x g for 10 minutes. The pellet was resuspended in 100 mM
Potassium Phosphate buffer (KPi buffer) (71.7ml of 1 M K2HPO4, 28.3 ml of 1 M
KH2PO4, for 1 L at pH 7.2), to a final concentration of 40 to 100 times the culture
volume, depending on the experiment, and protease inhibitors (Roche Complete,
EDTA-free) were added to the cell suspension.
2.4.1.1 Mechanical breakage of C. reinhardtii cells
2.4.1.1.1 Sonication
Cells samples (1 ml) were sonicated using a Q700 cup-horn Sonicator
(QSonica) in polystyrene microcentrifuge tubes. Samples were placed in a sonication
bath (4°C) and sonication was performed for a total of 20 minutes at 100% amplitude.
Samples were centrifuged for 5 min 21,000 x g and the supernatant was stored at 80°C.
2.4.1.1.2 Cell disruption
Cell samples (5 ml) were loaded into the OneShot Cell Disrupter (Constant
Cell Disruption Systems) at 14k PSI according to the manufacturer’s instructions.
After breakage, samples were centrifuged at 21,000 x g for 10 minutes and the
supernatant was stored at -80°C.
In the latter, the cells were then broken by three cycles of freezing in liquid
nitrogen, thawing in a water bath at 30°C and vortexing for 10 seconds.
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2.4.1.1.3 Ultracentrifugation
In order to remove cell debris, non-soluble proteins and membranes, and
improve protein recovery, the mechanically broken supernatant samples were
ultracentrifuged at 75,000 x g for one hour at 4°C. The supernatant was recovered and
pellet discarded, and the clarified samples were used for subsequently for purification,
activity assays, or quantification assays, or stored at –80°C. Filter centrifugal
concentrators with a molecular weight cut-off (MWCO) of 5 kDA (Vivaspin 6 – 15ml
– Sigma) were occasionally used to concentrate crude extract samples.
2.4.1.1.4 SDS-PAGE of non-denaturing cell extracts
If the SDS-PAGE was performed with non-denaturing crude extracts of C.
reinhardtii the samples were treated with 4x protein gel sample loading buffer (200
mM Tris-HCl pH 6.8, 8 % (w/v) SDS, 40 % (v/v) glycerol, 4 % (v/v) βmercaptoethanol, 50 mM EDTA, 0.08 % (w/v) bromophenol blue) to a final 1x
concentration and heated to 99°C for 1 minute for protein denaturation. Samples were
cooled on ice briefly and centrifuged for 2 min at 21,000 x g. The supernatant was
loaded onto a protein gel for analysis.
2.4.2

Protein enrichment by ammonium sulphate precipitation
The crude extract samples were partially purified by the addition of powdered

ammonium sulphate (AS) (Sigma). The samples were stirred on ice and AS was added
gradually over 30 min until the desired concentration was reached. The samples were
centrifuged (5,500 x g for 30 minutes), the pellets of precipitated proteins resuspended
in KPi buffer, and used for western blot analysis and further purification steps. The
supernatant was recovered and treated with higher concentrations of AS successively
incremented as described above for analysis of precipitation at different
concentrations.
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2.4.3

Purification with anti-HA (influenza haemagglutinin peptide) resin
An Anti-HA agarose conjugate (Sigma) was used for the immunoprecipitation

of proteins with an influenza haemagglutinin (HA) peptide tag, according to the
manufacturer’s instructions. For small volumes, the procedure was conducted in a 1.5
ml Eppendorf tube. 50 – 200 μl of the HA resin was mixed with the soluble protein
sample (volume ratio of sample to resin: between 3:1 and 5:1) and incubated for 4
hours at 4°C on a rotating incubator. After a short spin (10 seconds) to allow the resin
to settle, the flow-through of the sample was removed and the resin was washed four
times with 1 ml KPi buffer. The HA tagged protein was eluted from the resin by
incubation with 0.1 M Glycine-HCl buffer (pH 2.5) with a volume equal to the volume
of the loaded sample, followed by neutralisation with 1M Tris-HCl buffer (pH 8).
Alternatively, the protein was eluted with 100 μg/ml of HA peptide (incubated for 10
min) to prevent inactivation of the protein by the low pH.
2.4.4

Purification by nickel-affinity column
A HisTrap HP histidine-tagged protein purification column (GE Healthcare)

was used to perform purification of His-tagged proteins. Enriched crude extract
samples containing the protein of interest were passed through a 1 ml column 1 ml/min
using a peristaltic pump. Binding buffer (100 mM KPi buffer, 0.5 NaCl, 20 mM
Imidazole, at a pH 7.4) and Elution buffer (100 mM KPi buffer, 0.5 NaCl, 20 mM
Imidazole, at a pH 7.4) were used, according to the manufacturer’s instructions.
2.4.5

Dialysis
For the removal of buffer salts from the protein sample (either after AS or

sample isolation), dialysis was performed against the appropriate buffer (300 x sample
volume) using dialysis cassettes of suitable cut-off size (3.5 kDa MW cut-off for
LysAB2 and 10 kDa cut-off for LoGT-023) and volume (cassettes of both 2 ml and 15
ml were used) for the protein, from Thermo-Scientific. The dialysis was performed
overnight at 4 °C according to the manufacturer’s instructions.
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2.5
2.5.1

Enzymatic and antibacterial assays
Measuring enzymatic activity with a turbidity reduction assay (TRA)
A culture of the bacterium of interest was grown to stationary phase overnight,

sub-cultured the next morning, and incubated until reaching an OD600 of 0.7–1. The
cultures were harvested by centrifugation and the pellet was resuspended in 100 mM
KPi buffer.
When performing experiments where the outer membrane (OM) of bacteria
was permeabilised, cells were harvested, washed in KPi buffer and treated with TrisHCl chloroform buffer for 45 minutes, as described in Nakimbugwe et al., 2006.
Chloroform containing Tris-HCL buffer (50 mM, pH 7.0) was prepared by adding
30% v/v chloroform to the Tris-HCl buffer and shaking (200 r.p.m., 30 min, 25°C).
The upper phase of the mixture was used for treatment. After treatment, the cells were
centrifuged and resuspended in KPi buffer to an OD at 595nm of 0.7–1.0.
Unless otherwise stated, 20 μl of crude extract sample containing endolysin or
control sample was added to 180 μl of bacterium cell suspension (total volume of
200μl) and plated in a 96-well plate. The decrease in OD (OD595nm

or 600nm)

was

recorded using the ELx 808 microplate reader (BIO-TEK Instruments Inc.). Automatic
OD readings were taken every 1 to 2 minutes over time courses of 60 to 300 minutes,
including a 3 second shaking step (200rpm) before each read. Experiments were
conducted at the optimum temperature for the target bacterium.
2.5.2

Measuring bactericidal activity using a colony forming unit assay (CFU)
A culture of the bacterium of interest was grown to stationary phase overnight,

and sub-cultured the next morning until reaching an OD600 of 0.7 – 1. The cultures
were then centrifuged and the pellet was resuspended in KPi buffer, to a 1:100 dilution
of the original culture.
Crude extract samples from transgenic and control microalgae (50 μl) were
added to a suspension of live bacterial cells (50 μl) and incubated at 30°C or 37°C,
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depending on the target bacterium, for 30 to 120 minutes. Ten 10-fold serial dilutions
steps of the incubations were plated (20 μl) on agar plates of the appropriate medium.
The plates were incubated overnight at the appropriate temperature, and the number
of CFUs was recorded the next day.
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Chapter 3 Synthesis of the Gram-negative endolysin LysAB2 in the
chloroplast
3.1

Introduction
The results presented in this chapter show the first successful expression of the

endolysin gene lysAB2 targeting Gram-negative bacteria, and the synthesis of the fulllength recombinant protein in the microalgae C. reinhardtii.
Following a brief overview of the available research into LysAB2 and its target
bacteria, A. baumannii, the chapter details the creation of transgenic lines of C.
reinhardtii, specifying the gene design, expression vector construction and chloroplast
genetic transformation. Recombinant protein production in the chloroplast was
confirmed and it did not affect host viability.
With positive results established, crude extract samples were prepared and
optimised, and the results demonstrated that the endolysin is extremely stable in the
microalga crude extract environment. Purification of LysAB2 was performed, and
protein quantification revealed a satisfactory level of protein yield.
These results lay the foundations for the following results chapter (Chapter 4),
which demonstrates the activity of the endolysin against multidrug resistant Gramnegative pathogens.
3.1.1

Overview of the LysAB2 endolysin.
The endolysin LysAB2 is a hydrolytic enzyme that was firstly isolated from an

A. baumannii phage by Lai et al., in 2011. In their study, the authors showed that the
recombinant protein LysAB2 induced almost 100% lysis of a multidrug resistant strain
of A. baumannii (reference strain M3237), as well as E. coli (laboratory strains), and
other Gram-positive and negative reference strains, when applied externally (“lysis
from without”). The gene for LysAB2 was identified in the genome of phage ϕAB2
(reference DSM 23600), and it is believed to be the first A. baumannii phage-encoded
endolysin that has been characterised (Lin et al., 2010). The phage ϕAB2, a member
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of the Podoviridae family, has similar genomic features to the Pseudomonas
aeruginosa phage LKA1 and to ϕKMV-like phages. ϕAB2 consists of a short tail, an
icosahedral capsid, and a 40 kb dsDNA genome. It is shown to be adsorbed rapidly
(within 4 minutes), and to have a shorter latent period and generate a larger burst size
on the infected cell when compared with other phage. The ϕAB2 phage was shown to
be highly capable of infecting and lysing several A. baumannii multidrug resistant
strains (Lin et al., 2010).
Endolysins from phage that infect Gram-negative bacteria are typically
globular, single-domain proteins with an enzymatically active domain (EAD). These
enzymes may, or may not, have a CBD (Briers & Lavigne, 2015). One of the reasons
suggested for the Gram-negative endolysins’ globular conformation and lack of a clear
CBD, as seen in the endolysin LysAB2, is the presence of an OM in Gram-negative
bacteria. The OM protects the surrounding cells from “free floating” endolysin
molecules after host cell lysis, thus excluding the need for these enzymes to contain
an irreversible binding CBD (Briers et al., 2007; Gerstmans et al., 2018; Schmelcher
et al., 2012).
If present, the CBD of Gram-negative lysins are predicted to bind A1γ PG
(conserved domains PG_binding_1 and PG_binding_3), present in all species of
Gram-negative bacteria and some Gram-positives. Thus, these enzymes have a broader
spectrum when compared to endolysins against Gram-positive bacteria (Briers and
Lavigne, 2015; Gerstmans et al., 2016; Lai et al., 2011; Lukacik et al., 2012).
Despite the lack of a distinct CBD, a number of globular Gram-negative
endolysins, including LysAB2, have been reported to have intrinsic antibacterial
activity when added externally, due to cationic or amphipathic regions at the Cterminal region (Table Error! No text of specified style in document.-16).
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Table Error! No text of specified style in document.-16. Endolysins with intrinsic
antibacterial activity against major Gram-negative pathogens.
Endolysin

Pathogen

Reference

Lys1521

P. aeruginosa

Morita et al., 2001b

LysAB2

A. baumannii

Lai et al., 2011

OBPgp279

P. aeruginosa

Walmagh et al., 2012

LysAB3, LysAB4

A. baumannii

Lai et al., 2013

PlyAB1

A. baumannii

Huang et al., 2014

SPN9CC

E. coli

Lim et al., 2014

PlyF307

A. baumannii

Lood et al., 2015

ABgp46

A. baumannii

Oliveira et al., 2016b

CfP1

Citrobacter freundii

Oliveira et al., 2016a

T5 endolysin

E. coli

Shavrina et al., 2016

LysABP-01

A. baumannii

Thummeepak et al., 2016

LysPA26

A. baumannii, P. aeruginosa, K. pneumoniae, E. coli

Guo et al., 2017

LysAB2 is capable of affecting bacteria not only due to its enzymatic activity,
but also due its capacity to interact with negatively charged membrane elements such
as the lipopolysaccharides (LPS) in the OM of the cell, disrupting the barrier. That
capacity is linked to the rich distribution of basic amino acids around the putative
amphipathic helices in the C-terminal of LysAB2 (residues 113– 145), and it allows
for the enzyme to cross the OM barrier to reach the PG substrate, allowing “lysis from
without” to occur, as previously mentioned (Figure Error! No text of specified style in
document.-16). Lai et al., 2011 tested the bactericidal activity of LysAB2 in detail by

producing two deletion mutants of LysAB2. Mutant LysAB2-D1 maintained the first
118 residues, and mutant LysAB2-D2 had only the first 41 amino acids (both losing
the putative amphipathic helix domain). The antibacterial activity of the mutants D1
and D2 was 40% and 20% respectively, which is considerably lower than the 99%
activity of the intact LysAB2, suggesting that the C-terminal contributes extensively
for the antibacterial action against A. baumannii.
Düring et al., 1999, described a similar feature in T4 lysozyme, where the Cterminal amphipathic peptide could mediate membrane disruption. However, Morita
et al., 2001 was the first to report an endolysin, Lys1521, that was capable of crossing
the OM of a Gram-negative bacterium (P. aeruginosa) due to the C-terminal enhanced
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membrane permeability. Similarly, the enzyme LysAB2 was one of the first
characterised endolysin shown to act against the Gram-negative pathogen A.
baumannii without the help of any membrane disruptor. Thus, these endolysins that
can naturally tranverse the OM have potential as novel antibiotics targeting Gramnegative pathogens.
Further, the coding sequence of LysAB2 has a strong similarity to the catalytic
sites of the glycoside hydrolase (GH) family 19 of chitinases and of the lysozyme-like
superfamily (Lai et al., 2011; Marchler-Bauer et al., 2011). Chitin is a homopolymer
of N-acetylglucosamine, and the bacterial PG consists of alternating Nacetylglucosamine and N-acetylmuramic acid, which explains LysAB2 similarity and
the capacity to hydrolyse the polysaccharide in the bacterial PG.
A
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Achieving high levels of expression when synthesising Gram-negative
endolysins in bacterial hosts such as E. coli can present difficulties due to the cell walldegrading characteristics and marginally broader range of these proteins (Oey et al.,
2009; Schmelcher & Loessner, 2016). The algal chloroplast is an ideal alternative
platform for the expression of such endolysins as it has evolved from the Gramnegative cyanobacteria and therefore mimics the environment where these enzymes
are naturally produced. Recombinant endolysins produced in the chloroplast are not
subject to any unwanted post-translational modifications and have long half-lives, as
they have naturally evolved to be resistant to the suite of proteases found in bacteria
and chloroplasts (Adam et al., 2006). Furthermore, the enzyme can accumulate in the
chloroplast without affecting the algae, as green algal chloroplasts lack a
peptidoglycan cell wall that is the substrate for enzyme activity (Stoffels et al., 2016;
Taunt et al., 2017).
Studies on the expression of endolysins in the chloroplast of plants showed
successful accumulation of the protein and activity against Gram-positive bacteria.
Recent work in the Purton lab also proved that the chloroplast of C. reinhardtii has the
capacity for producing two well-described Gram-positive endolysins – Pal and Cpl-1,
to approximately 1% of the TSP during mixotrophic growth (Stoffels et al., 2016).
Both endolysins targeted the Gram-positive pathogen Streptococcus pneumoniae and
crude cell extracts of the transgenic algae showed lytic activity against the bacterial
cultures. Furthermore, the production of these enzymes did not have any impact on
algae viability, suggesting that the algal chloroplast could be a good system for a
simple, low-cost production of a range of different endolysins.
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3.1.2

Aims and Objectives

The aim of the experiments presented in this chapter is to demonstrate the capacity
to produce a novel Gram-negative endolysin, LysAB2, in the chloroplast of C.
reinhardtii, specifically:
i

To design a synthetic version of lysAB2 optimised for chloroplast expression and
to created a transgenic line of C. reinhardtii.

ii To confirm synthesis of LysAB2 and analyse accumulation and stability of the
protein in the chloroplast.
iii To optimise the yield of LysAB2 in crude extracts for quantification and activity
analysis
iv To develop a method for preparing enriched samples of LysAB2 for quantification
and activity analysis.
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3.2
3.2.1

Results
Creating transgenic lines of C. reinhardtii expressing lysAB2

3.2.1.1 Design of the lysAB2 gene
The LysAB2 protein sequence was acquired from GenBank (Accession no.
HM755898) and used to design a synthetic gene suitable for expression in the algal
chloroplast. Codon optimisation was performed using the Codon Usage Optimiser
(CUO) software, which takes into consideration a subset of highly expressed
chloroplast genes (Kong, 2013). Two restriction sites – SapI upstream of the coding
region and SphI downstream of the coding region – were added for cloning, and the
coding sequence for the human influenza haemagglutinin (HA) epitope tag (aminoacid sequence: YPYDVPDYA) was added as a C-terminal extension of LysAB2 to
allow detection using commercial anti-HA antibodies. Finally, two codons (TGG)
coding for the amino acid tryptophan (W) were substituted by the stop codon TGA.
This prevents full translation in E. coli during cloning, but allow translation in the
chloroplast with the expression vector pRY154d. This vector carries a modified
chloroplast tRNA gene capable of recognising TGA as a tryptophan codon, as it will
be described in more detail in section 3.2.1.2.
The synthetic gene created in this study is 602 bp, encoding a protein of 185
residues corresponding to a molecular weight of 22.6 kDa. The gene was synthesised
by GeneArt (Regensburg, Germany) and received as a Gene String fragment. The fulllength gene sequence (original sequence and optimised version) is presented in the
Appendix A
3.2.1.2 Expression

cassette

architecture

and

construction

of

plasmid

pRY_lysAB2
The pRY154d expression vector used in this work (Figure Error! No text of
specified style in document.-17) was designed as a strategy for the assembly of

expression cassettes in E. coli when the gene of interest (GOI) is toxic to the bacterium,
and for subsequent insertion of the DNA template into the chloroplast, where the
98

presence of internal stop codons would serve as a biocontainment feature (Young and
Purton, 2016). In order for the system to work, a synthetic tryptophan tRNA (trnWUCA)
gene, modified to bind the anticodon UGA, was introduced in the pRY154d vector.
This tRNA, due to its molecular structure, is not functional in E. coli. Therefore, the
change of codons in the GOI – from TGG to stop codon TGA, blocks the synthesis of
the full-length protein in E. coli and does not affect the cell. Translation is restored
when the expression vector is inserted in the chloroplast, when the synthetic tRNA
will read the UGA stop codon (which is not used by any of the 69 native proteincoding genes in the chloroplast of C. reinhardtii), as a tryptophan.
The pRY154d expression vector is a modification of a vector developed in the
Purton lab, pSRSapI, which has been used successfully for transformation of C.
reinhardtii (Economou et al., 2014). Transgene expression is driven by the promoter
and 5’ untranslated region (UTR) from the highly expressed endogenous chloroplast
gene psaA. This gene encodes a core subunit of the Photosystem I (PSI) (Economou
et al., 2014; Michelet et al., 2011). The vector also contains the 3’ UTR from the
chloroplast gene, rbcL to assist mRNA accumulation (Barnes et al., 2005). The rbcL
gene encodes the large subunit of Ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco).
Primers for the lysAB2 gene were designed and PCR for fragment amplification
was performed, followed by product purification with Gene Jet PCR Purification Kit
by Thermo Scientific. Both the lysAB2 gene and pRY154d vector were digested using
SapI and SphI restriction enzymes. lysAB2 was inserted into the pRY154d vector
through a ligation reaction and transformation of E. coli cells using ampicillin selection
to create pRY_LysAB2. Positive colonies were confirmed by PCR screening, and
DNA sequencing was carried out to confirm that the gene did not contain any errors
introduced during synthesis, amplification or cloning.
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SapI
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trnW

SphI

psaA & 5’UTR

rbcl 3’UTR

psbH

pRY154d

Figure Error! No text of specified style in document.-17. Schematic of the plasmid,
pRY_lysAB2, used to generate transgenic lines of C. reinhardtii expressing lysAB2. The
GOI (yellow) with a HA-tag (pink) and two internal stop codons (**) was designed to be
inserted into the pRY154d vector. This vector includes the orthogonal tRNA gene, trnWUCA
(purple) that allows read-through of the stop codons in the chloroplast. SapI and SphI are the
restriction enzymes used for cloning. The expression elements (green) and the chloroplast
psbH gene (black) used for selection are also indicated. The GOI is under the control of the
psaA promoter and the rbcL terminator and 3’UTR.

3.2.1.3 Successful creation of two transgenic lines: TN72_LysAB2 and
TN72_pRY_control
For the creation of transgenic lines of C. reinhardtii containing the endolysin
lysAB2 gene and the control strain, which contains an empty version of the expression
vector pRY154d with no GOI, the glass bead method for chloroplast transformation
was performed (Kindle et al., 1991). Both plasmids were transformed into the TN72
cell-wall deficient strain of C. reinhardtii and genomic insertion was achieved by
double homologous recombination (HR) (Figure Error! No text of specified style in
document.-18A). The resulting colonies were re-streaked three times to achieve
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homoplasmicity. The correct insertion of lysAB2 in the plastid genome, and
homoplasmicity of TN72_LysAB2 (Figure Error! No text of specified style in
document.-18B) and TN72_pRY_control (Figure Error! No text of specified style in
document.-18C) colonies were confirmed by PCR using the primers Flank1, RY-psaR

and RbcL.Fn. Flank 1 binds to the genome outside of the recombination region. Primer
RbcL.Fn binds within the aminoglycoside 3’ adenyl transferase (aadA) gene cassette
in TN72. The product of those two primers generates a product of 0.88 kb if copies of
the untransformed TN72 plastome are present. Primer RY-psaR binds within the
expression cassette containing the GOI. The product of this primer with Flank1 results
in a product of 1.41 kb from the transformed plastome if the expression cassette has
inserted correctly into the plastome. The absence of any of the smaller 0.88 kb PCR
product in transformant lines is taken as evidence that the lines are homoplasmic
(Wannathong et al., 2016). The three transformants analysed for each transgenic line
had the expression cassette correctly inserted and homoplasmicity was achieved after
the second round of streaking. DNA sequencing was carried out to further confirm the
lines.
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Figure Error! No text of specified style in document.-18. TN72 successfully transformed with pRY_lysAB2. A) Schematic diagram showing the binding sites
of primers (arrows) for the recipient strain TN72 and transformants TN72_LysAB2. The crosses illustrate homologous recombination. B) PCR screening for
the successful transformation of the C. reinhardtii TN72 chloroplast and homoplasmicity of the polyploid plastome. TN72_LysAB2 (colonies 1 to 3):
Independent transformants. TN72_codA (C+): Positive control expressing the codA gene, and TN72 non-transformant strain as a negative control. C) PCR
screening of TN72_pRY_control (colonies 1 to 3): Independent transformants; TN72 non-transformant strain as a negative control. Primers: Flank1, RbcL.fn,
RYpsaR.
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3.2.2

LysAB2 is synthesised in the chloroplast

3.2.2.1 Confirmation of endolysin expression and chloroplast accumulation
Two of the transformant lines were selected for confirmation of recombinant
LysAB2 protein production and accumulation in the chloroplast by western blot
analysis. LysAB2 was detected using anti-HA primary antibodies in combination with
the semi-quantitative ECL method, described in 2.3.5.2.
The LysAB2 protein with the addition of the HA-tag (MWt = 1.1 kDa) has a
calculated molecular weight of 22.6 kDa. As shown in Figure Error! No text of specified
style in document.-19, the analysis confirmed the successful accumulation of LysAB2

in the chloroplast of C. reinhardtii with a band of the expected size readily detected.
Importantly, the full-length protein is synthesised despite the presence of two internal
stop codons, confirming that the orthogonal tRNA gene introduced together with the

TN72 _ codA (C+)

TN72_pRY_control (C-)

TN72 _ LysAB2 (col. 2)

TN72 _LysAB2 (col. 1)

GOI is able to read these stop codons (Young and Purton 2016).

55 kDa

codA (49 kDa)
40 kDa

Non-specific band

35 kDa
25 kDa

LysAB2 (22.6 kDa)

15 kDa

Figure Error! No text of specified style in document.-19. Western blot of whole cell extracts
of transgenic C. reinhardtii with anti-HA antibodies showing the accumulation of the 22.6
kDa LysAB2. TN72_LysAB2 (col. 1 and col. 2): positive transformants. TN72_pRY:
negative control transformant line. TN72_codA: positive control expressing the gene for
CodA (49 kDa, 1:10 dilution).
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3.2.2.2

Maximum LysAB2 yield is achieved during early logarithmic phase
Following confirmation of expression in the chloroplast, an analysis of

LysAB2 accumulation during the different growth stages of C. reinhardtii was
performed to determine the phase of highest protein yield and whether LysAB2 has
any toxic effect on cell viability.
TN72_LysAB2 and TN72_pRY_control were grown under standard
conditions in a photobioreactor with OD750nm measurements recorded every 5 hours
for 120 hours, and samples were taken at multiple time points during growth. The
samples were analysed by western blot analysis (Figure Error! No text of specified style
in document.-20A and B). Cell density was normalised as described in 2.3.1.

The results show that the stage of growth with highest productivity per cell is
in the early logarithmic phase, where the protein signal stayed relatively constant.
When reaching middle to end of the logarithmic phase the signal per cell decreases,
while the biomass is increased. At the stationary phase, there is approximately a 50%
signal decrease. This decline could be explained either by a down-regulation of protein
synthesis as the cells enter stationary phase, or an up-regulation of protease activity
resulting in higher rates of turnover of LysAB2, causing protein production to plateau
after reaching stationary growth level.
The data was transformed to reflect the western blot signal per ml, in order to
obtain the yield of LysaB2 per culture volume (Figure Error! No text of specified style
in document.-20). The result shows that, despite the productivity per cell being highest

at early logarithmic phase, the highest level of LysAB2 per volume can be obtained
from mid to end of the logarithmic phase, before entering stationary phase where the
amount per ml drops. The end of logarithmic phase corresponds to an OD750 from 1.5
to 1.8, so this was used as a measure of when cells should be harvested.
The growth experiments also show that both the transgenic and control strains
grow at similar rate. Thus, the production of the LysAB2 endolysin in the chloroplast
does not appear to have a negative effect on the growth of C. reinhardtii.
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Figure Error! No text of specified style in document.-20. Accumulation of LysAB2 at different growth stages in transgenic C. reinhardtii. A) Western blot
analysis of TN72_LysAB2 showing the presence of HA-tagged LysAB2 in C. reinhardtii. Samples were taken at different time points from 12 to 136 hours and
normalised by OD. B) Analysis of LysAB2 accumulation normalised by OD. Graph showing the corresponding Odyssey IR fluorescence signals for the western
blot and the growth curve comparison of TN72_LysAB2 and empty vector control (n=3). Microalgae cultures were cultivated under continuous shaking at 120
rpm, 25°C and light intensity of 100μmol/m2/s in TAP liquid media. C) Analysis of the production of LysAB2 per volume of culture at different growth stages
of transgenic C. reinhardtii. Graph showing the corresponding Odyssey IR fluorescence signals for the western blot in relation to volume (ml) and the growth
curve comparison of TN72_LysAB2 and empty vector control.
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3.2.3

Preparation of cell extracts containing non-denatured LysAB2
For the performance of activity assays, it was necessary to break the cells and

recover the endolysin protein without denaturing it. Cells were grown under standard
conditions, harvested at an optimal OD for the highest protein yields (OD750nm 1.8),
and resuspended in KPi buffer with protease inhibitors. The C. reinhardtii strain used
in this work is a cell-wall deficient strain and thus it is more sensitive to mechanical
damage when compared to walled strains. That is an advantage for cell breakage and
protein extraction as it can be performed by using simple methods. Different strategies
of mechanical cell breakage were performed: freeze-thawing, sonication, and cell
disruption as described on 2.4.1.1. The presence of LysAB2 in the supernatant of the
crude extracts was analysed by western blot (Figure Error! No text of specified style in
document.-21).

Initially, the cells were broken by freezing in liquid nitrogen, thawing at 30°C
and vortexing (ten seconds) for three cycles, according to an established protocol for
other endolysins produced in the chloroplast of C. reinhardtii (Stoffels et al., 2016).
However, this method led to a substantial loss of the protein both in the supernatant
and in the pellet. This loss could be caused by protein degradation during breakage, or
loss in the pellet as unbroken cells, or insoluble fractions of LysAB2. Therefore, it was
of interest to test other methods of cell breakage to recover the protein.
Sonication was performed by incubating cell samples in a sonication bath at
4°C for 20 minutes, using either eppendorf tubes (polypropylene) or polystyrene tubes.
The sonication method was efficient in recovering the protein to the supernatant only
when using polystyrene tubes, suggesting that polypropylene tubes could be
interfering with the ultrasound energy of the sonicator. After centrifuging, it was
apparent that samples sonicated in the polypropylene tubes were not efficiently
broken, as the supernatant was clear when compared to a green supernatant of broken
cells from the samples in the polystyrene tubes. For larger volumes (5 ml), the cells
were broken using a pressure-based technique using the OneShot cell disruption
system at 14k PSI. The protein extract produced was highly dense but it successfully
broke the cells and centrifugation separated the protein fraction successfully.
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From the different strategies used to break TN72_LysAB2 and the control
strain, both sonication (with polystyrene tubes) and cell disruption were efficient in
recovering the protein to the supernatant, with western blot analysis indicating a
recovery of approximately 80% and 97% of LysAB2 into the supernatant compared to
the whole cell extract, respectively (Figure Error! No text of specified style in
document.-21B). Both techniques can be performed in a sterile manner (necessary for

antibacterial assays), thus sonication was performed when working with small volume
samples, and cell disruption for larger scale experiments.
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Figure Error! No text of specified style in document.-21. Recovery of LysAB2 to the supernatant after different non-denaturing mechanical cell breakage
methods. A) TN72_LysAB2 and TN72_pRY_contol were broken by either three cycles of freeze-thawing, sonication in either polypropylene or polystyrene
tubes, or by use of a pressure cell disruptor system. Subsequently cells were centrifuged at 21,000 x g for 5 min, and the presence of LysAB2 in the supernatants
and the pellets determined by western blot analysis. SN1 and SN2 = supernatant sample loaded in duplicate; C– = TN72_pRY_control; P1 and P2 = pellet sample
loaded in duplicate. B) Corresponding Odyssey IR fluorescence signals.
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To investigate the effect of different cell densities in the preparation of a crude
extract and recovery of the protein, liquid cultures of TN72_LysAB2 and
TN72_pRY_control were harvested and resuspended in KPi buffer to achieve either a
40x or 100x concentration in relation to the initial culture volume. After the cells were
broken by sonication, the samples were analysed by western blot (Figure Error! No text
of specified style in document.-22). The results show that at higher cell densities (100x)

there is loss of LysAB2 to the pellet, and also a reduced amount of soluble protein
found in the supernatant when compared to the 40x concentration.
It would be interesting to analyse in greater detail the effects of cell density in
LysAB2 protein recovery and solubility, as it could be due to the nature of the globular
endolysin itself, or due to the protein binding to insoluble components present in the
C. reinhardtii extract; a feature that has been observed in other endolysins produced
in C. reinhardtii, such as Cpl-1 (Taunt, 2013). However, in order to minimise protein
loss, cells were concentrated up to 40x of the initial culture volume for all subsequent
experiments, unless stated otherwise.
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Figure Error! No text of specified style in document.-22. Analysis of LysAB2 recovery after
breakage at two different cell densities. A) Analysis of the recovery of LysAB2 after
TN72_LysAB2 culture was harvested, concentrated at different cell densities and broken by
sonication. LysAB2 recovery was determined by western blot analysis. SN = supernatant. C–
= TN72_pRY_control. B) Corresponding Odyssey IR fluorescence signals.

Small volumes of broken cells were centrifuged at microfuge at 21,000 x g for
five minutes (or 3800 x g at a bench top centrifuge for 20 minutes for volumes higher
than 5 ml) and the supernatant was recovered. In order to perform activity assays, it
was of interest to obtain a clearer crude extract, removing cell debris, membrane pieces
and non-soluble proteins. For this, an ultracentrifugation step was added, and the cells
were centrifuged for one hour. An analysis with different centrifugation speeds was
performed, with ultracentrifugations conducted at 100,000 x g, 75,000 x g and 50,000
x g. The majority of LysaB2 protein remained in the supernatant at all speeds.
However, at 50,000 x g there was incomplete clearance of chlorophyll and cell debris
from the supernatant, whereas at 100,000 x g there was a higher loss of the LysAB2
protein to the pellet. The optimal centrifugation speed was therefore considered to be
75,000 x g, giving a clear supernatant with little or no loss of protein to the pellet. The
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recovery of the majority of LysAB2 within the soluble fraction suggests that it
accumulates in the chloroplast of C. reinhardtii primarily as a soluble protein.
The resulting supernatant following ultracentrifugation represents the crude
extract used for all the future analysis. Figure Error! No text of specified style in
document.-23 shows the amount of LysAB2 recovered during the different

centrifugation steps after cell breakage, and although there is loss of the protein after
ultracentrifugation compared to the whole cell extract (~30%), the supernatant fraction
is clear from pigments and cell debris, and the western blot shows the removal of some
of the unspecific bands.
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Figure Error! No text of specified style in document.-23. Western blot analysis of LysAB2
recovery in the crude extract preparation. A) TN72_LysAB2 and TN72_pRY_control were
broken by sonication and then ultracentrifuged for preparation of a crude extract sample. The
samples analysed by western blot using anti-HA antibodies. C- = TN72_pRY_control. B)
Odyssey IR fluorescence signals presented as percentage of total protein in the whole cell
extract.
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3.2.3.1

Stability of LysAB2 in the crude extract
The preparation of a crude cell lysate inevitably results in the release of

numerous different proteases from various sub-cellular compartments. The activity of
these can result in the progressive degradation of the recombinant protein. However,
bacteriophage endolysins are generally stable proteins, recalcitrant to degradation by
the proteases present in the infected bacterial cell (Nelson et al., 2012). It is therefore
of interest to determine the stability of LysAB2 in the crude C. reinhardtii lysate.
Protein stability in this environment might allow the use of crude extracts as a
biopharmaceutical preparation without the need of purification – for example, in
topical-based treatments.
Crude extracts of TN72_LysAB2 and TN72_pRY_control were incubated at
4°C, with constant shaking. Samples (150 μl) were taken at different time points up to
60 days and prepared for SDS-PAGE and western blot analysis (Figure Error! No text
of specified style in document.-24).

The results confirm that LysAB2 is not significantly degraded in the crude
extract over 60 days at 4°C. In fact, the western blot signals appear to show an increase
of LysAB2 in the crude extract over time, although protein production would not occur
after cell breakage. This effect could be caused by the degradation of other proteins
present in the crude extract, as the unspecific band between 35 kDa and 40 kDa fades
over time. If that is the case, the background is then reduced and the signal of LysAB2
captured by the Odyssey® Infrared Imaging system increases, as seen in the western
blot. The results show that the protein is generally stable over an extended period of
time. The purpose of this experiment was to analyse the trend rather than the absolute
values, but it would add to the results if a repetition of the protein analysis was
performed using an independent loading control to normalise.
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Figure Error! No text of specified style in document.-24. Western blot analysis
demonstrating the stability of LysAB2 in crude extract at 4°C. A) Western blot of LysAB2
crude extract samples taken at different time points. Samples maintained on a rotator shaking
at 4°C for up to 60 days. The samples loaded as undiluted, or diluted 1:2 and 1:4. B)
Corresponding Odyssey IR fluorescence signals.
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3.2.4

Isolation of LysAB2 for enzymatic and antibacterial assays
In order to achieve an optimal LysAB2 sample for the performance of

antibacterial assays, different techniques were employed to enrich and isolate this
enzyme. This is essential to establish the activity of C. reinhardtii-produced LysAB2
without the interference of other cell components, and also to compare enzyme
efficacy between isolated LysAB2 and LysAB2 in the crude extract of algae.
Nevertheless, the long-term goal is to use C. reinhardtii-produced LysAB2 as a
therapeutic agent. Therefore, establishing an efficient and economical method for the
purification of this enzyme is also necessary. The different enrichment and purification
assays performed in this study will be discussed next.
3.2.4.1 Enrichment of LysAB2 by ammonium sulphate (AS) precipitation
After performing ultracentrifugation in the crude extracts to obtain a clearer
sample, a further step towards purifying LysAB2 from the cell lysate prior to
performing activity assays, is the AS precipitation. AS precipitation represents an
inexpensive method for protein enrichment, and allows the separation of proteins that
differ in their solubility at different concentrations of AS. Firstly, it was necessary to
investigate in which range of AS LysAB2 precipitates. The AS concentration added in
the crude extract was increased stepwise from 20% to 100%, over a 30 minute period,
and the extract was centrifuged (3,000 x g for 30 minutes) at the end of each step (20%,
30% 40% 60% 100%). The pellet of precipitated proteins was resuspended in KPi
buffer solution, whereas the supernatant was treated with a higher concentration of AS
(Deutscher, 1990). The pellet was used for a dot blot analysis (Figure Error! No text of
specified style in document.-25).
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Figure Error! No text of specified style in document.-25. Analysis of the enrichment of
LysAB2 by AS precipitation (AS). A) Dot-blot analysis of each AS fraction (%) for the
detection of LysAB2 endolysin (n=3). Triplicates (2 μl sample) of the supernatant of each
fraction after 20% AS were blotted and analysed for LysAB2 precipitation. B) Corresponding
Odyssey IR fluorescence signals. C) Total protein content on a Coomassie stained SDSpolyacrylamide gel.
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The results show that the majority of LysAB2 precipitated between 30% and
60% of AS concentration. In order to reduce the amounts of other proteins in the
extract 50% AS was chosen for further protein enrichment. The protein pellet was
resuspended in KPi-buffer, concentrated five folds in relation to the initial volume.
Figure Error! No text of specified style in document.-26 shows the analysis of the western
blot signals from whole cell extract sample, crude extract and AS enrichment).
The western blot analysis illustrates that after AS precipitation, there is loss of
non-specific bands, suggesting that this suitable strategy to separate LysAB2 from
other proteins present in the crude extract, and as an inexpensive method to further
purify the sample. When analysing the IR fluorescence signal, although having
concentrated the samples by 5 times the volume, only a 1.6 times concentration
compared to the crude extract was observed. Sample concentration was here impaired
by the loss of protein in the process, which accounts for ~70% loss, as discussed further
in 3.2.5. It was established however, that, as a purification / enrichment method, AS
precipitation can reduce other proteins from the extract, allowing for a clearer sample
for further steps of purification and antibacterial assays.
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Figure Error! No text of specified style in document.-26. Western blot analysis of the
enrichment and concentration of LysAB2 following sample enrichment by AS
precipitation. A) The TN72_LysAB2 and TN72_pRY_control cultures where harvested,
broken by sonication and ultracentrifuged for 1 hour at 75,000 x g. AS was added to the
resulting crude extract to a concentration of 50%, and the sample was centrifuged at 3,000 x
g for 30 min. The resulting pellet was resuspended in the appropriate buffer to give a 5X
concentration in comparison to the initial volume. The samples after each step were analysed
by western blot. C- = negative controls for each respective step. SN = supernatant. P = pellet.
B) Analysis of the corresponding Odyssey IR fluorescence signals per sample (SN) volume.
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Following the enrichment of LysAB2 by AS precipitation, the samples were
dialysed against KPi-buffer to remove the AS, which could interfere with activity
assays. The dialysis was performed using a dialysis cassette with a molecular weight
cut-off of 3.5 kDa. The dialysis did not cause a significant loss of LysAB2 compared
to before the procedure, as shown in a western blot analysis and Coomassie stained
SDS gels (Figure Error! No text of specified style in document.-27). The dialysed samples
were used for activity assays and for further purification.
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Figure Error! No text of specified style in document.-27. Effects of dialysis in the LysAB2
sample. A) The crude extract of TN72_LysAB2 and TN72_pRY_control were dialysed to
remove AS. The samples from before and after dialysis were analysed by western blot to detect
any loss of LysAB2 during the process. B) Corresponding Odyssey IR fluorescence signals.
C) Total protein content on a Coomassie stained gel comparing samples from before and after
dialysis. AS= AS precipitation samples (50%). C- = respective negative control
TN72_pRY_control for each step.
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3.2.4.2 Immunoprecipitation of LysAB2 with monoclonal anti-HA agarose
conjugate
To isolate the LysAB2 from the AS-enriched fraction it was decided to exploit
the fact that the recombinant protein contains an HA tag at the C-terminus. It should
therefore be possible to specifically immunoprecipitate LysAB2 using anti-HA
antibody conjugated agarose resin (Sigma-Aldrich). The anti-HA conjugate resin
binds with high specificity to HA-tagged proteins, which can then be eluted with a HA
peptide or by a pH shift to 2.5. The AS-enriched fraction was incubated with anti-HA
agarose (volume ratio of sample to resin: 3-5:1) for 4 hours at 4°C. After four washes
with KPi buffer (pH 7.2), LysAB2 was eluted with Glycine-HCl buffer (pH 2.5) with
a volume equal to the volume of the loaded sample, followed by neutralisation with
Tris-HCl buffer (pH 8). Alternatively, LysAB2 was eluted with 100 μg/ml of HA
peptide to exclude inactivation of the protein by the low pH. The purified samples and
flow-through were analysed by western blot analysis, with a comparison of the
different elution methods (Figure Error! No text of specified style in document.-28).
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Figure Error! No text of specified style in document.-28. Isolation of LysAB2 using monoclonal anti-HA agarose conjugate resin with two different elution
methods. A) After immunoprecipitation with an anti-HA agarose conjugate, LysAB2 protein was eluted with two different methods – a HA peptide (100 µg/ml),
and a low pH Glycine-HCl buffer (pH 2.5). The samples were analysed by western blot. B) Corresponding Odyssey IR fluorescence signals. C) Total protein
content on a Coomassie stained SDS-PAGE. FT = flow-through; E= elution; W = washes before elution; p = peptide; gly = glycine; C- = correspondent negative
control for each step.
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The resin was shown to bind to LysAB2 and it was possible to elute the protein
using both methods. The flow-through sample had from 10 to 30% of LysAB2 protein
present. The loss of protein could be due to exceeding the resin binding capacity, other
proteins competing for the resin, or a short incubation time of protein with the resin.
The HA peptide was more effective for the elution of LysAB2 then the low pH shift,
since the pH 2.5 elution contained ~60% less LysAB2 compared to the peptide elution.
A faint band of 22.6 kDa for LysAB2 protein was detected on the Coomassie stained
gel and the majority of other proteins was removed after protein isolation,
demonstrating that the affinity resin is an effective purification step despite the loss of
a significant proportion of the LysAB2.
3.2.5

Quantification of C. reinhardtii chloroplast-produced LysAB2
A rough estimate of the yields of recombinant LysAB2 protein produced in the

chloroplast was performed in order to evaluate the potential of the C. reinhardtii
chloroplast as an alternative expression platform. The section below demonstrates the
quantification of LysAB2 per litre culture volume, and as an approximate percentage
of the TSP protein using both Bradford assay and Western blot analyses with an HAtagged standard protein of known concentration.
3.2.5.1 Quantification of LysAB2 using Pal-HA endolysin as a standard
To quantify chloroplast-produced HA-tagged LysAB2, it was necessary to
obtain a purified HA-tagged protein of known quantity for comparison. Thus, purified
samples of the tagged recombinant endolysin, Pal (previously expressed in the
chloroplast of C. reinhardtii), were acquired (Stoffels, 2015).
Purified LysAB2 samples were used as an indirect method to quantify the
yields of chloroplast-produced LysAB2. The samples were diluted 0.25x, 0.5x, and 1x
relative to the original HA-column elutant, and equal volumes were loaded onto an
SDS-PAGE gel. LysAB2 samples were analysed by anti-HA western blot analyses
together with known quantities of the HA-tagged Pal standard on the same membrane.
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Pal quantities (μg protein per lane) were plotted against the corresponding IR
fluorescence signals. The resulting trendline equation was used to calculate the
quantities of LysAB2, and an average of the signal generated from the dilution samples
of LysAB2 was used for the calculations. The difference in molecular weight of
LysAB2 (22.6 kDa) compared to Pal (36 kDa) was taken into account for the
quantification. The purification protocol used in this work presented a final protein
fraction with a concentration of 1.5 μg LysAB2/ml (Figure Error! No text of specified
style in document.-29).
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Figure Error! No text of specified style in document.-29. Quantification of purified LysAB2
using a purified Pal-HA standard. A) Different quantities of purified Pal-HA standard and
LysAB2 dilution series were analysed on the same gel and membrane in western blot analysis
with anti-HA antibodies and IRDye® secondary antibodies. B) The calibration curve of the
Pal-HA quantities against the IR fluorescence signal of the Odissey® Infrared Imaging System
was used for the quantification of LysAB2, taking the lower molecular weight of LysAB2 into
account.
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To obtain the quantity of LysAB2 present in crude extract samples (in order to
get an approximation of protein used in antibacterial assays), the amount of protein
loss during the purification processes have to be accounted for. Therefore, an
approximate quantification of protein loss was achieved by western blot analysis
(Figure Error! No text of specified style in document.-30). An analysis based on the IR
fluorescence signal per volume of samples from crude extract to elution demonstrates
that the elution sample has 9% of the initial concentration in the crude extract,
accounting for 91% loss of LysAB2 protein during isolation. As shown above, the
elution sample contains 1.5 μg LysAB2/ml, therefore it can be estimated that the crude
extract sample contains ~17 μg LysAB2/ ml. The crude extract LysAB2 concentration
can also be used to estimate total LysAB2 productively per litre of culture. When 400
ml late logarithmic phase transgenic C. reinhardtii is harvested, 10 ml of crude extract
containing

17

μg

LysAB2/ml

is

produced.

Assuming

sonication

and

ultracentrifugation losses to be of ~30%, and that there is no or minimal loss during
harvesting, this give a total recombinant protein productivity of ~ 0.7 mg/L.
Crude extract samples were mostly used for the performance of antibacterial
assays presented in the following chapter. For such assays, typically 20 μl LysAB2
crude extract was used. With the above quantification estimate, this is equivalent to
~0.34 μg of LysAB2 per assay.
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Figure Error! No text of specified style in document.-30. Investigation of the loss of
recombinant LysAB2 during the concentration and purification processes. A) Anti-HA
western blot analysis of LysAB2 samples from crude extract to elution of purified LysAB2.
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125

3.2.5.2 Total soluble protein quantification
The yields of most recombinant proteins produced in the chloroplast are
presented as percentage of total soluble protein (%TSP) in most studies. Therefore, in
order to compare the values of the chloroplast-produced LysAB2 with other
recombinant products, it was important to get an estimate for TSP.
First, a measure of the total protein of crude extract samples was carried out
using a Bradford assay with BSA as standard. The total protein concentration in the
crude extract sample acquired in the assay was 3.1 mg/ml, compared to the BSA
standard described in 2.3.6. As quantified in the section above, of the 3.1 mg/ml of
total protein, ~17 μg represents the amount of LysAB2 on it. Therefore, LysAB2
represents ~1% of the TSP in C. reinhardtii. This is in line with other chloroplast
expressed recombinant proteins in the Purton lab and the literature (Table Error! No
text of specified style in document.-1).

3.3

Discussion
This study represents the first attempt to produce a Gram-negative endolysin

in the chloroplast. Although there is extensive research already on the use of Grampositive endolysins as recombinant proteins to treat bacterial infections, Gramnegative endolysins are only now being exploited in detail. Here, the results presented
in the chapter are discussed, analysing the prospect of using the green alga C.
reinhardtii as a new platform for production and delivery of therapeutic proteins in a
low-cost manner.
3.3.1

Production of a Gram-negative endolysin in the chloroplast of C.
reinhardtii
The first study expressing endolysins in the chloroplast of C. reinhardtii was

reported by Stoffels et al. (2016), where the Gram-positive endolysins Cpl-1 and Pal
were successfully expressed and showed activity against Streptococcus pneumoniae.
Following the work, attempts to express other Gram-positive endolysins were made.
However, not all of the endolysins could be expressed in the plastid environment, and
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the reasons behind which are still to be investigated (Table Error! No text of specified
style in document.-17). LysAB2 is a unique endolysin compared to the others already

successfully expressed in the plastid, mainly for its Gram-negative phage origin and
for not having the usual modular structure (Briers and Lavigne, 2015; Lai et al., 2011).
In this Chapter, the behaviour of this antibacterial enzyme in the chloroplast of the
microalga was investigated.
The lysAB2 synthetic gene was successfully designed and inserted in the
chloroplast genome using an expression vector that allows for the cloning of genes
toxic to E. coli. High-level expression of genes encoding Gram-negative endolysins in
the bacterial host can often be difficult due to the bacteriolytic mode of action of these
enzymes. Given that chloroplast promoters and 5’ UTRs are often functional in E. coli
(due to this organelle’s prokaryotic origin), the cloning of such genes in plastid
transformation vectors becomes challenging (Schmelcher and Loessner, 2016; Young
and Purton, 2016). Therefore, proving the efficiency of this system was important.
Similar strategies have been applied when expressing the Gram-positive endolysin Pal
and Cpl-1 in tobacco plants by blocking endolysin transcription in E. coli with
transcription terminators upstream of the GOI, which are then excised in the tobacco
by site-specific recombination (Oey et al., 2009b). Additionally, the presence of
internal stop codons confers a biocontainment feature to the transgenic alga, and the
use of an endogenous gene (psbH) for selection avoids the use of antibiotic selection
markers (Wannathong et al., 2016). Both these features help to address potential
regulatory barriers that might complicate the commercial exploitation of such
engineered algal strains.
LysAB2 was shown to accumulate throughout cell growth and remain stable
in the chloroplast environment. This could be explained by the fact that these enzymes
evolved alongside bacteria and therefore have resistance to the proteases of their hosts.
Bacterial proteases have extensive similarity to ones encountered in the chloroplast,
making endolysins unfavourable substrates for proteolytic attack (Adam, 2006;
Barrera Rivas et al., 2015). The same pattern is observed for other endolysins produced
in plants and microalgae chloroplast, but it is not seen in all recombinant proteins
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expressed in the plastid (Oey et al., 2009a; Oey et al., 2009b; Petersen and Bock, 2011;
Stoffels et al., 2016; Wittmann et al., 2015).
Features such as thermostability and high ionic strength tolerance, which
favour stability, are common among endolysins. Lai et al., 2011 tested the
thermostability and optimum pH of purified LysAB2 expressed in E. coli and showed
that the protein is stable between 20°C and 40°C and in a pH from 4 to 8, with the
optimum value at 6.0. Endolysin LysZ5, for example, has antibacterial activity against
Listeria in soymilk at 4°C (Zhang et al., 2012). Also, Gp36 and Gp181, endolysins
against Pseudomonas aeruginosa, have a highly thermostable C-terminal lysozyme
domain that retains activity following high temperature treatments up to 95°C, and
tolerates high ionic stress (>320 mM), respectively (Briers et al., 2008). Endolysins
are expressed in an early stage on the phage infection and accumulate in the
intracellular space of the bacterial host. Only when holins are expressed and act by
producing pores in the inner-membrane is the endolysin able to traverse the membrane
and cleave the PG layer (Oliveira et al., 2013). As these endolysins are stable in the
bacterial intracellular space, it could explain the same behaviour in the chloroplast, as
this organelle evolved from a cyanobacterial endosymbiont and retained many
bacterial features (Timmis et al., 2004).
High levels of accumulation could also be linked to enzyme structure and how
it folds in the chloroplast. It would be interesting to see if the LysAB2 stability in the
chloroplast is related to the enzyme structural properties, such as the presence of
“protective” motifs and, if so, such features could be engineered into recombinant
proteins with lower stability in the plastid.
An advantage of microalga over the bacterial host system is, while the
chloroplast mimics the natural environment where endolysins are produced due to its
prokaryotic origin, it does not contain a peptidoglycan cell wall; therefore the enzymes
should not affect the cell viability. In this study, the microalga transgenic line
expressing LysAB2 does not appear to affect cell viability or growth, and this
corroborates the findings of Stoffels et al., 2016, when expressing Cpl-1 and Pal
endolysins in the microalga. This result enhances the potential of this organism as a
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cell factory for the production of such therapeutics, as continuous cultivation can be
performed.
The most productive growth stage of LysAB2 in C. reinhardtii is at an early
log phase. However, at this stage, the biomass concentration is low. It would be
optimal to harvest the microalgae cells at the highest biomass with highest yield of
protein per volume of culture when producing LysAB2 on an industrial scale.
Therefore, the results presented in this chapter provide a guideline for when LysAB2
would be best harvested both in small and large-scale work.
3.3.2

Protein extraction
The preparation of non-denaturing protein extracts in C. reinhardtii involved

optimisation over several steps. Previous work on the Cpl-1 and Pal-1 endolysins
expressed in the chloroplast, showed that these were soluble in a crude extract
following different methods of cell breakage and purification. For LysAB2, protein
was lost to the pellet with the different methods of cell breakage, and following
ultracentrifugation. Also, the protein became insoluble when working with high
concentrations of crude cell extracts.
Freeze-thawing for mechanical cell breakage, used in previous studies for the
production of soluble extracts of Pal endolysin in the chloroplast (Stoffels, 2015), had
a deleterious effect on the LysAB2 protein. The quick freezing in liquid nitrogen in
order to preserve enzymatic activity, followed by thawing, is a common protocol for
cell breakage. However, some proteins suffer from freezing denaturation, and the
process can give a lower recovery of activity due to the ice-induced partial unfolding
of proteins (Cao et al., 2003). However, if protein denaturation were the main cause of
protein loss, this would be seen as an increase in the LysAB2 levels in the pellet
samples analysed by western blot. Therefore, further investigation is necessary in order
to determine the precise reasons for the observed absolute loss of protein when using
this method for cell breakage. Nevertheless, both sonication and cell disruption
methods were successful in recovering LysAB2 in the supernatant crude extract;
however, some loss was still present as protein was detected in the pellet samples.
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Cell concentration before breakage also had an impact on the protein loss.
Cultures with a high cell density presented a bigger loss of protein to the pellet after
breakage and centrifugation. Protein loss was observed after cell breakage even before
ultracentrifugation, where cell membrane and chlorophyll are removed from solution,
indicating that the protein was either binding to other insoluble compounds or
completely destabilising structurally. In order to discuss this hypothesis, it would be
useful to consider here the background biology of the strain used in this study. TN72
is derived from the original cell wall mutant strain cw15 produced by Davies and
Plaskitt, 1971. This strain produces only traces of cell wall, having mainly only a
plasma membrane as an outer surface. The cell presents large vesicles both inside the
cell and being secreted through the plasma membrane. These vesicles are suggested to
be filled with cell-wall precursors, and to have some degree of cell wall assembly
taking place inside them. However, the contents of the vesicles are not assembled into
intact cell walls once they have crossed the OM. An insoluble framework of crosslinked glycoproteins composes the cell wall of C. reinhardtii. If such insoluble
compounds are present in these vesicles, LysAB2 could be interacting with the highly
insoluble proteins, causing protein loss to the pellet.
Similar problems with cell density were encountered with both Cpl-1 and Pal
produced in C. reinhardtii (Stoffels, 2015; Taunt, 2013). By concentrating the cell
culture no more than 40x before performing cell mechanical breakage, the issue of
protein loss was avoided, but ultimately it is still unclear why this happens. It would
be interesting to further investigate such compounds that could be influencing protein
insolubility.
Several reports mention the stability of purified endolysins (Briers et al., 2006;
Heselpoth et al., 2015; Lai et al., 2011; Luiz Franco et al., 2017; Maciejewska et al.,
2017). Here, I tested the stability of a non-purified endolysin in a C. reinhardtii crude
extract environment at 4°C. LysAB2 was stable not only in an environment with
chloroplast proteases, but also, after cell breakage, cytoplasmic eukaryotic proteases
and other components are also present, which could lead to degradation. Analysis of
protein levels over time for the duration of the experiment (60 days) by western blot
showed no decrease of signal, showing the protease resistance feature of this enzyme.
130

This result opens doors for discussion of the production of high value products for
therapeutic use in low-income countries, as a purification step becomes unnecessary,
reducing costs of production. As previously mentioned, C. reinhardtii has a GRAS
status (Murbach et al., 2018), which means that there is potential for the use of nonpurified endolysin in crude extract for control of infections in the food industry, or for
topical applications.
Nevertheless, protein isolation of LysAB2 was performed in order to compare
next the antibacterial activity between the purified form of the protein and activity in
crude extract. AS precipitation, besides accounting for approximately ~70% of protein
loss, generated an improved sample by separating from other proteins present in the
crude extract, representing a valuable enrichment step. Also, dialysis of the sample to
remove the AS did not generate substantial protein loss.
In the immunoprecipitation protocol the resin binding capacity was exceeded,
demonstrating the low efficiency of this method. As endolysins are known to tolerate
different pH conditions, elution of the protein was performed with a low pH glycine
buffer, a strategy much cheaper than using HA-peptide for elution. However, the
western blot assay showed approximately 45% loss of protein when using this strategy,
which suggests that at a pH 2.5 the LysAB2 protein degrades.
AS precipitation of LysAB2 followed by immunoprecipitation with anti-HA
agarose conjugate resin made it possible to visualise the protein as a faint band on a
Coomassie stained SDS gel, even though considerable loss was accounted in the
concentration

and

purification

process

(~91%).

The

purification

by

immunoprecipitation with Anti-HA agarose, however, is expensive (£160-£300/ml
with a binding capacity of 30-50 nmol/mL), especially when compared with the
relatively low cost of AS. Protein activity levels of enriched with AS and purified
protein will be analysed in the next chapter. If comparable amounts of enzyme have
similar activity, AS could be a strategy used for further work, especially when working
with large-scale cultures. Nevertheless, other strategies for concentration should be
further investigated to improve samples used for bactericidal assays.
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A quantification of LysAB2 was performed in order to compare the levels of
protein produced in the chloroplast to that produced in other hosts. Chloroplastproduced LysAB2 resulted in a yield of 0.7 mg/L in a 400 ml culture, representing
about 1% of TSP. This is comparable to other endolysins and in general, other
recombinant proteins produced in the chloroplast, which range from 0.1 to 5 % of TSP
(Dyo & Purton, 2018). Pal and Cpl-1 endolysins produced in C. reinhardtii resulted in
a yield of also approximately 1% of TSP during mixotrophic cultivation, or
approximately 1.3 mg of recombinant endolysin per gram of cell dry weight (Stoffels
et al., 2016). Nevertheless, the production level of endolysins in the chloroplast of C.
reinhardtii are still extremely low compared to production levels in E. coli. AcLys,
mentioned earlier in this section, yielded ~40 mg of active protein with >95% purity
from 1 L cell culture expressed E. coli, for example. An advantage of the chloroplast
system, however, includes the expression of endolysins that are toxic for E. coli and
generate low expression yields due to high antibacterial activity. To determine the
potential of this platform to be cost-competitive with other conventional expression
platforms, it is also necessary to carry out a cost evaluation of the production of
endolysins at an appropriate scale in C. reinhardtii.
It is important to note that approximate value of LysAB2 protein in the crude
extract samples (17 μg LysAB2/ml) was calculated based on the quantification of
purified LysAB2, and taking into account the protein loss estimate. As a further step,
a quantification of crude extract samples comparing to Pal standard should be
performed in parallel. Ideally, instead of comparing the IR fluorescence signal of a
purified protein to the signal of a protein in cell extract (where other protein and cell
debris could interfere with the membrane and reduce binding capacity of the
membrane for the protein of interest), the standard protein Pal could be added to the
extract of TN72_pRY_control, in a concentration compared to the concentrated extract
used in the experiment. Then, the correct amount of LysAB2 present in the crude
extract could be defined.
It is also likely that two different proteins present a variable behaviour during
western blot analyses, and direct comparison of IR fluorescence signals of two
different proteins can be difficult. They can differ in the transfer properties to the
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nitrocellulose membrane, and access and binding of antibodies to the protein, for
example. Therefore, it would be of value to this study to perform another quantification
of LysAB2 using a second standard now available in our laboratory - a commercially
available multiple tag fusion protein.
3.4

Conclusions and future work
In this chapter, the synthesis of the LysAB2 endolysin against the Gram-negative

bacterium A. baumannii in the chloroplast of C. reinhardtii was investigated.
Transgenic lines carrying the LysAB2 gene were successfully inserted in the plastome
under the control of psaA promoter and 5’UTR. Subsequently, western blot analysis
showed that LysAB2 protein accumulated to detectable levels in the chloroplast. In
order to improve gene expression in the future, an investigation into different
promoters and UTR’s could be performed.
Growth studies showed that the accumulation of LysAB2 in the chloroplast
does not have a negative effect on C. reinhardtii growth, confirming the non-toxicity
of endolysins towards the microalga. The accumulation of LysAB2 was investigated
during microalga growth in mixotrophic conditions, and it was observed that the yield
of LysAB2 per cell is the highest in the early logarithmic phase, and the yield per
volume at late log phase. When in stationary phase, the amount of protein decreases
by about 50%. Therefore, for large-scale batch cultivation cells should be harvested at
the end of the logarithmic phase.
For the production of a soluble protein extract, different cell breakage and
centrifugation methods were investigated. TN72_LysAB2 cells can be easily disrupted
in a sterile manner by sonication bath or cell disruption, and separation from cell debris
and pigments can be achieved by ultracentrifugation. The stability of LysAB2 was
assessed in the crude extract in low temperature (4°C), showing that the protein is
remarkably stable in this environment and it is resistant to this proteolysis. This
increases the potential of using C. reinhardtii-produced therapeutics in a crude extract
for food infection treatments, for example – a market that is less tightly regulated in
terms of drug approval by government regulatory bodies such as FDA.
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Enrichment and purification were also successfully performed. In order to
reduce costs of purification with HA-resin conjugate, it would be interesting to change
the HA-tag for a polyhistidine tag (His-tag), for example. The protein yield estimated
0.7 mg/L (1% TSP).
In conclusion, LysAB2 was chosen as a proof of concept for the expression of
antibacterial globular enzyme in the chloroplast and revealed that the chloroplast of C.
reinhardtii can be a suitable platform for the production of such proteins, as LysAB2
presented good levels of expression, accumulation and stability. In the next chapter,
the bacteriolytic and bactericidal activity of this endolysin is studied.
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Chapter 4 The chloroplast-produced endolysin LysAB2 is active
against Gram-negative bacteria
4.1

Introduction
The results presented in this chapter represent the first successful demonstration

of antibacterial activity for a chloroplast-expressed endolysin that targets the major
Gram-negative pathogens A. baumannii and E. coli. This section lays out the mode of
action of Gram-negative endolysins, the specific activity of LysAB2 and the
antibacterial activity of endolysins produced in C. reinhardtii as a background to the
results section, which show the enzymatic and antibacterial assays used to evaluate the
activity of the LysAB2 endolysin against multidrug resistant (MDR) pathogens. The
discussion that follows examines the main findings in relation to the possibility of
using C. reinhardtii to produce therapeutic proteins like LysAB2, and the future
prospects of this technology.
4.1.1

The mode of action of Gram-negative endolysins
Endolysins targeting Gram-negative bacteria possess a range of conformations

and catalytic specificities. Approximately 94% of all characterised endolysins are
defined as globular. The other 6% are modular endolysins (as found with all lysins
targeting Gram-positive bacteria), and they can have either one N-terminal CBD and
one C-terminal enzymatic active domain (EAD); the same domains in an inverted
conformation; or two repeated EADs or CBDs (Oliveira et al., 2013).
In endolysins targeting Gram-positive bacteria, the CBD is specific for each
species. Pneumococcal endolysins, for example, have a CBD that binds to choline,
unique in the teichoic acids of the PG of Streptococcus pneumoniae cells. In Gramnegative endolysins, the CBD (when present), does not restrict the specificity of the
enzyme, and the binding affinity of these modular compounds are 10-100 fold lower
compared to some Gram-positive endolysins (Briers et al., 2009; Briers and Lavigne,
2015; Eugster and Loessner, 2012; Loessner et al., 2002). Schmelcher et al., 2012
suggests that this feature can allow for multiple cleavage events of the PG layer by the
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Gram-negative endolysin, performing cell lysis more efficiently than Gram-positive
endolysins, that cleave once and stay bound to the cleaved fragment. This tight binding
to the PG fragment occurs in order to prevent the lysis of surrounding cells that could
be potential hosts for new rounds of infection.
Furthermore, the majority of Gram-negative specific endolysins have a
lysozyme-like catalytic activity, as opposed to endolysins against Gram-positive
bacteria. This is suggested to be due to the easy resistance Gram-positives acquire
against lysozyme by PG modifications (Oliveira et al., 2013; Schmelcher et al., 2012).
Recent efforts in the use of endolysins as antimicrobial agents against Gramnegative pathogens have focused on one main issue: the OM barrier in Gram-negative
bacteria. The OM prevents the passage of the endolysin molecules when applying
these enzymes externally as a recombinant therapeutic, and thus prevents the cleavage
of the PG layer and bacterial death. Studies have reported three different ways to
overcome this issue: i) the use of endolysins with intrinsic OM-permeabilising activity,
ii) the use of chemical methods in combination with the endolysin to permeabilise the
OM, and iii) engineering the endolysin to add an OM-permeabilising feature.
As previously stated, LysAB2 is able to cross the OM due to the presence of a
C-terminal amphipathic helix that destabilises the divalent cations from the
lipopolysaccharide (LPS) layer in the OM, therefore having intrinsic OMpermeabilising activity. Surprisingly, the best-described example of this feature in an
endolysin is Lys1521, an endolysin from a phage infecting the Gram-positive Bacillus
amyloliquefaciens. Morita et al., 2001 demonstrated that the endolysin lysed the
recombinant expression host E. coli from within the cell even without a holin protein
to permeabilise the cytoplasmic membrane and allow the passage of the endolysin to
the PG layer. The study also showed a decrease of more than 98% in bacterial cells
when applying this endolysin externally against E. coli and Pseudomonas aeruginosa,
and this effect was linked specifically to the enhanced ability to permeabilise the OM
– a feature shown to be required for antibacterial activity but not enzymatic activity.
This shows that this trait is not specific for endolysins targeting Gram-negative
pathogens. Where activity in Gram-positive targeting endolysins is usually limited to
the binding specificity, in Lys1521 the added activity in C-terminal region
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demonstrates an OM disruptive capacity more commonly found in Gram-negative
targeting endolysins.
Chemical compounds that permeabilise the OM can be either polycationic
compounds, that destabilise the divalent ions from adjacent anionic LPS molecules, or
chelating agents, that capture the divalent cations from their binding sites (Briers and
Lavigne, 2015). Chelating agents such as EDTA were reported to work more
efficiently when in combination with endolysins. The addition of this compound
improved the log reduction of P. aeruginosa treated with EL188 endolysin and of E.
coli with SPN9CC endolysin (with intrinsic OM-permeabilising capacities) by 2 log
values (Briers et al., 2011; Lim et al., 2014).
Last, a new class of enzymes – the Artilysins® – consists of endolysins fused
to antimicrobial peptides (AMPs) that induce local distortion of the LPS layer,
followed by self-promoted uptake of the endolysin (Briers and Lavigne, 2015). This
can improve the efficiency of endolysins against Gram-negative pathogens to the same
level found for endolysins against Gram-positive bacteria: i.e. more than 5 log
reductions (Briers et al., 2014b). These synthetic enzymes will be explored in depth in
the Chapter 5.
4.1.2

The activity of LysAB2
Lai et al., 2011 demonstrated the antibacterial activity of E. coli-produced

LysAB2 against several Gram-negative and Gram-positive pathogens. A zymogram
assay performed with LysAB2 and catalytic mutant derivatives of the enzyme showed
that only the intact protein had lytic activity towards the cell wall of A. baumannii and
S. aureus. This demonstrated that the activity of this enzyme is dependent on the CD.
Moreover, the study tested the antibacterial activity of LysAB2 against viable cells of
MDR strains of A. baumannii, MRSA, and reference strains of E. coli, Citrobacter
freundii, Salmonella enterica, Enterobacter aerogenes Pseudomonas fluorescens,
Bacillus subtilis and Streptococcus sanguis. Purified LysAB2 (500 μg/ml) showed a
3-log reduction of Gram-negative A. baumannii, and E. coli, and the Gram-positive S.
sanguis, and MRSA. These results showed the range of activity that LysAB2 possesses
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several different species, including MDR pathogens; however, it is important to note
that a high concentration of purified LysAB2 was used in this study.
A more recent study investigated the use of peptide variants originated from
LysAB2 as an antimicrobial agent due to its OM-disrupting features. In this case, the
mode of action is based on membrane disruption (as seen in AMPs), and not in
peptidoglycan cleavage (Peng et al., 2017). The most efficient AMP designed,
LysAB2 P3, had an increased net positive charge, decreased hydrophobicity, and had
a kill rate of ~5 log unit reduction on A. baumannii cells, and showed a much higher
specificity to its target bacteria. The peptide showed no cytotoxic effect on human
cells, and in vivo studies were performed in mouse models infected with A. baumannii
and treated with LysAB2 P3, showing a 60% rescue rate compared to the no peptide
control (Peng et al., 2017).
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4.1.3

Antibacterial activity of endolysins produced in C. reinhardtii
As demonstrated in Chapter 3, the chloroplast has potential as a platform for

endolysin production, mainly due to the similarities with bacterial cells with a lack of
PG. The potential for achieving a high expression yield of endolysins in the chloroplast
has been aptly demonstrated by Oey et al., 2009a through the synthesis of PlyGBS in
the plastid of tobacco. The PlyGBS endolysin is active against pathogenic group A
and group B streptococci, which cause infections such as impetigo and neonatal sepsis,
respectively. The expression of the endolysin in the tobacco chloroplast was so
successful that it caused what the authors described as a “massive over-expression” of
the protein, constituting as much as 70% of the TSP in the plant leaf. The study found
that the accumulation levels were so high that the chloroplast protein synthesis
capacity was exhausted, and production of plastid-encoded proteins was
compromised. However, the advantage was that the high expression levels meant that
the lysin did not need to undergo purification and crude extracts containing 50 μg of
total protein from the transgenic plants proved sufficient to kill the cells within 60
minutes.
Two other endolysins, Pal and Cpl-1 that were produced in the chloroplast of
tobacco plants also demonstrated high levels of expression and accumulation, and
small amounts of crude extracts (100 μg and 200 μg TSP respectively) were
demonstrated to be biologically active against S. pneumoniae (one of the main causal
pathogens of pneumonia), with a 4 log reduction of bacterial cells achieved in 1 hour.
Bacterial viability was also determined using the crude extracts, and after 60 min
incubation with S. pneumoniae, 85% reduction in CFU was observed (Oey et al.,
2009b). Similarly, Pal and Cpl-1 produced in the chloroplast of the microalga C.
reinhardtii demonstrated enzymatic activity in crude extracts against S. pneumoniae
(both reference strains and MDR clinical isolates) (Stoffels et al., 2016). In this study,
antibacterial assays measuring cell viability revealed an endogenous bactericidal
activity in the crude extract samples from C. reinhardtii, which masked the effects of
the endolysin when comparing to the negative controls. This effect was not seen in the
turbidity reduction enzymatic assays, suggesting that the antibacterial compound
present in the crude extract did not act by causing cell lysis. Nevertheless, assays with
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purified chloroplast-produced Pal and Cpl-1 (25 μg/ml and 20 μg/ml respectively)
showed a reduction of ~ 4 log units, and a treatment with 45 μg/ml of Pal generated
undetectable level of viable S. pneumoniae cells (i.e. more than 7 log unit reduction).
These studies demonstrate that expression of endolysin genes is feasible in
plant and algal chloroplasts and suggests that the endolysins are stable and accumulate
to a high level without any lytic effect of the enzymes against the organelle.
Furthermore, antibacterial activity can be demonstrated in crude extracts without the
need for purification steps. Thus, the chloroplast of GRAS organisms such a C.
reinhardtii could provide an ideal, low cost platform for the production of therapeutics
such as endolysins (Gimpel et al., 2014).
4.1.4

Aims and Objectives

The aim of the experiments presented in this chapter is to demonstrate the
antibacterial activity of the LysAB2 endolysin produced in the chloroplast of C.
reinhardtii against the Gram-negative bacteria A. baumannii and E. coli. Specifically:
i.

To demonstrate enzymatic activity of LysAB2 by performing TRAs with both
reference strains and clinical isolates of Gram-negative pathogens, therefore
determining the endolysin specificity.

ii.

To demonstrate the enzymatic activity of LysAB2 in both a crude extract and
in its purified form.

iii.

To demonstrate antibacterial activity of LysAB2 against both A. baumannii
and E. coli by performing viable CFU assays with crude extract and purified
LysAB2 samples.

4.2
4.2.1

Results
Chloroplast-produced LysAB2 has lytic activity both in a crude extract
and in its purified form
Upon successful synthesis of the recombinant LysAB2 endolysin in the

chloroplast of C. reinhardtii, the next stage is to determine if the recombinant protein
possesses enzymatic activity. Synthesis of foreign proteins in the environment of the
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chloroplast might subject them to several factors that could cause disruption of
activity, such as protein misfolding or unfolding. The enzymatic activity of LysAB2
was investigated using TRAs, measuring the decrease in OD of a bacterial suspension
as a result of cell lysis. Reference strains and clinical isolates of two Gram-negative
bacteria – the original endolysin target A. baumannii, as well as E. coli – were used as
substrates for testing the ability of LysAB2 to cleave the peptidoglycan layer, both in
intact viable cells and those with a permeabilised OM.
4.2.1.1 Enzymatic activity of LysAB2
4.2.1.1.1 Turbidity reduction assays in Gram-negative A. baumannii with crude
extract TN72_LysAB2 confirms LysAB2 lytic activity
The LysAB2 globular endolysin is predicted to cleave the A1γ chemotype of
PG. The cleavage of the PG causes an imbalance in the internal pressure of the cell,
resulting in lysis of the bacteria. This event can be detected by a decrease in turbidity
of a bacterial suspension as measured by a spectrophotometer in a TRA (Schmelcher
et al., 2012). The TRA can be performed with suspensions of live bacterial cells or
OM permeabilised cells, the latter is common in studies with Gram-negative
endolysins (Briers et al., 2014; Briers & Lavigne, 2015; M.-J. Lai et al., 2011; Lavigne
et al., 2004; Walmagh et al., 2013). The lytic activity of the chloroplast-produced
LysAB2 was therefore analysed by TRAs against the target Gram-negative pathogen
A. baumannii.
A. baumannii cells were grown from an overnight starter culture, treated with
a chloroform-saturated Tris buffer as described in 2.5.1 for 45 minutes to permeabilise
the OM (Nakimbugwe et al., 2006) and resuspended in KPi buffer to an OD
(OD600nm) of 0.8. Enzymatic studies are typically performed on growing cells in
logarithmic phase, as the bacterial growth phase can affect the PG structure. The PG
can become more cross-linked in stationary phase, potentially affecting the assay
(Humann and Lenz, 2009).
An aliquot of 20 μl (0.34 μg, as calculated in 3.2.5.1) of crude extract
containing LysAB2 was added to a bacterial cell suspension (180 μl), and the decrease
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in OD over time was recorded (Figure Error! No text of specified style in document.-31).
When performing preliminary enzymatic assays in spectrophotometer cuvettes instead
of in the plate reader, a clump of cleaved cells was observed to precipitate to the bottom
of the cuvette (data not shown). Therefore, before each cycle of the TRA performed
in the plate reader, a 3 second shaking at 200 rpm was added to prevent cell clumping
which would affect the OD reading.
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Figure Error! No text of specified style in document.-31. Turbidity reduction assay
demonstrates the lytic activity of LysAB2 in crude extracts of C. reinhardtii against OMpermeabilised A. baumannii cells. A. baumannii cells treated with chloroform-saturated
buffer for OM permeabilization were resuspended in KPi-buffer to an optical density
(OD600nm) of 0.8 in a 96-well plate. C. reinhardtii crude extract containing LysAB2
(TN72_LysAB2) or control sample (TN72_pRY_control) was added (20 μl with
approximately 0.34 μg of LysAB2 protein) to the cell suspension in a 200 μl reaction.The
OD600nm was measured over a time course of 120 min. The assays were performed at 30ºC.
The error bars show ± one standard deviation (n = 3).

The TRA performed with the extract containing LysAB2 presented a
significantly bigger decrease in the OD when compared to both negative control of
crude extract (lacking LysAB2), and buffer control. This confirms that the
recombinant LysAB2 presents lytic activity against A. baumannii.
Interestingly, a small decrease in OD over time is also observed for the buffer
control and the negative control. One likely explanation for the drop in the OD seen in
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the buffer control is the presence of native autolysins in A. baumannii that can
contribute to natural cell lysis. Autolysins bind and degrade the peptidoglycan layer of
the bacteria as a control mechanism for cell wall recycling during growth (Johnson et
al., 2013).
The decrease in the negative control, however, is more pronounced than the
buffer control. It is known that specific compounds present in C. reinhardtii have
antimicrobial properties (Berri et al., 2016; Jyotirmayee et al., 2014; Shannon and
Abu-Ghannam, 2016). Although this could explain the decrease in turbidity in the
control experiment, further investigation is needed. However, it is clear that in the
assay showed in Figure Error! No text of specified style in document.-31, LysAB2 is the
dominant factor mediating cell lysis.
The majority of the decrease in the OD occurred in the first 20 minutes of the
assay, supporting the rapid mode of action previously described for endolysins
(Gerstmans et al., 2018). The OD drop for treated bacteria plateaued after 60 min,
suggesting either exhaustion of endolysin or substrate. It would be interesting to
investigate in the future if adding more crude extract LysAB2 sample would cause a
further drop in the OD after it reached the plateau.
The addition of a lytic enzyme as a positive control, such as the well established
lytic enzyme chicken egg white lysozyme (CEWL) would be useful for comparing the
action of the LysAB2 extract in A. baumannii, and it is was utilised by Lai et al., 2011
in lytic assays. However, attempts to use CEWL as a positive control in the present
study proved difficult due to inconsistencies in the results. Typically, an increase rather
than a drop in the OD was usually observed when adding CEWL to A. baumannii cells,
and that was associated to cell aggregation caused by lysozyme, further discussed on
Appendix B.
The assay shown in Figure Error! No text of specified style in document.-31 used
cell wall-permeabilised A. baumannii, and indeed, as previously mentioned, most TRA
studies of Gram-negative endolysins use such pre-treated bacteria cells to be able to
detect the direct lytic action of the enzyme on the PG (Briers et al., 2009; Nelson et
al., 2012). However, it was of interest to test the LysAB2 extract against intact cells of
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A. baumannii in order to confirm the enzyme’s capacity to cross the OM and access
the PG layer. For this, the same protocol was performed, but bacterial cells were only
resuspended in KPi buffer (Figure Error! No text of specified style in document.-32).
A. baumannii untreated - crude extract with endolysin
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Figure Error! No text of specified style in document.-32. Turbidity reduction assay
demonstrates lytic activity of LysAB2 in a crude extract of C. reinhardtii against intact
A. baumannii cells. A. baumannii cells were harvested and resuspended in KPi-buffer to an
optical density (OD600nm) of 0.8 in a 96-well plate. C. reinhardtii crude extract containing
LysAB2 (TN72_LysAB2) or control sample (TN72_pRY_control) was added (20 μl with
approximately 0.34 μg of LysAB2 protein) to the cell suspension in a 200 μl reaction.The
OD600nm was measured over a time course of 120 min. The assays were performed at 30ºC.
The error bars show ± one standard deviation (n = 3).

In Figure Error! No text of specified style in document.-32, the rate of cell lysis
with the LysAB2 extract is significantly greater than the two controls, similar to the
result observed in the previous assay (Figure Error! No text of specified style in
document.-31). This demonstrates that LysAB2 is capable of lysing A. baumannii even

when it possesses an intact OM.
After the addition of a lytic enzyme in TRAs with an excess of substrate, an
initial linear decrease of OD occurs. That decrease will gradually decelerate when the
enzyme and/or the substrate becomes limited. The slope of the linear part of the
decrease in turbidity is usually used as direct measure for the activity rate of the
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enzyme. A comparison with the rate of OD drop of OM-permeabilised (Figure Error!
No text of specified style in document.-31) and intact (Figure Error! No text of specified
style in document.-32) A. baumannii cells treated with LysAB2 extract indicates that the

OM affords some protection to the cells, as the drop of ΔOD600nm/min is ~2.5 times
faster than in the intact cells (ΔOD600nm/min= -0.0288 and ΔOD600nm/min= 0.0113 respectively) (See Appendix C)
Nevertheless, LysAB2 is still sufficiently active to have an antibacterial effect
on intact cells, with lytic activity plateauing after approximately 100 minutes after start
of the assay. This confirms the intrinsic activity of LysAB2 to penetrate the OM of
intact bacteria cells and cleave the peptidoglycan layer of the cell wall, and
demonstrates the potential of this enzyme as an antimicrobial.
As protein activity is known to be impaired by constant freezing and thawing
(Cao et al., 2003), additional analysis were conducted to test if the activity of LysAB2
would be improved by the use of fresh crude extracts instead of crude extracts
prepared, aliquoted and frozen at -80°C (as conducted when performing larger culture
batches). No major difference was observed in LysAB2 activity, as seen Appendix D
and Appendix E
4.2.1.1.2 Turbidity reduction assays in Gram-negative Escherichia coli with
crude extract TN72_LysAB2 confirms LysAB2 lytic activity
As discussed in the introduction of this chapter, endolysins targeting Gramnegative bacteria differ from those targeting Gram-positive bacteria in host specificity.
Gram-negative endolysins have a broader host range whereas the Gram-positive ones
are typically active against a specific genus, species or subset of strains/serotype
(Briers and Lavigne, 2015; Walmagh et al., 2013). This difference is due to the
conserved PG structure between species of Gram-negative bacteria, whereas the
Gram-positive PG is very diverse amongst species. Lai et al., 2011 showed that the E.
coli-produced purified LysAB2 had an antibacterial effect on several other species
besides its target bacterium A. baumannii, including E. coli and several MDR isolates.
It is therefore of interest to determine whether the algal-produced LysAB2 shows a
similar target range.
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In order to test LysAB2 specificity, TRAs were performed with a reference
strain of E. coli to test if microalgal crude extract samples with LysAB2 would also be
active. Assays with intact cells and OM-permeabilised cells were performed to test the
bacteriolytic effect of LysAB2 (Figure Error! No text of specified style in document.-33).
Bacterial cells were grown from an overnight culture, harvested and either treated with
chloroform-saturated Tris buffer beforehand, or resuspended in KPi buffer to an OD
(OD600nm) of 0.8.
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Figure Error! No text of specified style in document.-33. Turbidity reduction assay
demonstrates lytic activity of LysAB2 in crude extract against E. coli. The drop in OD was
measured after LysAB2 treatment in A) Intact cells or B) OM-permeabilised cells treated with
chloroform-saturated buffer. E. coli cells were resuspended in KPi-buffer to an optical density
(OD600nm) of 0.8 in a 96-well plate. C. reinhardtii crude extract containing LysAB2
(TN72_LysAB2) or control sample (TN72_pRY_control) was added (20 μl with
approximately 0.34 μg of LysAB2 protein) to the cell suspension in a 200 μl reaction.The
OD600nm was measured over a time course of 80 min. The assays were performed at 37ºC.
The error bars show ± one standard deviation (n = 3).
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The results show that LysAB2 can tackle not only its target bacterium A.
baumannii but also E. coli. In both assays, a drop in the OD from the crude extract
TN72_LysAB2 is greater than the drop observed for negative control crude extract
sample, TN72_pRY_control, indicating that the recombinant LysAB2 produced in C.
reinhardtii has activity against E. coli when applied externally and it is able to breach
the bacteria OM. The drop in the negative control could be attributed to the bacterium
autolysins, or the potential antimicrobial activity of C. reinhardtii compounds present
in the crude extract. In Figure Error! No text of specified style in document.-33A, the
sensitivity of the plate reader is suggested to have caused the unexpected OD drop for
all three samples in the first 10 minutes of the assay. The creation of bubbles or cells
clumping in the wells can easily disturb the reading of the OD, which is done from the
bottom of the plate. Apart from this disturbance on the beginning of the assay, the
buffer line shows a nearly constant OD, and a similar trend is observed on Figure
Error! No text of specified style in document.-33B. Both assays demonstrate that the
chloroplast-produced LysAB2 has potential to be an effective treatment for E. coli
infections.
4.2.1.1.3 Turbidity reduction assays against MDR clinical isolates of both A.
baumannii and E. coli with crude extract of TN72_LysAB2
In order to further demonstrate the potential of LysAB2 as an antimicrobial
agent, and further test LysAB2 specificity, it was of interest to test if this crude
preparation of the endolysin showed activity not just against reference strains, but also
against MDR strains of E. coli and A. baumannii.
Two clinical isolates of A. baumannii (Abau1 and Abau2) and two of E. coli
(Eco1 and Eco 2) were obtained from the Royal Free Hospital (provided by Professor
Timothy D McHugh) and used in the TRA. These serotypes were isolated from
patients with lower respiratory infections and are resistant to at least four different
antibiotic classes (β-lactams such as cephalosporin and carbapenem, β-lactams in
combination with β-lactamases inhibitors, fluoroquinolones, and aminoglycoside).
The strains were treated as previously described in other assays and a measure of OD
was performed after treatment with endolysin and respective controls (Figure Error!
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No text of specified style in document.-34 and Figure Error! No text of specified style in
document.-35).
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Figure Error! No text of specified style in document.-34. TRA showing the lytic activity of LysAB2 in crude extract against OM-permeabilised clinical
isolates of MDR A. baumannii. Clinical isolates: Abau1 and Abau2. A. baumannii clinical isolate cells treated with chloroform-saturated buffer for OM
permeabilization were resuspended in KPi-buffer to an optical density (OD600nm) of 0.8 in a 96-well plate. C. reinhardtii crude extract containing LysAB2
(TN72_LysAB2) or control sample (TN72_pRY_control) was added (20 μl with approximately 0.34 μg of LysAB2 protein) to the cell suspension in a 200 μl
reaction. The OD600nm was measured over a time course of 90 min. The assays were performed at 30ºC. The error bars show ± one standard deviation (n = 3).
Buffer controls: KPi and CHCl3.
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Figure Error! No text of specified style in document.-35. TRA showing the lytic activity of LysAB2 in crude extract against OM-permeabilised clinical
isolates of MDR E. coli. Clinical isolates: Eco1 and Eco2. E. coli cells treated with chloroform-saturated buffer for OM permeabilization were resuspended in
KPi-buffer to an optical density (OD600nm) of 0.8 in a 96-well plate. C. reinhardtii crude extract containing LysAB2 (TN72_LysAB2) or control sample
(TN72_pRY_control) was added (20 μl with approximately 0.34 μg of LysAB2 protein) to the cell suspension in a 200 μl reaction.The OD600nm was measured
over a time course of 80 min. The assays were performed at 37ºC. The error bars show ± one standard deviation (n = 3). Buffer controls: KPi and CHCl3.
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The much more significant rate of decrease in OD observed for the A.
baumannii serotypes compared to the E. coli isolates suggests that the crude extracts
are much more effective against A. baumannii. This is perhaps not surprising given
that LysAB2 originates from a phage infecting A. baumannii. However, the effects of
the enzyme on cell viability need to be investigated in further assays, and also the
enzymatic activity needs to be tested using intact bacterial cells.
Nevertheless, the results show that the drop in the OD from bacteria cells
treated with crude extract containing LysAB2 are still significantly different than the
drop seen in the negative control and buffer control. Importantly, the resistance
mechanisms present in the MDR bacteria do not seem to affect endolysin activity, even
when such mechanisms are related to modifications in the cell wall structure. LysAB2
remains active in the crude extract over time against reference strains
4.2.1.1.4 LysAB2 remains active in the crude extract over time
In Chapter 3, western blot analysis of the LysAB2 protein showed that it was
stable in a crude extract environment for up to 60 days when stored at 4°C. This feature
adds to the commercial value of producing this enzyme in the chloroplast. In order to
determine if the enzyme also retains activity following such extended storage, turbidity
reduction assays were performed with the crude extract maintained at 4°C, with
samples taken at the same time points as the samples taken for western blot analysis
against a reference strain of A. baumannii (in section 3.2.3.1) (Figure Error! No text of
specified style in document.-36).
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Figure Error! No text of specified style in document.-36. Turbidity reduction assay shows
that LysAB2 remains active for up to 60 days in crude extract samples. Decrease in
turbidity of OM-permeabilised A. baumannii measured by the OD in a 96-well plate over 120
min after treatment with endolysin or control. Day 1 to Day 60: 20 μl of LysAB2 crude extract
samples, from different sampling points during 4°C storage, added to bacterial cells
suspension in a 200 μl reaction (TN72_LysAB2, approximately 0.34 μg of LysAB2 protein).
Negative control: TN72_pRY_control. The control samples from the different sampling times
were not significantly different; therefore, an average of the controls is shown in the graph.
Buffer control: A. baumannii with KPi buffer. The assays were performed at 30ºC. The error
bars show ± one standard deviation (n = 3).
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The results show that LysAB2 maintains activity in the crude extract even after
extended storage at 4°C. Samples from day 1, day 30 and day 60 showed a similar
initial drop in the OD in the first 10 minutes, showing that the fast mode of action of
this enzyme was not affected during storage. The samples do not present difference
during the active phase to draw the conclusion of activity loss overtime, therefore it
can be concluded that sufficient enzyme remains in an active state during storage.
Protease inhibitors were added to the KPi buffer used to resuspend the
microalgal cells after harvesting, prior to the preparation of the crude extracts. This
was done in order to protect the enzyme from endogenous proteases that could degrade
the enzyme after cell breakage. It is important to note that protease inhibitors are only
stable for 1 to 2 weeks at 2 to 8°C, and although can contribute to the enzyme stability,
are not suggested to play an essential role in the endolysin stability over time seen in
this assay.
The antimicrobial agent sodium azide (NaN3), which is usually added to
protein samples stored at 4°C to inhibit unwanted microbial growth, was not added to
the crude extract samples, but its addition might be beneficial in subsequent
preparations. The anomalous result obtained in the sample from day 45 is curious, with
a slower rate of bacterial lysis (as judged by the slow rate of OD decrease), but a greater
degree of cell fragmentation (as judged by the lower final OD reflecting less light
scattering by particulate matter). Contamination or experimental error might account
for this.
It would be interesting to repeat this experiment for a longer period of time and
with intact bacterial cells (i.e. retaining their OM) in order to check if the intrinsic
capacity of LysAB2 to cross the OM still remains intact, as well as testing stability of
LysAB2 at room temperature.
4.2.1.1.5 LysAB2 remains active through enrichment steps against both
reference and MDR strains
An analysis of the activity of the chloroplast-produced LysAB2 throughout a
series of enrichment steps was performed in order to determine if: i) the specific
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enzymatic activity could be increased through protein enrichment; ii) the enrichment
steps themselves do not result in loss of LysAB2 activity; iii) components present in
the crude extract contribute to the observed lytic activity.
A TRA was performed with crude extract from TN72_LysAB2 and enriched
samples following AS (AS) precipitation. Furthermore, an added sample of the crude
extract concentrated two fold with filter centrifugal concentrators (5 kDa filter cut-off)
was added for comparison, to investigate if crude extract samples would act in a dose
dependant way. All samples were compared to their respective negative control from
TN72_pRY_control (lacking LysAB2). The assay was performed at 30°C with OMpermeabilised reference strain of A. baumannii cells (Figure Error! No text of specified
style in document.-37).
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Figure Error! No text of specified style in document.-37. Turbidity reduction assay
demonstrates that LysAB2 remains active after different enrichment procedures. The
decrease in turbidity was measured by the OD of OM-permeabilised reference strain of A.
baumannii after treatment with endolysin or control samples, at 30°C for 100 min. LysAB2
Crude/Control Crude: Ultracentrifuged crude extract samples. LysAB2 AS/Control AS:
samples after AS precipitation and dialysis. LysAB2 [2X]/Control [2X]: Crude extract
samples concentrated two-fold using centrifuge filter protein concentrators. The error bars
show ± one standard deviation (n = 3). KPi buffer/CHCl3: buffer controls.

Analysing the initial rate of OD reduction, there is not a major difference
between the different samples (Crude extract: ΔOD600nm/min= -0.006. AS:
ΔOD600nm/min= -0.005; [2x]: ΔOD600nm/min= -0.008).
These findings indicate that LysAB2 activity is not compromised by the AS
enrichment step. Furthermore, the rate of activity (OD drop) of AS enriched samples
is not higher than the rate of OD drop in the crude extract. That concurs with the
quantification section 3.2.5 from Chapter 3, which shows loss of protein after
enrichment by AS, compared to the crude extract. Thus, while 0.34 μg of LysAB2 is
added in the 20μl sample of crude extract in the assay, that corresponds, accounting
for loss, to ~0.08 μg/ml in the AS sample added in the assay. This also indicates how
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active chloroplast-produced LysAB2 can be against A. baumannii cells, even when
very low enzyme amount is added in the assay.
The concentrator sample used to concentrate the crude extract 2 folds, should,
in theory, have double the amount of enzyme present in the crude extract. However,
no significant difference in the rate of activity during linear decrease is observed
between crude extract and concentrated sample. Further investigation is necessary to
indicate if the enzyme activity is dose dependent.
A second TRA was performed on the MDR A. baumannii Abau1 serotype to
investigate if clinical isolates would have a similar susceptibility to the samples
(Figure Error! No text of specified style in document.-38). The bacteria cells were OMpermeabilised and the assay was performed as above.
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Figure Error! No text of specified style in document.-38. Turbidity reduction assay
demonstrates that LysAB2 remains activity against MDR A. baumannii after different
enrichment procedures. The decrease in turbidity was measured by the OD of OMpermeabilised clinical isolate Abau1 A. baumannii after treatment with endolysin or control
samples, at 30°C for 80 min. LysAB2 crude: TN72_LysAB2 extract. Control crude:
TN72_pRY_control extract. LysAB2 AS and Control AS: Extracts following AS precipitation
and resuspension. LysAB2 [2x] and Control [2x]: crude extract concentrated two fold with
filter centrifugal concentrators. The error bars show ± one standard deviation (n = 3). Buffer
controls: KPi and CHCl3.
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In Figure Error! No text of specified style in document.-38 there is an increase in
the rate of lysis when comparing the [2x] LysAB2 extract to the original (i.e. 1x)
extract (ΔOD600nm/min= -0.0063 compared to ΔOD600nm/min= -0.0045), and the
same effect is seen when testing concentrated samples against a second clinical isolate
Abau2 (see Appendix F). The AS sample shows a slower rate of lysis compared to the
crude extract (ΔOD600nm/min= -0.0036). As a consequence, the majority of cell lysis
is complete within 30 min following addition of the [2x] extract; within 45 min for the
[1x] extract, and 60 min for the AS extract. The same effect is seen when testing
concentrated samples against Abau2 (Appendix F)
These finding suggest that the MDR strain of A. baumannii could have a higher
susceptibility to concentrated dosages of LysAB2. Nevertheless, the sample
preparations are active and in excess compared to the bacterial substrate. The assay
also demonstrates that membrane filters can be an effective way of increasing the
enzyme concentration, and although AS precipitation results in loss of LysAB2
protein, the enzyme remains active against clinical isolates.
4.2.1.1.6 LysAB2 remains active through HA-resin purification
An TRA assay with purified LysAB2 and crude extract samples from
TN72_LysAB2 samples was performed to assess LysAB2 samples following binding
and recovery from the anti-HA resin (Figure Error! No text of specified style in
document.-39). Specifically, to establish if the purification protocol impacts in LysAB2

activity, as the western blot analysis suggests HA-binding saturation in the resin and
demonstrates loss of protein (in section 3.2.4.2). The assay was performed with
respective negative control, TN72_pRY_control lacking LysAB2, with OMpermeabilised reference strain of A. baumannii cells
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Figure Error! No text of specified style in document.-39. Turbidity reduction assay
analysing the activity of purified LysAB2 and LysAB2 in crude extract from
TN72_LysAB2. The decrease in turbidity was measured by the OD on OM-treated A.
baumannii, at 30°C for 100 min. C. reinhardtii crude extract, or the isolated sample containing
LysAB2 (TN72_LysAB2), and the respective control samples (TN72_pRY_control) were
added (20 μl with approximately 0.34 μg of LysAB2 protein in crude extract, and 0.03 μg/ml
of isolated LysAB2 ) to the cell suspension in a 200 μl reaction. The OD600nm was measured
over a time course of 100 min. The assays were performed at 30ºC. The error bars show ± one
standard deviation (n = 3). Buffer: KPi buffer control.

The OD of A. baumannii in both samples containing LysAB2, purified and
crude extract, decreased considerably compared to its correspondent control,
demonstrating enzyme activity. The increase of the OD in the first 20 min is considered
to be an artefact of the plate reader; hence it was not used for analysis.
The decrease in crude extract samples was 11 times faster compared to the
purified sample (OD600nm/min= -0.0363 of purified LysAB2 and OD600nm/min= 0.0033). An estimate on the amount of enzyme present in the samples showed that the
isolated LysAB2 contains indeed ~11 times less LysAB2 than in the crude extract
(0.03 μg/ml to 0.34 μg/ml). This corroborates the observation that LysAB2 protein is
not retained entirely after the purification with a HA-resin conjugate. Nonetheless,
LysAB2 still remains active in the isolated sample. However, although more pure, it
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demonstrated less enzymatic action due to lower concentration of protein in the
sample.
To further investigate this, a TRA assay could be performed with higher
concentrations of purified LysAB2 in order to see if the drop in turbidity reaches the
same level of the one observed in the crude extract.
As an additional investigation, another TRA was performed to test if LysAB2
not bound to the HA-resin, therefore present in the flow-through sample, would still
demonstrate activity, allowing the possibility of reusing this sample for a second round
of purification (Appendix G).
4.2.2

LysAB2 endolysin has an impact on cell viability both in a crude extract
and in its purified form
The endolysin activity assays described in the previous section showed the

ability of LysAB2 preparations to lyse A. baumannii and E. coli cells, including
clinical isolates. However, in order to determine the antibacterial efficacy of LysAB2
against Gram-negative bacteria, and further validate the results from TRAs, it is
essential to also measure cell survival following treatment with the enzyme. In order
to determine the impact of the enzyme on cell viability, CFU assays were performed
for both A. baumannii and E. coli. These assays should also give an insight into how
efficient chloroplast-produced LysAB2 is compared to the bactericidal activity
encountered in E. coli-produced protein.
4.2.2.1 Antibacterial activity of LysAB2
While the TRA assay measures enzymatic activity, assays such as viable count
assay measure the outcome of this activity in terms of bacterial survival (Nelson et al.,
2012). For the performance of the CFU assay, a crude extract from TN72_LysAB2
was compared with the equivalent TN72_control extract and the positive control
lysozyme. This positive control is suitable for such assay, as CFU will measure cell
viability by number of survival colonies after treatment instead of measurement of the
OD, and cell aggregation does not disrupt the results as seen with TRA. Furthermore,
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the buffer control showed to be not appropriate due to an inhibitory effect during the
incubation, as explained in Appendix H.
Furthermore, several studies reported that the addition of EDTA improves
Gram-negative endolysin antibacterial activity, with this chelating agent acting in a
synergistic manner (Briers et al., 2011; Briers et al., 2014a; Walmagh et al., 2012).
EDTA works as a chelating agent sequestering the divalent cations that contribute to
the stability of the OM by electrostatic interactions with proteins and LPS. That acts
as an OM permeabiliser. Therefore, assays were done with the addition of EDTA for
comparison.
4.2.2.1.1 Colony forming unit assays against the target pathogen A. baumannii
shows antibacterial activity of LysAB2 in crude extract
LysAB2 crude extract samples and negative control were added to a suspension
of live bacteria cells of reference strain A. baumannii (diluted 1:100, described in
2.5.2), incubated at 30°C for one hour, either with or without the addition of 2mM
EDTA. Serial dilutions were plated on nutrient agar plates. The plates were incubated
overnight, and the number of CFUs recorded the following day to calculate the
CFU/ml (Figure Error! No text of specified style in document.-40).
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Figure Error! No text of specified style in document.-40. Colony forming unit assay of viable A. baumannii cells treated with LysAB2 in crude extract
from TN72_LysAB2, with or without EDTA. A) Crude extract from TN72_LysAB2. B) Crude extract of LysAB2 (50 μl with approximately 0.85 µg) with
the addition of 2 mM EDTA. Cells were also treated with respective negative control TN72_pRY_control, and with the positive control Lysozyme (100 µg/ml).
Serial dilutions were plated and CFU per ml was calculated the following day after incubation at 30°C. All the six experiments were run from a single cell batch,
and the results are represented in log scale. The error bars show ± one standard deviation. Biological (n=3) and technical replicates (n=2).
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Buffer EDTA

In Figure Error! No text of specified style in document.-40A (no EDTA added),
the CFU/ml calculated showed that the bacterial samples treated with LysAB2
presented 8 ± 1.4 million CFU/ml, whereas the negative control had 182 ± 30 million
CFU/ml and the positive control lysozyme 1.5 ± 0.0035 million CFU/ml. The
percentage reduction (antibacterial rate) of LysAB2-treated A. baumannii compared
to the negative control was 95.6%, which corresponds to a 1.4 log reduction in CFU.
This confirms that the enzyme possesses antibacterial activity in the algal crude
extract. When compared with the original study by Lai et al., 2011, which showed a
99.9% antibacterial effect of purified LysAB2 against A. baumannii, the results are
promising.
In Figure Error! No text of specified style in document.-40B, EDTA was added to
the samples before plating as an OM permeabiliser in order to help the endolysin cross
the OM and degrade the PG layer. Although the results of Figure Error! No text of
specified style in document.-40A already indicate that LysAB2 can access the

peptidoglycan without the need of any OM disrupting agent, it was of interest to see if
a higher degree of cell killing would be observed. The results show that in general the
EDTA affects cell viability in all samples including the negative control, as the starting
culture was the same for each experiment. The CFU/ml calculated showed that the
bacterial samples treated with LysAB2 in the presence of EDTA presented 0.026 ±
0.002 million CFU/ml, whereas the negative control had 0.42 ± 0.003 million CFU/ml
and the positive control lysozyme with EDTA reduced viable colonies considerably
(0.0005 ± 0.0003 million CFU/ml). The percentage reduction (antibacterial rate) of
LysAB2-treated A. baumannii compared to the negative control was 93.8 %, which
corresponds to a 1.2 log reduction in viable CFUs. This demonstrates the antibacterial
activity of chloroplast-produced endolysin against A. baumannii.

164

4.2.2.1.2 Colony forming unit assays against E. coli also shows antibacterial
activity of LysAB2 in crude extract
After demonstrating that crude algal extract containing LysAB2 is able to
reduce significantly the viable cell count for the target pathogen A. baumannii, the
activity of this enzyme was tested in another Gram-negative strain, E. coli. The viable
cell count assay was performed as previously described. A reference strain of E. coli
cells were diluted 1:100 and incubated with crude extract samples containing the
endolysin, and with the respective negative control, for 1 hour at 37°C, with or without
the addition of 2mM EDTA. These were subsequently plated following serial
dilutions. The CFU/ml was calculated based on viable colonies present on LB agar
plates after overnight incubation (Figure Error! No text of specified style in
document.-41).
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Figure Error! No text of specified style in document.-41. Colony forming unit assay of viable E. coli cells treated with LysAB2 in crude extract samples
with or without EDTA. E. coli cells treated with A) crude extract from TN72_LysAB2 or B) Crude extract of LysAB2 (50 μl with approximately 0.85 µg)
with the addition of 2 mM EDTA. Cells were harvested at an OD600nm of 0.8 and incubated at 37°C for 1 hour with TN72_LysAB2 crude extract and with the
respective negative control TN72_pRY_control. Serial dilutions were plated and CFU per ml was calculated the following day after overnight incubation of
plates at 37°C. All the four experiments were run from a single cell batch, and the results are represented in log scale. The error bars show ± one standard
deviation. Biological (n=3) and technical replicates (n=2) were performed for Figure A, but unfortunately not for Figure B.
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The results in Figure Error! No text of specified style in document.-41A showed
130 ± 14 million CFU/ml of E. coli colonies after incubation with LysAB2, whereas
the control presented 325 ± 70 million CFU/ml, which translates to a 0.4 log reduction
and 60% antibacterial percentage reduction.
Figure Error! No text of specified style in document.-41B shows the results of the
CFU in which EDTA was added in order to investigate if LysAB2 activity could be
improved by OM permeabilisation, or if its intrinsic capacity to cross the is enough in
order for the enzyme to penetrate and find its substrate. A reduction in the total number
of colonies was observed with the addition of EDTA compared to the previous
experiment (Figure Error! No text of specified style in document.-41A), demonstrating
again that the permeabiliser has an effect on the cell viability.
When comparing the decrease in viability of the cells treated with endolysin
(EDTA) with cells treated with the negative control (EDTA), the CFU count gives 1.5
million CFU/ml compared to 3.5 million. The decrease in viability compared to the
negative control corresponds to a 0.37 log reduction and 57% antibacterial percentage
reduction. These results are similar to the findings in the assay performed without the
addition of the EDTA, showing that LysAB2 + EDTA as a treatment is not necessarily
more effective than LysAB2 alone, and the enzyme can have full antimicrobial activity
on its own.
Unfortunately, the experiment on Figure Error! No text of specified style in
document.-41B was not conducted in triplicates, and therefore it would need to be

repeated again, with the addition of a positive control, in order to be certain of the
conclusions drawn above.
There is a difference between E. coli cells treated with the endolysin and the
control, showing the presence of active LysAB2 against another Gram-negative
species in crude extract, and the result corroborates the TRA analysis. However, the
log reduction values show a very minor decrease in colony forming units comparing
E. coli treated with endolysin and untreated. New assays with higher concentrations of
LysAB2 should be tested to address the therapeutic impact of this enzyme in E. coli.
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4.2.2.1.3 Analysis of CFU assay against the target pathogen A. baumannii with
isolated LysAB2 samples recovered from the anti-HA affinity column
In section 4.2.1.1.6, a TRA comparison of crude extract samples and the
isolated LysAB2 following purification with the anti-HA column showed that
enzymatic activity against A. baumannii was retained after the purification step.
However, due to the low concentration of enzyme, the rate of activity was lower. In
order to further characterise the activity of purified LysAB2, a CFU assay was
performed as described previously, using viable A. baumannii cells (reference strain)
(Figure Error! No text of specified style in document.-42). The cells were incubated with
the purified LysAB2 or with the respective control and the CFU per ml was calculated.
An assay with EDTA however was not performed.
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Figure Error! No text of specified style in document.-42. Colony forming unit assay of
viable A. baumannii cells treated with purified LysAB2. Cells were harvested at an OD600nm
of 0.8 and incubated at 30°C for 1 hour either with purified LysAB2 (50 μl with approximately
0.075 µg), its respective negative control TN72_pRY_control, or the positive control
Lysozyme (100 µg/ml). Serial dilutions were plated and CFU per ml was calculated the
following day after overnight incubation at 30°C. The error bars show ± one standard
deviation. Technical replicates (n=2).

The results show a decrease in cell viability (CFU) of cells treated with purified
LysAB2. However, this assay needs to be repeated since a similar reduction is seen
with the negative control sample, accounting for a very low log reduction number.
Whether this is a result of contamination of the negative control sample, a carry over
of a compound with antibacterial activity (e.g. the HA peptide) during the purification
steps is unclear and requires further investigation.
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4.3

Discussion
Among the bacteria that have acquired multidrug resistance, Gram-negative

species pose some of the most significant threats to human health. The scientific
response will affect the future of the global population. In this work, a potential novel
antimicrobial enzyme, LysAB2 endolysin, produced in the chloroplast of C.
reinhardtii, demonstrated lytic and antimicrobial activity against two ESKAPE Gramnegative pathogens, A. baumannii and E. coli. Both of these Gram-negative pathogens
are resistant to most broad-spectrum antibiotics as well as third-generation antibiotics
such as cephalosporins, used for treatment of severe infections in hospitals (WHO,
2014). As previously highlighted, there is an urgent need to develop and mass produce
new compounds that can overcome this issue and effectively kill pathogenic bacteria
with minimal risk of that bacteria developing resistance, and endolysins can become
the new “go to” therapeutic.
4.3.1

Chloroplast-produced LysAB2 endolysin is enzymatically active against
MDR A. baumannii and other Gram-negative strains
The activity of the LysAB2 enzyme was demonstrated through TRAs, which

measure a decrease in light scattering of a suspension of either viable or OMpermeabilised cells upon activity of a hydrolytic enzyme (Nelson et al., 2012). Such
enzymatic assay was performed in the present study using a crude total protein extract
of microalgae containing LysAB2 enzyme, and a control which was a crude extract
from a TN72 strain transformed with an empty expression vector (without the LysAB2
gene).
The activity of LysAB2 in crude extract sample against A. baumannii and E.
coli cells was demonstrated. LysAB2 is therefore active in the presence of components
from the chloroplast environment present in the crude extract, which include proteases
and other compounds that could have negative effects on the enzyme due to its foreign
profile. In the assays where Gram-negative bacteria cells were not permeabilised and
maintained their cell membrane structure intact, a reduction in turbidity was also
observed, indicating that LysAB2 possesses OM-permeabilisation activity.
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The capacity to cross the OM is attributed to an amphipathic C-terminus in the
LysAB2 enzyme that interacts with the negatively charged elements in the
lipopolysaccharide (LPS) layer of the bacterial OM. The same feature has been
reported in a few other endolysins such as SPN9CC from a Salmonella infecting
phage; the Lys1521 endolysin originated from a Bacillus amyloliquefaciens infecting
phage previously mentioned in the introduction to this Chapter; and other enzymes
such as LysAB3 and LysAB4 targeting A. baumannii (Lai et al., 2013; Lim et al.,
2014; Morita et al., 2001). This feature was first observed in the well-studied T4
lysozyme, where it was shown that the enzymatic activity was lost when denaturing
the enzyme with heat, but the antimicrobial activity was still detected, due to the
amphipathic C-terminal domain of the enzyme that has membrane-disturbing activity.
This feature is present in endolysins originated from both Gram-negative and Grampositive infecting phages, and the evolutionary reasons behind the presence of OMdisturbing capacity are unclear.
When performing TRAs, a high sensitivity and a lack of consistency of the
ELx 808 microplate reader was observed. This was seen randomly, for example on the
first assay run of the day on the plate, or when some small disruption such as a subtle
shift in temperature, or the presence of small bubbles would disrupt the OD reader.
After several test runs, an optimised protocol for LysAB2 was developed, with shaking
after each cycle to prevent cells settling and to burst any bubbles in the wells, and an
OD measurement taken no less than every 3 minutes.
In order to have a positive control for the plate reader, the chicken egg white
lysozyme (CEWL) was used, as it has OM crossing capacity due to a hydrophobic
surface and by competitive displacement of divalent cations in the LPS, killing Gramnegative bacteria (Lukacik et al., 2012; Masschalck and Michiels, 2003). Lai et al.
(2011) used this control in TRAs performed with E. coli-produced LysAB2. In the
present study, however, the lysozyme seemed to raise the OD of bacteria in all TRA
and, therefore, this control was discarded from the assays. Other studies observed that
CEWL promoted agglutination of bacteria cells (Swift et al., 2015). Upon OM
disruption and association of free proteins to the lipid bilayer the membrane integrity
is altered, leading to lipid fusion. It was suggested that this enzyme’s bacteriolytic
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effect could be associated with the bacteria agglutination leading to loss of membrane
function. After treatment with the enzyme, the bacterial cells aggregated, contributing
to an increase in the turbidity (Ibrahim et al., 1996; Masschalck and Michiels, 2003).
This agglutination effect caused by lysozyme could explain the raise in the OD seen
in the TRA assays in the present study.
The specificity of LysAB2 enzymatic activity in crude extract was tested using
different strains of A. baumannii and E. coli. Clinical isolates were used in order to see
if LysAB2 could tackle strains that were resistant to more than three different
antibiotics. The results showed that LysAB2 is active not only against a reference
strain of A. baumannii but also for both clinical isolates tested, which were resistant to
several antibiotics.
Although LysAB2 showed lytic activity against a reference strain of E. coli, a
result that was also reported by Lai et al. (2011), a lower rate of activity was seen in
E. coli clinical isolates. Although endolysins from phage that infect Gram-negative
bacteria are known for having a broader activity spectrum than those from Grampositive phage, they seem to have a much higher activity towards their particular target
species, which could explain the results observed here. This broader activity, however,
is not a rule for all Gram-negative endolysins. The same research group that described
LysAB2 activity observed that two other endolysins discovered by genomic analysis
of A. baumannii, LysAB3 and LysAB4, had a much narrower spectrum of
antimicrobial activity compared to LysAB2, showing activity against only
Acinetobacter species. There would be some value in testing chloroplast-produced
LysAB2 against other species of bacteria, including Gram-positive strains, in order to
better understand its spectrum of activity.
Furthermore, it was shown here that LysAB2 enzyme is extremely stable in the
C. reinhardtii crude extract environment at 4°C. Lai et al., 2011, performed a
thermostability analysis of LysAB2 activity at six different temperatures from 20°C to
70°C degrees and showed that the enzyme is stable between 20°C and 40°C (in a 15
min incubation). In the present study it was observed that in crude extract, an
environment that contains eukaryotic elements foreign to the endolysin, LysAB2 also
maintained its activity against a reference strain of A. baumannii. This provides an
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insight into the shelf life of such proteins which could help reduce the cost of
production for this therapeutic, favouring production in mid and low income countries
where the issue of antibiotic resistance is even more drastic than it is in developed
countries, and where the cost of antibiotic production and deaths due to AMR is a
significant problem (O’Neill, 2014; Seale et al., 2017).
Assays were performed with samples from different steps of purification and
enrichment. No difference in the TRA was observed after AS precipitation or for
samples concentrated twice with filter centrifugal concentrators compared to the crude
extract, against a reference strain of A. baumannii, even though an increase in activity
could be expected due to an increased amount of enzyme present in concentrated
samples. Further studies to determine if LysAB2 works in a dose dependant manner
would be interesting.
The purified sample demonstrated a lower activity rate than crude extract,
which is expected due to the loss of protein during the purification process discussed
on Chapter 3, therefore having less amounts of protein in the sample. An assay after a
further concentration step could be performed, such as using filter concentrators after
protein purification.
4.3.2

Chloroplast-produced LysAB2 endolysin kills A. baumannii and other
Gram-negative strains
An assay to measure cell viability instead of lysis of PG was performed. The

results of CFU assays can allow for a broad comparison of antimicrobial activity and
host range with the E. coli- produced LysAB2. A comparison can also be made with
other recombinant endolysins targeting the pathogen A. baumannii. This can help
evaluate the potential of microalgae as a platform for the production of lytic enzymes.
As previously mentioned, Lai et al 2011 reported a decrease of approximately
3 log in viable cells (CFU/ml) of MDR A. baumannii after a 1 hour incubation with
500 μg/ml of the purified LysAB2 enzyme from E. coli . The amount of endolysin
used in this assay is extremely high, especially if compared to endolysins tackling
Gram-positive bacteria, as reported by Gilmer et al., 2017. In their study, the endolysin
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PlySs2 targeting Streptococcus suis reduced several serotypes of the bacterium by up
to 6 log, within 1 hour of incubation, using 64 μg/ml of enzyme, and exhibited a MIC
of 32 μg/ml. Stoffels et al., 2016, showed similar results when performing CFU assays
with 45 μg/mL of Pal endolysin produced in C. reinhardtii chloropalst, as previously
mentioned, killing all S. pneumoniae cells (more than 7.5 log reduction).
Nevertheless, a recently characterized endolysin from a phage infecting E. coli,
PlyE146, demonstrated bactericidal activity against strains of E. coli, P. aeruginosa,
and A. baumannii up to 5 log reduction after 2 hours incubation, also with a high
concentration of the enzyme (400 μg/ml), and the same was observed with LysPA26
(Guo et al., 2017; Larpin et al., 2018). This corroborates that Gram-positive endolysins
have a higher activity rate than Gram-negative endolysins when applied externally,
primarily due to the OM physical barrier hindering enzyme access to the cell wall
substrate and, therefore, more enzyme is needed in order to obtain complete killing of
the pathogen (Borysowski et al., 2006; Love et al., 2018).
According to the approximate values calculated for the C. reinhardtii-produced
LysAB2 in the present study, a log reduction of 1.4 was obtained in CFU assays using
crude extract samples with less than 1% of the enzyme concentration of the isolated
LysAB2 used by Lai et al. (2011). This suggests that the CFU/ml reduction values can
be improved with the addition of a more concentrated crude extract sample, and with
an isolated endolysin sample. The results also show that LysAB2 retain strong and
rapid lytic activity even in the crude extract. It is also possible that the crude extract
can potentially enhance the antimicrobial activity of LysAB2.
Sykilinda et al. (2018), showed that the bacteriolytic effect of an endolysin with
similar conformation as LysAB2, AcLys targeting A. baumannii, terminates after 30
minutes of incubation. The enzyme generates a log reduction of approximately 2 log
depending on enzyme concentration, but bacterial cells start to grow gradually after
this period. This is suggested to be due to the enzyme’s fast inactivation. Therefore,
MIC values were calculated as the minimal enzyme concentration that prevents cell
growth for at least 2 hours. In order to obtain a clearer knowledge on the effect and
antimicrobial potential of LysAB2, an analysis of MIC values, as well as how rapidly
the recombinant enzyme inactivates would be valuable.
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It would be of interest to test in C. reinhardtii the production of endolysins of
higher antimicrobial activity against A. baumannii than LysAB2, such as PlyF307.
This endolysin generates a decrease of >5log units against all clinical strains of the
pathogen after 2-hour incubation with a concentration of 100 μg/ml (Lood et al., 2015).
In the present study C. reinhardtii-produced LysaB2 had clear lytic activity not
only against A. baumannii, but also against a reference strain of E. coli. The
antibacterial assays showed, however, a CFU/ml reduction 3.5 times lower than the
reduction observed in A. baumannii. Isolated LysAB2 and other Gram-negative
endolysins, such as PlyE146 and AcLys, demonstrate antibacterial activity against
other species of pathogens (e.g. E. coli and P. aeruginosa), possibly due to the
similarity of substrate specificity in the PG layer of Gram-negative bacteria. Therefore,
further tests need to be performed with chloroplast-produced LysAB2 to investigate
its host range.
LysAB2 also demonstrates its capacity to kill A. baumannii cells without the
help of any chelating agent such as EDTA, however such agents might improve its
efficacy. The use of EDTA for therapeutic treatments of human infections however
would not be advisable, due potential side effects of this agent in human cells. It could
possibly be used as an enhancer for endolysin activity for food treatment and other
non-invasive antiseptic treatments, for example. In order to improve the bactericidal
activity and log reduction generated by chloroplast-produced LysAB2 without using
physical mechanisms or chemical compounds to maintain its therapeutic value, one
possible strategy could be the addition of OM-permeabilizing peptides to LysAB2.
Attaching an antimicrobial peptide (AMP) to the N-terminal of the enzyme for
example could improve its rate of OM crossing and therefore potentially improve its
rapid action and activity against the bacterial cell.
Furthermore, when comparing assays using crude extract samples with assays
with purified samples, it can be speculated that the crude extract of microalgae
provides nutrients and compounds that promotes bacterial growth, further observed
when testing the buffer effects on the cell in the Appendix H. This fact made it
difficult to compare antimicrobial effects of LysAB2 with a buffer control. Therefore,
crude extract samples (control and endolysin) could only be compared against
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themselves. As the control crude extract does not have an effect in viability compared
to the buffer, with the control sample having always the highest amount of viable
bacteria cells after one hour incubation.
It was interesting to find that when performing the antibacterial assays with
purified samples, LysAB2 did not show a major difference in cell viability reduction
when compared to a control sample. This is not observed in the assays performed with
a crude extract, or in TRA assays, where the control does not seem to have lytic
activity. It would be interesting to repeat this experiment with more concentrated
purified samples to address what could be causing this effect, as it could be related to
a compound with antibacterial activity carried over from the sampling processing such
as the HA peptide.
4.4

Conclusions and future work
In this chapter, the potential of the chloroplast-produced LysAB2 endolysin as a

new therapeutic against Gram-negative bacteria was shown by demonstrating the
enzyme’s lytic and bactericidal activity against A. baumannii and E. coli.
The enzyme demonstrated bacteriolytic and bactericidal action in both crude
and purified variants (although less efficient) of LysAB2 expressed in C. reinhardtii
against both A. baumannii and E. coli, including MDR strains. The antibacterial
percentage reduction in viable cells of reference strains ranged from ~60 to 96% when
using crude extract samples. HA-tagged LysAB2 endolysin maintains its stability in
the crude extract, and the enzyme intrinsic capacity to cross the OM was observed.
With further testing of the effects of chloroplast-produced LysAB2 against clinical
isolates and a more detailed bactericidal analysis, the new algal platform could be
rolled out for large-scale production.
Though the optimised assay demonstrated the antibacterial activity of LysAB2
endolysin when produced in C. reinhardtii against different bacterial strains, a
comparison with commercially available antibiotics still effective against A.
baumannii should be performed. In the future, a minimum inhibitory concentration
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(MIC) of LysAB2 should be determined to allow the comparison between activity of
microalgae-produced endolysin and other production platforms.
After addressing the precise amounts of LysAB2 produced in C. reinhardtii, a
further step would be the performance of studies in vivo to test the antibacterial effect
of this enzyme in mouse models. The original study described LysAB2 used 500 μg/ml
of enzyme to demonstrate activity against A. baumannii strains, therefore it would be
necessary to calculate the protein dosage necessary per animal to produce a large scale
culture of C. reinhardtii.
The chloroplast-produced LysAB2, chosen as a proof of concept to analyse the
potential of using C. reinhardtii as a platform, and its success, supports the hypothesis
that the C. reinhardtii chloroplast is a suitable platform for the synthesis of
antimicrobial proteins, showing good levels of protein accumulation and stability in
situ and in crude extracts.
The next stage would be to employ this platform for the production of enzymes
with higher commercial value and with a higher probability of going into the market
as a novel class of antibiotics. Therefore, in the next chapter, synthetic modular
endolysins will be synthesised in the chloroplast and their activity will be studied.
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Chapter 5 Production of engineered endolysins against Gramnegative pathogens in the chloroplast of Chlamydomonas
reinhardtii
5.1

Introduction
Having demonstrated the bactericidal activity of the globular endolysin

LysAB2 expressed in the chloroplast of C. reinhardtii, this chapter examines the
prospect of applying the techniques with ground-breaking new artificial lysins.
Through an academic and industrial collaboration with Prof Yves Briers at the
University of Ghent, the enzymes LoGT023 and LoGT027 were expressed in the
chloroplast as an alternative to their current production platform E. coli.
This chapter gives an overview of these engineered lysins, which are composed
of an endolysin fused to an antimicrobial peptide (AMP); and the market potential that
stems from their high activity against Gram-negative pathogens.
This is followed by investigations of antibacterial activity of the two specific
enzymes successfully engineered into the microalgal chloroplast. The results in this
section, though somewhat limited by time restrictions, shows that LoGT023 can be
successfully expressed in C. reinhardtii, and that the protein can be isolated.
Furthermore, antibacterial activity of this enzyme was demonstrated against Gramnegative pathogen A. baumannii.
The successful expression of an engineered endolysin in C. reinhardtii further
highlights the flexibility of this microorganism a host, and the potential of this artificial
lysins a therapeutic.
5.1.1

The field of artificial lysins
Whilst there has been interest for some time in the use of recombinant

endolysins as external agents targeting Gram-positive pathogens, the use of endolysins
against Gram-negative bacteria is only recently getting research focus (Briers &
Lavigne, 2015). This is due to the presence of an OM barrier in the Gram-negative cell
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wall structure, which prevents efficient cell lysis by conventional endolysins, as most
of these enzymes cannot reach the peptidoglycan layer. The OM forms an
impermeable barrier for hydrophobic and hydrophilic molecules larger than 600–650
Da that are not able to cross the OM via non-specific porins. This barrier is the result
of extensive OM stabilisation by divalent cations such as Mg2+ and Ca2+ through ionic
interactions with the phosphate groups of LPS molecules, and hydrophobic stacking
of the lipid A moiety of LPS molecules (Briers & Lavigne, 2015; Gerstmans et al.,
2017).
The fusion of an endolysin with OM permeabilising peptides – the AMPs, can
overcome the OM issue. Its design increases the antibacterial spectrum of endolysins
to act as antimicrobial agents against Gram-negative bacteria (Briers et al., 2014). The
addition of an AMP creates a local destabilisation of the OM due to the AMP
properties (polycationic, hydrophobic or amphipathic), which allows the passage of
the fusion protein across the OM and subsequently the degradation of the
peptidoglycan layer by the endolysin domain. The pioneering study by Briers et al., on
the development of these enzymes, called ArtilysinsÒ, tested seven LPS-destabilising
peptides with different properties and fused them either at the N- or C-terminal of two
modular endolysins, OBPgp279 and PVP- SE1gp146. The enzyme with the best
antibacterial activity against the target bacterium (here P. aeruginosa) was a fusion of
a polycationic nonapeptide (PCNP) to the OBPgp279 endolysin at the N-terminal (2.6
log reduction in 30 min). Its antibacterial activity proved to be higher than the original
endolysin OBPgp279, which had moderate activity (with OM-crossing intrinsic
capacity) against P. aeruginosa (1.1 log reduction in 30 min) (Briers et al., 2014).
Moreover, the study showed that fusion of the AMP in the N-terminal results in higher
activity when compared to C-terminal fusions.
The engineered endolysin with the highest activity described so far in the
literature involved a fusion of a α-helical and amphipathic AMP, SMAP-29, to the Nterminus of the endolysin KZ144. KZ144 was modified so three cysteine residues were
mutated to serine, in order to avoid oligomer formation and increase structural
stability. This design resulted in the ArtilysinsÒArt-175, an engineered enzyme that
has an efficacy comparable to antibiotics (MIC of 0.3 μM) against multidrug-resistant
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strains of P. aeruginosa (79 strains tested), and A. baumannii (32 strains), with a
reduction of up to 9 log unit in cell number when performing CFU assays (Briers et
al., 2014; Defraine et al., 2016). Resistance development could not be triggered when
strains were exposed to sub-inhibitory concentrations of ArtilysinÒ, as seen when
strains were exposed to control antibiotics.
5.1.2

The engineered endolysins LoGT023 and LoGT027 from modular Gramnegative endolysin OBPgp279
OBPgp279 is a modular endolysin from the Pseudomonas fluorescens

infecting phage OBP. This endolysin contains two N-terminal CBDs and one Cterminal CD. This modular conformation is rare among endolysins targeting Gramnegative bacteria and is associated with increased enzymatic activity, demonstrated
specially against Pseudomonas aeruginosa (Briers et al., 2007; Walmagh et al., 2012).
P. aeruginosa an opportunistic pathogen that can cause life-threatening chronic
infections such as pneumonia, catheter-related infections, burn wound infections, and
sepsis, especially in immunosuppressed patients (Neves et al., 2011).
The catalytic domain of OBPgp279 has a conserved motif belonging to the
glycoside hydrolase 19 (GH19) family. This is a member of the lysozyme-like
superfamily that are known to have several hydrolytic domains targeting the b-1,4
linkages between the N-acetylmuramine and N-acetylglucosamine sugars of the PG
backbone (Wohlkönig et al., 2010). This motif is also found in the previously
characterised endolysin LysAB2 in Chapter 3, from the A. baumannii phage φAB2.
The two CBDs of OBPgp279 have specific repeated motifs which are conserved in
peptidoglycan binding domains of other modular endolysins with hydrophilic and
hydrophobic amino acids in front of both repeated binding motifs of the N-terminal
CBD (Figure Error! No text of specified style in document.-43) ( Briers et al., 2007;
Walmagh et al., 2012).
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A

B
MKNSEKNASIIMSIQRTLASLSLYGGRIDGLFGEKCRGAIILMLNKVYPNFSTNKLPSNTYEAESVFTFLQ
TALAGVGLYTITIDGKWGGTSQGAIDALVKSYRQITEAERAGSTLPLGLATVMSKHMSIEQLRAMLPTD
RQGYAEVYIDPLNETMDIFEINTPLRIAHFMAQILHETACFKYTEELASGKAYEGRADLGNTRPGDGPLF
KGRGLLQITGRLNYVKCQVYLREKLKDPTFDITSSVCTCAQQLSESPLLAALASGYFWRFIKPKLNETADK
DDIYWVAVYVNGYAKQANPYYPNRDKEPNHMKERVQMLAVTKKALGIV

Figure Error! No text of specified style in document.-43. Endolysin OBPgp279. A) Domain
organisation diagram of the endolysin. B) Amino acid sequence of the endolysin. The
predicted N-terminal PG binding domains (PBD) and amino acids are marked in light grey,
whereas the C-terminal EAD (lysozyme-like) is in dark grey. Reproduced from Walmagh et
al., 2012.

OBPgp279 has an intrinsic antibacterial activity against P. aeruginosa and is
suggested to destabilise the OM of Pseudomonas species, similar to that seen with
LysAB2. However, the C- terminal of OBPgp279 does not contain highly positively
charged amino acids and no clear amphipathic helixes are detected: features that could
drive OM permeabilisation. Therefore, further structural analysis of the interaction
between OBPgp279 and the Pseudomonas cell wall are necessary.
OBPgp279 is a potential candidate as a new enzybiotic to control multidrug
resistant P. aeruginosa. It was demonstrated that the fusion of PCNP and OBPgp279
tripled the antibacterial activity against P. aeruginosa (from 1.10 log reduction after
30 min to 3.41 log reduction), and showed very high activity against the Gramnegative pathogen A. baumannii (from 1.57 log reduction to 5.18 log reduction with
EDTA) ( Briers et al., 2014). This synthetic design, with similar properties as
ArtilysinsÒ, improved the antibacterial efficacy of these enzymes to the same level
seen with endolysins targeting Gram-positive species.
In light of this, a collaboration was established with Professor Yves Briers from
the University of Ghent. The main objective of this collaboration was to compare the
production and activity of synthetic modular Gram-negative endolysins in the C.
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reinhardtii chloroplast with their established E. coli production platform. Prof. Briers
provided us with two sequences: an enzyme with high expression levels in E. coli, and
another one with low expression levels in E. coli, both targeting A. baumannii and P.
aeruginosa strains.
The first engineered enzyme used in this work, LoGT023 comprises a Nterminal PCNP, an 18 amino acid long linker Link4, and the modular endolysin
OBPgp279. It was reported to kill P. aeruginosa cells (≥5.50 log), being highly active
against A. baumannii (5.18 log) and have moderate activity against E. coli (2.41 log)
and S. typhimurium (1.52 log), in 30 min (Briers et al., 2014; Briers & Lavigne, 2015).
The second, LoGT027, which has low expression levels in E. coli (0.4 mg/L of LoGT27 yield compared to 13.7 mg/L of LoGT-23), has exactly the same structural
elements, however, the amino acid linker and the PCNP are located in the C-terminal
region (OBPgp279–Link4-PCNP) (Figure Error! No text of specified style in
document.-44)

Figure Error! No text of specified style in document.-44. Representation of engineered
LoGT023 and LoGT027. LoGT023 with N-terminal region extended-linker constructs and
LoGT027 with C-terminal region extended-linker constructs. PCNP: polycationic peptide. L:
linker.
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5.1.3

A better host for highly active engineered endolysins
It has been suggested that the low expression of certain highly active

engineered endolysins in the bacterial host E. coli is due to antimicrobial activity
towards this Gram-negative cell. Therefore, there is an interest from industry to
employ novel expression systems such as the chloroplast for production of these
enzybiotics. As previously mentioned, the green algal chloroplast does not provide the
substrate for endolysin lysis as it does not have a PG between its two membranes
(although, remarkably, the chloroplasts in some other algal and lower plant groups
have retained a PG layer) (Sato and Takano, 2017). The use of microalgae as a lightdriven platform may also reduce the costs for recombinant protein production and
purification, making it more economically feasible.
The occurrence of anti-microbial compounds in microalgae that show effect
against some strains of Gram-negative and Gram-positive bacteria also make the green
alga C. reinhardtii an attractive candidate for endolysin production. For example, the
fatty acids in C. reinhardtii present antimicrobial properties (Ghasemi et al., 2007).
Thus, the use of crude algal extracts for the administration of these antimicrobial
agents becomes more appealing, as the extract can also help eradicate the pathogen.
The combination of Gram-negative specific endolysins in an extract sample with
compounds such as the algal fatty acids could enhance the ability to disintegrate the
bacterial OM (Benkendorff et al., 2005; Ghasemi et al., 2007). The mechanism of the
antibacterial action of fatty acids in microalgae is not fully understood yet, but the
main target is most likely to be the cell membranes, as free fatty acids have an
amphipathic structure and can interact with the OM (Desbois and Smith, 2010).
5.1.4

Aims and Objectives
The aim of the experiments presented in this chapter is to demonstrate the

capacity to produce engineered endolysins fused to antimicrobial peptides in the
chloroplast of C. reinhardtii, and to demonstrate protein expression and antimicrobial
activity of the chloroplast-produced synthetic endolysins to compare with the
efficiency of such enzymes produced in E. coli, specifically:
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i.

To design synthetic versions of two enzymes, LoGT023 and LoGT027,
optimised for chloroplast expression and to create transgenic lines of C.
reinhardtii.

ii.

To confirm expression and accumulation of the enzymes and to produce crude
extracts and enriched samples for quantification and activity analysis.

iii.

To demonstrate enzymatic and antibacterial activity of the endolysins against
the Gram-negative pathogen A. baumannii.

iv.

To draw a comparison between the efficacies of the different host platforms
and the prospects of commercially development of engineered endolysins
produced in C. reinhardtii as enzybiotics.
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5.2
5.2.1

Results
Creation of transgenic lines of C. reinhardtii expressing engineered
endolysins

5.2.1.1 Design of the two synthetic genes
LoGT023 is comprised of an PCNP at the N-terminal region, an 18 amino acid
linker Link4, and the modular endolysin OBPgp279. LoGT027 has the same structural
elements, except that the amino acid linker and the PCNP are located in the C-terminus
(OBPgp279–Link4-PCNP). The sequences of LoGT023 (PCNP-Link4-OBPgp279)
and LoGT027 (OBPgp279–Link4-PCNP) were acquired from Professor Yves Briers
from University of Ghent.
To facilitate high-level expression in the chloroplast of C. reinhardtii, codon
optimisation was performed using the Codon Usage Optimiser (CUO) software (Kong,
2013). Two restriction sites, 5’SapI and 3’SphI, were added for cloning, and a
polyhistidine-tag with six histidine residues (His-Tag) was added at the C-terminal
region for detection, as in the original E. coli-produced enzyme. Additionally, two
codons coding for the amino acid tryptophan (W) were substituted for a stop codon
(TGA), in order to be compatible with the biocontainment feature in the chloroplast
expression vector pRY154d (Young and Purton 2016).
The synthetic gene logt023 created in this study has 1089 bp, and logt027 has
1092 bp. LoGT023 protein consist of 363 residues and LoGT027 of 364 residues
corresponding to a molecular weight (MW) of ~ 40 kDa for both. The genes were
synthesised by GeneArt (Regensburg, Germany) and received as Gene String
fragments. The full-length gene sequence (original version and optimised version) is
presented in the Appendix I and Appendix J.
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5.2.1.2 Creation

of

transformation

plasmids

pRY_LoGT023

and

pRY_LoGT027
The pRY154d expression vector (described in 3.2.1.2) was used here for the
expression of both engineered enzymes. The genes had two tryptophan codons (TGG)
changed to the stop codon TGA (an unused codon in the plastome of C. reinhardtii),
stopping expression in E .coli during cloning.
Both synthetic genes and the pRY154d vector were digested using SapI and
SphI restriction enzymes. The genes were ligated into the vector and transformed into
chemically competent E. coli cells using ampicillin selection to create plasmids
pRY_LoGT023 and pRY_LoGT027 (Figure Error! No text of specified style in
document.-45). Recombinant colonies were confirmed by colony PCR, and the

plasmids confirmed by restriction digest and Sanger sequencing (described in
2.2.9.1.3).
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Figure Error! No text of specified style in document.-45. Schematic of the plasmids, pRY_LoGT023 and pRY_LoGT027 used to generate transgenic lines
of C. reinhardtii expressing LoGT023 and LoGT027. The genes of interest (light green and blue) with a His-tag (orange) were designed to be inserted into
pRY154d vector that includes a synthetic tRNA gene (purple). SapI and SphI are restriction enzymes used for cloning. The expression elements (green) and the
endogenous chloroplast gene, psbH (black) are also indicated. The GOIs are under the control of the psaA promoter/5’UTR and the rbcL 3’UTR.
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5.2.1.3 Creation of transgenic lines TN72_ L023 and TN72_L027
The C. reinhardtii chloroplast was transformed with the glass bead vortexing
method (Kindle et al., 1991). Each plasmid was transformed into the TN72 cell-wall
deficient strain and genomic insertion was achieved by double homologous
recombination (HR) with phototrophic selection based on restoration of psbH function
(Wannathong et al. 2016). The resulting colonies were re-streaked three times to
achieve homoplasmicity. The correct insertion of each gene in the plastid genome and
the homoplasmicity of the chloroplast genome was confirmed by PCR and sequencing,
using the primers Flank1, RY-psaR and Rbcl.Fn (Figure Error! No text of specified style
in document.-46). Six transformant lines were analysed, three for each gene. All had the

correct insertion of the gene cassette in the genome, and the genome appeared to be

1

2

TN72_L027
3

1

2

3

TN72 (C-)

TN72_L023

TN72_LysAB2 (C+)

homoplasmic.

1415 bp
880 bp

Figure Error! No text of specified style in document.-46. PCR screening for the successful
transformation of the C. reinhardtii TN72 chloroplast and homoplasmicity of the
polyploid chloroplast genome.TN72_L023 and L027 (colonies 1 to 3): Independent
transformants. TN72_LysAB2 (C+): Positive control expressing a LysAB2 endolysin gene.
(C–) TN72 untransformed strain as a negative control. Primers: Flank1, Rbcl.fn, RYpsaR.
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Upon confirmation of the correct uptake of the genes into the chloroplast
genome, a growth analysis of the transformant lines was performed to determine if the
expression of the genes had any detrimental effect on the microalga, especially given
the presence of an antimicrobial peptide, which could disrupt chloroplast membranes.
TN72_L023, TN72_L027 and the TN72_pRY_control strain that serves as a negative
control were grown under standard conditions in an Algem photobioreactor with
OD750nm measurements recorded across 120 hours (Figure Error! No text of specified
style in document.-47). The results show that both transgenic lines and the control grow

at an equivalent rate. Thus, expression of either gene in the chloroplast does not appear
to have a negative effect on the growth of C. reinhardtii, and the PCNP peptide does
not appear to be a concern.
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Figure Error! No text of specified style in document.-47. Growth of transgenic strains
TN72_L023 and TN72_L027. Growth curve comparison of transgenic strains and the empty
vector control. Microalgae cultures were cultivated under continuous shaking at 120 rpm,
25°C and light intensity of 100 μmol/m2/s in TAP liquid medium.
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5.2.2

Engineered endolysin expression in the chloroplast and protein isolation
In the next section, an investigation on protein synthesis, crude extract

preparation and subsequent purification is performed, previous to the performance of
enzymatic assays to test lysin activity. In section 5.2.2.1, crude extract preparation of
LoGT023 is analysed by western blot for confirmation of the recombinant protein
production in the chloroplast. In section 5.2.2.2, the recovery of LoGT23 after
purification by immobilized metal affinity chromatography (IMAC) is analysed. In
section 5.2.2.3, a preliminary western blot detection of LoGT027 is presented.
5.2.2.1 Investigation of protein LoGT023 expression in the chloroplast
5.2.2.1.1 Analysis of LoGT023 in crude extract samples
LoGT023 (PCNP-Link4-OBPgp279) is reported to have a high expression level
when produced in E. coli, generating high protein yields (13.7 mg/L) (Briers et al.,
2014). Therefore, after confirmation of the transformant line of C. reinhardtii TN72_
L023 expressing the gene, preparation of crude extracts was performed and western
blot analysis of LoGT023 production in the chloroplast was conducted.
C. reinhardtii cells were grown under standard conditions, harvested at an
OD750nm of 1.8, and resuspended in KPi buffer with protease inhibitors, concentrating
the cells 40 fold. Sonication was performed using polystyrene tubes to break the cells.
After 5 min centrifugation at 21,000 x g to pellet cell debris, the supernatant was
ultracentrifuged for 1 hour at 75,000 x g in order to remove cell membrane and
pigments. The supernatant was treated and loaded on an SDS-PAGE gel, and western
blot analysis was conducted with antibodies to the polyhistidine tag (described in
2.3.5).
It is important to mention that the optical protocol for protein processing and crude
extract preparation is protein-specific (Burden and Whitney, 1995). The methods
described above were successful for the production of an active crude extract of
LysAB2 globular endolysin, described in Chapter 3. However, the protein LoGT023
differs significantly in its structure and composition. LoGT023 is a chimeric protein
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that consists of a polycationic peptide, a long linker, and a modular endolysin
(OBPgp279) with two CBDs and one EAD. Here, the same protocol was performed
for crude preparation, but further investigation is needed to achieve an optimal protein
extract for this protein.
In Figure Error! No text of specified style in document.-48 a band is detected where
crude extract sample from TN72_LoGT023 was loaded. The first issue observed in all
SDS-PAGE gels and western analysis performed with LoGT23 in this study is that the
protein band seems to run to a slightly lower molecular size than expected when
analysed by western blot. That is consistent with two different protein standard ladders
(Figure Error! No text of specified style in document.-48 and Figure Error! No text of
specified style in document.-49). It is known that some proteins can run to a different

size than calculated to due several factors from protein pI and structure to protein
interaction with detergent, remnant folding and protein degradation (Debeljak et al.,
2006; Rath & Deber, 2013; Rath et al., 2008; Shirai et al., 2008). In order to confirm
the presence of enzyme in the extract, further assays were performed and will be
introduced in later sections.
The western blot presented in Figure Error! No text of specified style in document.-48
also detects a band on the crude extract from the negative control
(TN72_pRY_control), the band migrates similarly to the endolysin protein. This band
is seen consistently throughout the western blots performed in this study ( Figure Error!
No text of specified style in document.-49 and Appendix K). The blot also shows another

unspecific strong band in the 46 kDa line. That band is also consistent in further
western blots performed. Anti-His antibodies are known to generate variable results,
as they often present a weak binding and have insufficiently specificity, and can bind
to other compounds present in the crude extract (Debeljak et al. 2006). The usual
detection system for chloroplast proteins develop in the Purton lab uses a HA-tag and
antibodies for it. However, as the original engineered endolysin generated in E. coli
was synthesised with a His-tag, the same design was performed for chloroplast
expression of this protein in order to keep consistency for future host yield comparison.
Interestingly, the pellet sample of the negative control presents a different scenario
from what is observed for the pellet sample after cell breakage and crude extract
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preparation. After the crude extract preparation in LoGT023, there is a visible protein
band in the pellet. This is considered normal, as loss of protein can occur during cell
breakage (seen with LysAB2 globular endolysin). The pellet sample from the negative
control however does not present that band. That could suggest, again, that
polyhistidine antibodies are binding to an unspecific soluble protein in the crude
extract that after cell breakage remains in solution. To further investigate this
phenomenon, an analysis of similarly sized native proteins could be conducted with
particular focus on those containing histidine rich regions.
Due to time constraints, further investigation into this potential non-specific band
was not possible. Further assays performed (section 5.2.3.1.1.1) make for a plausible
argument that there is presence of active lytic enzyme in the crude extract of algae,
therefore suggested to be LoGT023 produced in the chloroplast.

Figure Error! No text of specified style in document.-48. Detection of LoGT023 expressed
in the chloroplast of C. reinhardtii and recovered in crude extract samples. A)
TN72_LoGT23 and TN72_pRY_control were broken by sonication and ultracentrifuged.
Crude extract samples were prepared for SDS-PAGE and were analysed by western blot, SN:
Supernatant. P: pellet..NS: non-specific band.

If implying that the protein band seen in the LoGT_23 crude extract
supernatant samples accounts for the engineered endolysin, the sonication method for
cell breakage was efficient in recovering a soluble protein to the supernatant, with a
loss of 25% of the protein to the pellet.
This western blot alone does not give enough evidence for confirming the
expression of LoGT023, as the weak binding of His-tag antibodies and the nonspecific bands make for a confusing result. Further analysis was performed to confirm
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protein production.
5.2.2.2 Isolation of LoGT023 for enzymatic and antibacterial assays
For further investigation of the His-tagged LoGT023 protein synthesis in the
chloroplast and further enzymatic assays, an isolated sample containing the protein
was obtained. Purification was conducted by immobilised metal ion affinity
chromatography (IMAC) with a 1 ml HisTrap HP histidine-tagged protein purification
column charged with Ni2+ ions and operated with a peristaltic pump. Following the
preparation of crude extracts, the samples were passed through the Ni2+ column and
eluted with elution buffer containing 20 mM imidazole. In order to use the samples for
activity assays, the eluted protein was dialysed against KPi-buffer to remove the
imidazole. The dialysis was performed using dialysis cassettes with a MWCO of 10
kDa, as the enzyme is ~ 40kDa and the cassette needs to have a cut off size of at least
half the protein size.
Once dialysed, the protein sample was concentrated five-fold using centrifuge
filter concentrators (5 kDa molecular weight cut-off). The proteins were separated by
SDS-PAGE and western blot analysis was performed ( Figure Error! No text of specified
style in document.-49 A and B).
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Figure Error! No text of specified style in document.-49. Western blot analysis of LoGT023
during purification steps. Isolation of LoGT023 was done by IMAC with HisTrap HP
column A) Analysis of the protein purification steps was done by western blot. FT= flowthrough samples; C- = TN72_pRY_control negative control sample; NS= non-specific band;
[5x]= samples concentrated five-fold with centrifugal filter concentrators. B) Corresponding
Odyssey IR fluorescence.
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Figure Error! No text of specified style in document.-49A shows samples from

LoGT023 crude extract and flow-through samples from the purification process, and
finally, isolated protein and a five-fold concentration of it. The crude extract sample
from TN72_pRY_control negative control was added again in the gel to investigate if
the band would be a reoccurring feature.
The first observation in this western blot is that both non-specific bands, the
band present in the negative control sample of similar size to the engineered endolysin,
and the band of ~46 kDA, are not present after purification. The non-specific bands
were present in the flow-through but not in any of the subsequent elutions (See
Appendix K for an extended western blot showing the equivalent results for all related
negative controls). This is not a surprising result, as the types of interactions between
antibodies and peptides are different to the interactions between metal affinity columns
and peptides.
The only band detected after purification is present where TN72_LoGT23
isolated protein sample was added. This further suggests that the band present in the
crude extract is indeed LoGT023. Further investigation would be necessary in order to
confirm protein loss and quantification results, as the presence of unspecific bands in
the sample could be interfering in the IR fluorescent signals.
Furthermore, the concentration of the protein using the filter concentrators after
elution shows a band in the western blot with a 4 times higher IR intensity compared
to the non-concentrated elution. However, when analysing the signal data compared
to sample volume (See Appendix L) it is suggested that protein loss occurs when using
filter centrifugal concentrators.
Further enzymatic assays are performed to confirm enzyme presence and will
be introduced in section 5.2.3.1.
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5.2.2.3 Investigation of protein LoGT027 expression in the chloroplast
LoGT027 (OBPgp279–Link4-PCNP) showed difficulties to express in E. coli,
generating very low protein yields (0.4 mg/l) when compared to LoGT023 (Briers et
al., 2014). Thus, a preliminary attempt to detect the production of the second endolysin
protein, LoGT027, after successful transformation in the chloroplast was conducted.
Differently from section 5.2.2.1.1 where protein analysis was performed after
crude extract preparation, here, a whole cell preparation of one randomly selected
transformant line of TN72_LoGT27 was performed here. Proteins were separated by
SDS-PAGE and analysed by western blot (Figure Error! No text of specified style in
document.-50) with anti-HIS6x antibodies (see section 2.3.5).

LoGT027
Whole cell extract
1

2

46kDa
LoGT027

32 kDa

25 kDa

Figure Error! No text of specified style in document.-50. Western blot analysis to
investigate LoGT027 production in the chloroplast of C. reinhardtii. TN72_LoGT27
whole cell extract samples were loaded in duplicates on the SDS-PAGE gel. A faint band can
be detected in the wells where sample was loaded.
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A very faint band can be detected in the LoGT027 whole cell extract samples.
Unfortunately, the LoGT027 samples were added to a gel containing samples from
crude extract of LoGT023. Therefore, an appropriate negative control from whole cell
preparation is not present for comparison (only the crude extract negative control as
seen in Figure Error! No text of specified style in document.-49). Furthermore, the sample
used in the western blot was not a concentrated crude extract, and concentrating the
sample can benefit protein detection. Thus, further analysis is needed in order to draw
any conclusions, however, it is possible that the expression of LoGT027 is so low that
it is not being detected in the western, similar to Briers et al., findings when expressing
this protein in E. coli.
5.2.3

The activity of the two engineered endolysins against the Gram-negative
pathogen A. baumannii

5.2.3.1 Enzymatic activity of LoGT023 and LoGT027
The enzymatic activity of both engineered endolysins was analysed by TRAs
measuring the drop in turbidity of bacterial cells after treatment with the respective
enzyme. For LoGT023, activity was measured in both crude extract and purified
sample, against intact and OM-permeabilised A. baumannii. For LoGT027, a
preliminary assay was performed with OM-permeabilised A. baumannii.
5.2.3.1.1.1 LoGT023 produced in the chloroplast shows activity
The LoGT023 lytic enzyme (PCNP- Link4 - OBPgp279) produced in E. coli
is highly active against Gram-negative pathogens such as P. aeruginosa and A.
baumannii (Briers et al., 2014). Therefore, chloroplast-produced LoGT23 was tested
here for enzymatic activity with a TRA against the Gram-negative pathogen A.
baumannii.
In the first instance, a TRA was performed with bacterial cells treated with a
chloroform-saturated buffer (CHCl3) to permeabilise the OM (Figure Error! No text of
specified style in document.-51). This was done to confirm enzyme activity against the

exposed peptidoglycan and to confirm the production of an active enzyme in the
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chloroplast, when compared to a negative control. 20 μl of either a crude extract
sample or a purified sample of the LoGT023 enzyme was added to a bacterial cell
suspension (180 μl), and the decrease in OD over time was recorded until the OD drop
reached a plateau.
CHCL3-Treated A. baumannii
Time (min)
0.1
0

50

100

150

200

250

300

Reductino in turbidity (OD 600nm)

0.05

0

Purified LoGT023
-0.05

Purified Control
LoGT023 Crude Extract

-0.1

Control Crude extract
Buffer

-0.15

-0.2

Figure Error! No text of specified style in document.-51. Turbidity reduction assay showing
the lytic activity of LoGT023 present in a crude extract of C. reinhardtii or as an isolated
protein sample concentrated five-fold against OM-permeabilised A. baumannii cells. The
decrease in turbidity was measured by the OD on OM-treated A. baumannii, at 30°C, until
reaching a plateau. Shaking at 200 rpm was added before every cycle, and measurements were
taken every 3 minutes for 300 min. The negative control was prepared from the
TN72_pRY_control strain. Buffer: KPi.

Both the crude extract and purified sample containing LoGT023 show a faster
decrease in the OD when compared to the respective negative controls and the buffer
control in Figure Error! No text of specified style in document.-51. This confirms the lytic
activity of C. reinhardtii-produced LoGT023 against A. baumannii. The assays
demonstrate that the final drop in the OD is similar for crude extract and purified
protein, although in the initial 60 min the linear rate of drop in OD per minute is 2
times faster in the crude extract sample (OD600nm/min= -0.0038 compared to -0.0019
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of purified LoGT023). Firstly, this demonstrates that LoGT023 maintained its
conformation and activity in a crude extract environment, despite possible protein
degradation and activity loss due to the released eukaryotic proteases. It also shows
that the enzyme retains its bacteriolytic activity following purification on an affinity
column.
The purified sample did not show a higher activity level when compared to the
crude extract despite a five-fold concentration of the processed sample. This concurs
with the results presented in section 5.2.2.2 that demonstrate loss of protein during the
purification protocol follow binding and elution from the column. Therefore, a lower
protein concentration in the purified sample would have been added in the assay,
generating a slower decrease in OD.
In Figure Error! No text of specified style in document.-51, most of the decrease in
the OD of the bacteria incubated with the crude extract sample occurred in the first 60
to minutes of the assay. This represents a slower activity rate of this enzyme when
compared with the globular LysAB2 endolysin studied in Chapter 3, where most
activity was observed in the first 20 minutes for crude extract samples.
The results of this TRA confirms that the engineered endolysin is expressed
and remains an active enzyme when produced in the chloroplast, and appears not to
have a serious deleterious effect on the chloroplast despite the presence of the
membrane-targeting PCNP.
To analyse the capacity of LoGT023 to lyse cells possessing an intact OM, a
TRA with untreated bacteria was performed. The bacteria were resuspended in KPi
buffer, and treated with crude extract samples as mentioned for the assay above,
however without an isolated LoGT023 sample (Figure Error! No text of specified style
in document.-52).
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Figure Error! No text of specified style in document.-52. Turbidity reduction assay showing
the lytic activity of LoGT023 present in a crude extract sample against intact cells of A.
baumannii. The decrease in turbidity was measured by the OD of A. baumannii, at 30°C for
400 min, with shaking (200 rpm) before every cycle, and with measurements taken every 3
minutes. The negative control was prepared from the TN72_pRY_control strain. The buffer
was KPi.

The results show that the endolysin is active against untreated cells when
compared to the controls. The control sample showed anomalies during the run that
could be due to the presence of bubbles in the wells. However, the buffer control
showed a typical curve. This assay confirms that the presence of the peptide facilitates
the penetration through the OM of intact bacteria cells, and the attached endolysin
OBPgp279 can then cleave the peptidoglycan layer of the cell wall.
5.2.3.1.1.2 LoGT027
LoGT027 was not detected by western blot analysis, which could suggest low
expression (Figure Error! No text of specified style in document.-50). Briers et al. also
reported low expression when expressing this protein in E. coli, and the study
attributed this to toxicity to the host due to an increased rate in enzymatic activity. As
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previously tested, LoGT027 does not impact the C. reinhardtii growth (Figure Error!
No text of specified style in document.-47). Therefore, although protein expression was

not confirmed, enzymatic assays were performed to investigate if lytic activity could
be detected.
Here, crude extract samples from TN72_LoGT27 were performed as described
in section 5.2.2.1.1, and a preliminary TRA was performed. The OM of the bacteria
was permeabilised with chloroform saturated Tris buffer, and 180 μl of bacterial cell
suspension was treated with 20 μl of crude extract samples, either containing
LoGT027, the negative control extract from TN72_pRY_control, or a buffer control.
The decrease in OD over time was recorded (Figure Error! No text of specified style in
document.-53).

201

Time (min)
0

50

100

150

200

Reduction in turbidity (OD 600nm)

0

-0.05

LoGT027 (UC)
Control (UC)
Buffer

-0.1

-0.15

-0.2

Figure Error! No text of specified style in document.-53. Turbidity reduction assay to
investigate the lytic activity of LoGT27 in the crude extract of C. reinhardtii, against cell
wall permeabilised A. baumannii cells. The decrease in turbidity was measured by the OD
on OM-treated A. baumannii, at 30°C for 160 min, with shaking (200 rpm) before every cycle,
and with measurements taken every 23 minutes. Negative control: TN72_pRY_control.
Buffer: KPi.
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The assay shows that there is a small decrease in OD on the lysin-containing
sample, suggesting activity of LoGT027 against treated cells of A. baumannii. The
curve representing A. baumannii treated with LoGT027 shows features of a lytic
activity curve, with a rapid drop at the beginning of the assay that plateaus after either
enzyme or substrate is exhausted, different from the curve observed in the negative
control. Nevertheless, as the negative control sample showed a greater OD decrease
and sample lysis, further tests need to be performed to determine if the LoGT027 OD
drop represents enzyme activity.
The small drop in the OD could be related to a very low concentration of
protein in the crude extract samples used in the assay. If expression in the chloroplast
is very low, generating low protein yields, a highly concentrated sample should be
used in the assays to detect activity. Enrichment and purification steps of the crude
extract should be performed. Also, a western blot with crude extract samples needs to
be performed. Therefore, repeating the enzymatic test and protein detection tests is
necessary before clear conclusions can be drawn.
5.3

Discussion
This chapter investigated the expression of engineered endolysins, comprising

of a polycationic nonapeptide designed to destabilise the polyanionic surface of
bacteria, attached to the modular OBPgp279 endolysin, in C. reinhardtii. Protein
expression levels were evaluated and antibacterial activity tested against A. baumannii,
and these results will be discussed here. One of the enzymes (LoGT023) showed good
levels of expression and activity against A. baumannii. Optimisation and further
analysis of LoGT027 needs now to be carried out for further conclusions to be drawn.
5.3.1

Expression of engineered endolysins in the chloroplast
The production in chloroplasts of enzymes such as LoGT023 and LoGT027,

that have membrane-disrupting activity, might be expected to affect the viability of the
algae through perturbations of the thylakoid or inner chloroplast membranes. Although
several AMP have been expressed previously in the chloroplast of plants, there are
only a few reports of expression in the chloroplast of microalgae (Dong et al., 2018;
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Holaskova et al., 2014; Lee et al., 2011; Oard & Enright, 2006). It was therefore
important to analyse if the protein could be causing a disruption in the chloroplast
membranes. The growth study showed no impact on cell growth rate, suggesting no
protein toxicity and impact on chloroplast membranes. The chloroplast membranes are
predominantly neutrally charged. They are composed mainly of two neutral
glycolipids: monogalactosyldiacylglycerol (50%) and digalactosyl diacylglycerol
(30%), and the negatively charged glycolipid sulfoquinovosyl diacylglycerol, and
phospholipid phosphatidylglycerol, make up the other 20% of the membrane
composition (Lee et al., 2011). Therefore, the polycationic (positively charged) AMP
does not impact the net neutral charge of the microalgae membrane. That concurs with
the study by Lee et al, 2011, in tobacco plants, showing that the chloroplast expressed
AMP fused to green fluorescent protein was retained within the organelle, and caused
no membrane disruption.
Confirmation of expression of the His-tagged protein LoGT023 was
complicated by the presence of a non-specific band in the control sample that migrated
at the same position on SDS gels as the enzyme. The potential lack of specificity of
the antibodies for polyhistidine are briefly discussed in the results section, and that
could account for detection of other proteins present in the crude extract. A clear band
of LoGT023 compared to the negative control was only established after purification,
suggesting that the non-specific band in the control did not bind to the nickel affinity
column, or bound and washed out before elution, as the presence of a band is seen in
both flow-through and washes in the Appendix K.
Endolysin expressed in the E. coli host are typically isolated by nickel affinity
column. The same strategy was conducted here for purification of LoGT023 produced
in the chloroplast of C. reinhardtii. However, a loss of the protein to the flow-through
is observed. The columns used consist of highly cross-linked agarose beads with an
immobilised chelating group, charged with Ni2+ ions that bind the polyhistidine tag on
the protein. Loss to the flow-through could be caused by either tag availability, as the
protein consists of a short His-tag (6x) and it could be not binding properly; or also
could be caused by the rate of flow (1ml per minute) not giving enough contact time
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with the column, and therefore a slower flow could help. Alternatively, the flowthrough samples could be used on a second run of purification through the column.
No enrichment by AS precipitation was performed here, as IMAC with nickel
affinity column is known to produce pure samples that can be further concentrated.
However, AS precipitation could be a interesting step to add in order to be able to
remove some unspecific bands seen in western blots performed, as well as increase
protein sample concentration.
The expression vector pRY154d was previously used to express the endolysin
LysAB2 and confirmed that the biocontainment feature of including internal stop
codons within the gene allowed cloning of genes that are potentially toxic to E. coli.
This is also seen here for LoGT023, and it is especially important as these designed
enzymes are suggested to be more active against E. coli than the previously tested
endolysin LysAB2 in Chapter 4. The result also demonstrates that the gene design for
the expression vector with the change of tryptophan residues does not seem to interfere
with LoGT023 protein expression in the chloroplast.
Lastly, the work shows that the method for preparing a crude extract with
sonication is an efficient method for cell breakage and does not seem to cause extreme
loss of protein to the pellet, (~85% recovery).
When the expression of LoGT027 was analysed by western blot, only a very
faint band was detected. The low expression issue of this enzyme was encountered in
E. coli, but it was previously believed to be due to high activity against the host.
However, C. reinhardtii does not provide a substrate for the enzyme and therefore
would not have a deleterious effect in the microalgae cell from this perspective. It is
important to mention here that the samples used for western blot analysis of LoGT027
protein harvested whole cells rather than the enriched soluble fraction following
breakage and ultracentrifugation. Therefore, the samples were not as concentrated as
samples used for detection of LoGT023, which represent an effective 40X
concentration over whole cells. Consequently, it is not possible to directly compare
the western blot results between the two enzymes. Therefore, western blot with
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enriched fraction for LoGT027 needs to be performed, as well as with a purified
sample.
However, if the low detection is related to low expression of LoGT027 rather
than a concentration issue, then this could be due to the position of the PCNP peptide,
as the protein sections of the well expressed LoGT023 and low expressed LoGT027
are the same. The position of the AMP at the C-terminal region could be interfering
with the folding of the protein into a stable form.
The endolysin OBPgp279 that is the catalytic part of the engineered enzyme
has a very different conformation to LysAB2, the endolysin studied in Chapter 3 and
4. OBPgp279 is an endolysin against Gram-negative pathogens but it does not have a
globular conformation. Instead, it has two CBDs in the N-terminal part of the protein
and one EAD as the C-terminal part: a rare conformation among Gram-negative
endolysins. The catalytic domain is similar to LysAB2, being from the glycoside
hydrolase 19-like family / lysozyme-like superfamily, which could explain the
intrinsic activity of OBPgp279 against A. baumannii.
The addition of any peptide to a protein can cause it to destabilise (Terpe,
2003). Stoffels et al., 2016 tested whether the addition of an epitope tag at the C
terminus of a Gram-positive endolysin expressed in algae had an effect on protein
expression levels. A comparison between Pal endolysin with and without the epitope
tag at the C terminus showed no effect on the expression levels and did not disrupt the
enzymatic active domain at the C terminus. However, the addition of an arginine and
lysine rich PCNP and a linker of 18 alternating alanine and glycine residue to the C
terminus of OBPgp279 caused reduced expression in E. coli and lower antibacterial
activity against P. aeruginosa.
The lack of detectable expression of LoGT027 produced in the chloroplast
could reflect the same problem. Still, more tests are needed to compare LoGT023 and
LoGT027 at the same concentration to see if there is a measurable difference in
activity.
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5.3.2

Activity of engineered endolysin against Gram-negative pathogens
OBPgp279 has intrinsic activity against P. aeruginosa, and the antibacterial

effect of this endolysin is further enhanced after addition of the OM-permebealizing
peptide. In the original study of Briers et al., 2014, both LoGT023 and LoGT027
almost eradicated A. baumannii cells when testing antibacterial activity, even though
low expression in E. coli was reported for LoGT027.
LoGT023, the enzyme investigated in more detail in this Chapter, was tested
for lytic activity against A. baumannii. The enzyme showed activity against cell wall
permeabilised and viable cells of A. baumannii. The results from enzymatic assays
also showed that both the crude sample and the purified protein have similar activity,
although the crude extract sample resulted in a much faster rate of turbidity reduction.
This result shows that this engineered lysin can maintain stability and activity in the
microalgae crude extract environment and during purification, but there is marked loss
of protein during the purification process.
The lytic activity was observed to have a much slower rate than found for
LysAB2 endolysin in Chapter 2, especially when incubated with intact bacteria cells.
This could be due to lower accumulation of the protein in the chloroplast.
Another factor that could play a role in the rate of bacteria cell lysis is the
different conformation of this enzyme. The enzyme OBPgp279 presents two CBDs,
which bind tightly (although less than Gram-positive specific endolysins) to the PG
specific bond. This suggests that the endolysin remains bound to the cell debris after
lysis, preventing lyses of surrounding uninfected bacterium cells (Schmelcher et al.
2012). Thus, LoGT023 molecules containing endolysin OBPgp279 could be
performing a cleavage in the PG only once, resulting in lysis plateauing when there
are low amounts of the enzyme. A similar trend was observed in chloroplast-produced
Pal endolysin (Stoffels et al., 2016).
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The activity of LoGT027, was also tested. Due to either low expression of the
endolysin in the chloroplast, or low concentration of the enzyme present in the assay,
only a very small drop in OD was detected, and further tests need to be performed.
It could also be suggested that, even if the protein is being correctly translated,
the addition of the PCNP and linker on the C-terminal region could alter the secondary
structure causing protein misfolding, affecting the enzymatic activity. Other studies
suggested that the addition of extra amino acid residues in the C-terminal region of a
toxin protein resulted on inappropriate folding and loss of activity due to protein
truncation. Sellami et al., 2016 observed the effects of adding 11 residues in both N
and C-terminal of Bacillus thuringiensis Vip3Aa16 (L121I) toxin, and found that the
addition of arginine, serine, proline and glycine amino acids, plus a 6His-tag in the Cterminus of Vip3Aa16 (L121I) causes low expression and inappropriate folding of the
protein. The addition of the residues also was critical for the activity of the toxin,
causing a substantial decrease of toxicity. Nevertheless, the assay was performed with
crude extract samples, and therefore enriched samples need to be prepared for activity
assays for further analysis.
Due to time limitations of this PhD study, antibacterial activity tests of both
enzymes against viable cells in a CFU assay still needs to be performed, as well as
testing their activity against MDR clinical isolate strains. Finally, in order to compare
productivity of hosts, a quantification of LoGT023 and LoGT027 produced in the
chloroplast needs to be performed.
5.3.3

Endolysins and industry interest
The field of enzybiotics is attracting more and more industry interest. Several

companies have launched recently in order to develop the field of endolysin as new
therapeutics. Companies such as ContraFect are performing Phase 2 clinical trials to
treat MRSA with the endolysin CF-301, which has been granted Fast Track
Designation from the FDA for the treatment of bacteraemia (Cassino et al., 2014;
Fischetti, 2018). Micreos has already endolysin-based products in the market for the
treatment of skin infections such as StaphefektTM. Companies like Eligobioscience are
focusing on the field of completely synthetic enzymes based on the phage endolysin
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concept. The high levels of antimicrobial activity of these enzymes against Gramnegative pathogens could hinder the expression in the standard production host E. coli.
Therefore, there is an interest for the synthesis of these enzymes in the C. reinhardtii
chloroplast.
5.4

Conclusion and future work
In this chapter, endolysins with higher activity were investigated for production

in the chloroplast of the microalga C. reinhardtii. The LoGT023 and LoGT027
enzymes studied here only differ in the position of the added antimicrobial peptide: at
the N and C terminus, respectively. Both enzymes were shown active against A.
baumannii and other Gram-negative pathogens (including the target bacterium P.
aeruginosa) in previous studies (Briers et al., 2014).
In this chapter, both enzymes were successfully transformed in the chloroplast,
indicating that there are no major deleterious effects on the algal growth and viability;
a concern since the AMP could have potentially disrupted chloroplast membranes.
Protein expression was confirmed for LoGT023, however further testing is needed for
LoGT027 detection.
Crude extracts of LoGT023 were successfully produced by breaking microalgae
cells with sonication, causing a small loss of protein (25%). Successful protein
purification was performed by Ni2+ affinity chromatography. Quantification of this
chloroplast-produced endolysin needs to be performed.
LoGT023 showed high lytic activity against both viable and permeabilised A.
baumannii bacterial cells. A faster reduction in turbidity from bacterial cells was
observed with crude extract cells when compared to purified LoGT023.
Due to suggested low levels of protein accumulation of LoGT027, minimal lytic
activity against the Gram-negative pathogen A. baumannii was detected in TRAs when
using crude extract samples. Furhter assays need to be performed with enriched
extracts and purified protein.
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A line of work that would be interesting to investigate would be the fusion of an
endolysin with domains of another highly enzymatic active endolysin, instead of an
AMP. A previous study demonstrated that the use of a synthetic peptide designed from
the very positively charged C-terminal domain of an extremely active endolysin,
PlyF307, shows antimicrobial activity against Gram-negative pathogens (Thandar et
al., 2016). It is suggested that such domains could promote OM penetration, and
therefore could be an option over AMP, to which some bacteria have already
developed resistance (Andersson et al., 2016).
The potential of C. reinhardtii to produce high value compounds as an
affordable and sustainable platform, as demonstrated in this work, has yet to be fully
exploited. The research laid out above provides a basis upon which this field can be
advanced in a fast moving industry.
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Chapter 6 Final discussion and future prospects
The following discussion addresses the significance of this study in
successfully producing for the first time an endolysin targeting Gram-negative
pathogens in the chloroplast of the microalga C. reinhardtii. As previously established,
there is a pressing – and growing – need for sustainable, large scale production of new
antimicrobial drugs to avert the catastrophic implications of an expanding range of
drug-resistant bacteria, and without such, fatalities around the world will continue to
increase. The summary of results represents a short breakdown of the achieved aims
of this research project and the immediate options for further laboratory-based
exploration. The overview discussion and future work represent a more ambitious set
of aims for the expansion of this project.
6.1
6.1.1

Summary of results
Research presented
In Chapter 3, the endolysin LysAB2, targeting the Gram-negative bacterium

A. baumannii was chosen as a proof of concept to investigate the expression of an
antibacterial globular enzyme in the chloroplast. The research revealed that the
chloroplast of C. reinhardtii constitutes a suitable platform for the production and
delivery of such proteins, presenting good levels of expression, high accumulation,
and stability. The presence of the endolysin gene in transgenic lines was confirmed
and detectable levels of the full-length LysAB2 protein were present in the chloroplast.
Growth studies demonstrated that the accumulation of LysAB2 in the organelle is not
toxic for the microalga. Investigations into accumulation of LysAB2 showed that, for
batch cultivation, cells should be harvested at the end of the logarithmic phase to
achieve the highest protein yield. Different cell breakage and centrifugation methods
were investigated, and a sonication bath or cell disruption gave the best production of
a soluble protein extract. The LysAB2 protein is remarkably stable in the proteolytic
environment of a crude extract showing no loss of protein for 60 days at 4°C. The
protein was also successfully enriched and purified. An estimated quantification of
LysAB2 produced in the chloroplast shows a yield of approximately 1.5 - 2.5 μg/ml
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(0.6 – 1% TSP) in a 400 ml culture harvested at late logarithmic phase. The finding
shows yet again the adaptability of C. reinhardtii and its promise as a platform for the
production of therapeutics (Dyo & Purton, 2018; Taunt et al., 2017).
In Chapter 4, chloroplast-produced LysAB2 exhibited bacteriolytic activity
against two Gram-negative pathogens; A. baumannii and E. coli. The enzyme activity
was tested against reference strains and MDR clinical isolates of the both species using
crude extract and isolated endolysin, and it was determined by the lysis of PG. The
lytic activity of the HA-tagged endolysin was demonstrated even after being
maintained for 60 days at 4 oC in the crude extract environment. Antibacterial activity
determined by decrease in cell viability. Crude extract samples reduced viable bacteria
cells of A. baumannii by ~ 96% (log reduction of 1.4) after 1 hour of incubation. The
intrinsic capacity of LysAB2 to cross the OM of Gram-negative A. baumannii and to
destroy the bacterial cells without the help of any chelating agents was demonstrated
in both lytic and bactericidal assays.
In Chapter 5, an attempt at expressing a chimeric lytic enzyme in the
chloroplast is presented. The new expression platform is extremely relevant, as the
production of these recombinants has become difficult in E. coli systems. Two
engineered endolysins - LoGT23 and LoGT27 - also targeting A. baumannii were
selected in order to establish a thorough comparison between bacterial and microalgal
hosts for synthesis of recombinant proteins. Both enzymes were successfully
transformed in the chloroplast, and it was established that the AMP does not have
deleterious effects on the green alga’s growth and viability. LoGT023 showed good
levels of expression and lytic activity against A. baumannii when in a crude extract
sample. This shows that the engineered lysin can maintain stability and activity in the
crude extract environment. LoGT027, however, presented almost undetectable levels
of expression and activity. Crude extract optimisation, sample concentration and
repetition of antibacterial assay are needed in order to fully characterise the enzyme as
a therapeutic.
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6.1.2

Short-term future work

For the expression of LysAB2 in Chapter 3, a biocontainment vector was used in
order to reduce the toxicity of endolysin for E. coli. As a short experiment, specifically
for the purpose of publication, it would be interesting to clone the same expression
vector in E. coli and show by western blot analysis that LysAB2 is not expressed at all
in this organism. This would enforce the biocontainment feature that vector confers to
the transgenic alga, as no horizontal gene transfer would occur. Purification with a
HA-resin conjugate was successful for LysAB2, however the price of the resin is at
least three times that of His-trap columns, for example. Therefore, changing the HAtag for a polyhistidine tag (His-tag) could reduce the costs of production. The stability
of LysAB2 was tested when in crude extract at 4°C. It would be interesting to analyse
the stability of the enzyme over time at room temperature, as it could increase its
application spectrum. Lastly, further quantification assays would need to be performed
to get a more accurate value of chloroplast-produced LysAB2.
In Chapter 4, the antibacterial assays to test bactericidal activity of the LysAB2
enzyme were only performed against reference strains. Assays with clinical isolates
and a more detailed bactericidal analysis with purified samples of LysAB2 against the
different serotypes are needed in order to address the clinical suitability of these
enzymes against MDR bacteria. Furthermore, a standardised method to measure the
muralytic activity, based on Briers et al., 2007, should be performed once robust
quantification values are determined in order to obtain LysAB2 activity expressed in
units/mg. A comparison with commercially available antibiotics active against MDR
A. baumannii and E. coli should be performed to established endolysin efficacy as a
new drug compared to commercially available antibiotics. Furthermore, determining
the MIC of LysAB2 for comparison with other endolysins would be important. There
is not yet a standardised method for measuring the antibacterial activity of these
enzymes. Therefore, the range of assays above need to be performed in order to
thoroughly describe the efficiency of the chloroplast-produced enzyme and established
a comparison between production platforms. In order to understand the real spectrum
of activity of chloroplast-produced LyAB2, it would be beneficial to test the enzyme
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against other species of bacteria, including Gram-positive species. This could add
value to the therapeutic product.
Further work is needed for both LoGT27 in Chapter 5. The enzyme was
successfully transformed into the chloroplast, but optimisation for protein detection
needs to be performed with concentrated samples of enriched extract, as well as
purified samples. Furthermore, it is important to quantify all chloroplast-produced
engineered endolysin for comparison with E. coli-produced protein. No activity
against the Gram-negative pathogen A. baumannii was detected in TRAs when using
LoGT27 crude extract samples, however sample optimisation is necessary. This
further demonstrates the need for assays with concentrated crude extract samples and
purified samples. Antibacterial activity tests of both LoGT023 and LoGT027 against
viable cells (CFU assay) also need to be executed, as well as antibacterial activity
assays against MDR clinical isolate strains to determine enzyme spectrum of activity.
6.2

General overview and long-term prospects
This study showed that it is possible to use the chloroplast of C. reinhardtii as

a platform to produce active Gram-negative pathogen-specific therapeutic enzymes,
endolysins. This final discussion will address the two main points that the current
research presented: endolysins as a novel therapeutic against multidrug resistant
Gram-negative pathogens, and addressing how this field can be taken forward; and
microalgae as a new platform, its limitations and prospects for development.
6.2.1

Endolysin LysAB2 and engineered endolysins as new therapeutics against
Gram-negative bacteria
To take this research forward, especially in order to produce this endolysin as

a therapeutic product, the evident next step would be the performance of in vivo studies
to test the antibacterial effect of chloroplast-produced LysAB2 in mouse models in
comparison to the enzyme produced in E. coli. Large-scale cultures of C. reinhardtii
would be produced in order to achieve the minimal protein dosage necessary per
animal to see an effect. The facilities in the Purton lab can grow approximately 300 L
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of culture simultaneously, and facilities at UCL Biochemical Engineering faculty can
provide the facilities for harvesting and downstream processing.
The LysAB2 endolysin was chosen as the main endolysin in this study largely
due to its host range (Lai et al., 2011). An advantage of endolysins over conventional
antibiotics is that they do not disrupt the natural micro-flora due to their highly specific
nature (Fischetti, 2003). Though beneficial from the perspective of reducing resistant
trait spread, and for patient wellbeing, the property of being so highly targeted is
considered disadvantageous from a pharmaceutical standpoint, in that an agent that
attacks a very narrow range of pathogens costs the same to license and produce as one
that can treat an entire phylum (Okhravi et al., 2018). Therefore, a therapeutic with a
broader target, but still benign towards most commensal bacteria, is the ideal solution.
The features of Gram-negative endolysins such as LysAB2 match this
requirement, and endolysin-based synthetic enzymes can offer even better advantages
over globular endolysins such as LysAB2 due to their higher bactericidal activity. The
modular nature of the Gram-negative endolysins used for generation of chimeric
endolysins makes these enzymes highly flexible. Modifications such as domain
swapping and truncation can be beneficial, as seen by the increase in activity of the
natural modular endolysin after engineering (Briers et al., 2014). The same was
previously reported for other Gram-positive-specific modular endolysins. Such
enzymes benefited from domain swapping after the addition of another catalytic
domain targeting a different bond in the PG layer, increasing efficiency, or by
broadening pathogen target range, and last, by reducing immunogenicity (Cheng and
Fischetti, 2007; Horgan et al., 2009; Schmelcher et al., 2011).
LysAB2 was shown in the present study to be extremely stable in the crude
extract of C. reinhardtii. Not much research has been done in the structure of such
Gram-negative globular endolysins, and it would be of value to investigate whether
the enzyme stability is linked to certain structural motifs. Analysing the structural
features of this endolysin would help recognise important domains that could be
engineered into other globular Gram-negative endolysins with lower stability and
expression in the plastid, for example (Table Error! No text of specified style in
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document.-17). Furthermore, globular endolysins such as LysAB2 are less active than

modular endolysins. As previously mentioned, it would be interesting to test if the
activity of LyAB2 would improve by the addition an AMP or another catalytic domain.
Table Error! No text of specified style in document.-17. Attempts at endolysin expression
in the chloroplast of C. reinhardtii by the Purton Lab. Endolysin Φ11 did not demonstrate
activity against the target pathogen, and SPN9CC was not tested for activity. All the other
expressed endolysins demonstrated some level of activity against their target pathogen.
Endolysin

Target pathogen

Expression in the C. reinhardtii chloroplast

Reference

LysAB2

Acinetobacter baumannii
Escherichia coli

Positive

This study

LoGT 23

Acinetobacter baumannii
Pseudomonas aeruginosa

Positive

This study

LoGT 23

Acinetobacter baumannii
Pseudomonas aeruginosa

Undetected

This study

CD27L1-179

Clostridium difficile

Positive

Blandshard, 2017

Pal

Streptococcus pneumoniae

Positive

Stoffels et al., 2016

Cpl-1

Streptococcus pneumoniae

Positive

Stoffels et al., 2016

Φ11

Staphylococcus aureus

Positive

Stoffels, 2015

SPN9CC

Salmonella typhimurium

Positive

Young and Purton, 2015

Lys16

Staphylococcus aureus

Undetected

Taunt, 2013

Gp20

Propionibacterium acnes

Undetected

Taunt, 2013

Another area ripe for additional investigation is the sub-group of lytic enzymes
of which LysAB2 is a part. These have the capacity to cross the OM due to
amphipathic helix domains. From an evolutionary point of view, to allow the phage
progeny to infect the next host cell, endolysins should not perform lysis natively from
without, as it reduces the number of infectable cells. Therefore, the ability of such
endolysins to cross the outer-membrane should be unnecessary and unwanted. There
are grounds to speculate that endolysins would assist in disturbing the OM from
without. Although this feature is performed usually by depolymerases, another group
of phage enzymes that destabilise the LPS to facilitate phage infection, due to the
release of “free” endolysin after the burst of a cell, a co-operative model could be
established.
As the capacity to cross the OM is restricted to a small group of endolysins
(detailed in Chapter 3) it would also be advantageous to analyse the bacterial strains
from which the phages that encode these enzymes are isolated. The OM-disrupting
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ability of these endolysins could be due to OM modifications present in such species,
allowing for the generation of a new class of endolysins due to evolutionary pressure.
Further work on the structure of these enzymes is needed.
The field of Gram-negative endolysins and the new endolysin-based
antibacterials, is vast and many avenues could potentially be explored. As mentioned
previously in this thesis, potential alternatives include the use of catalytic domains
only as therapeutic peptides, the combination of several different domains in order to
increase efficiency, and potential combination (cocktail) with other phage encoded
enzymes such as depolymerases (Pires et al., 2016).
6.2.2

C. reinhardtii as a platform for production of therapeutics such as
endolysins

In order to produce therapeutic proteins, especially for human treatment, several
aspects need to be addressed relating to the cost and safety of production. The main
argument for using microalgae for endolysin production is that a new platform for
production of endolysin against Gram-negative bacteria is urgently needed due to host
toxicity, and microalgae has uniquely suitable features for producing such compound.
Also, C. reinhardtii, as well as algae and cyanobacteria such as Chlorella and
Spirulina species, have a GRAS status. This factor could help when dealing with
regulatory bodies, although research is still needed to test the real viability of using
crude or enriched algae extracts for treatment, for example in topical or veterinary
applications. That is specially the case when other, more cost-effective platforms are
not suitable for the production of certain therapeutics. Bacterial systems usually have
endotoxins that have to be removed prior to using the produced recombinant protein
in treatments. However, there are some GRAS status bacteria such as the Lactococcus
lactis bacterium, which are being developed for production of recombinant protein and
will potentially reach commercial viability sooner than microalgae (Cano-Garrido et
al., 2015; Ferrer-Miralles & Villaverde, 2013; Jørgensen, et al., 2014). Other plants
such as spinach also have GRAS status and can be used as recombinant protein
platforms. Insights into how such systems will be regulated by bodies such as the Food
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and Drug Administration (FDA) in the United States can shed light on the prospects
for development of microalgae systems.
The chloroplast can be transformed with several different transgenes
simultaneously. Therefore, it should be possible to produce several endolysins
targeting different bacterial species (i.e. all the ESKAPE pathogens), creating a C.
reinhardtii “library” targeting different infections.
Despite the advantages of microalgae, there are several limitations with this
system, especially lack of transgene regulation tools and low protein yields. Production
of therapeutic proteins in microalgae is a very new field compared to bacterial systems,
with C. reinhardtii being the main species of study. However, other species of
microalgae may be better suited once molecular tools are available. Chlorella
sorokiniana for example has higher growth rates than C. reinhardtii, which could
result in higher yield per volume of culture.
Nevertheless, there is a vast research field to be explored in order to improve
microalgae as a recombinant expression platform, especially when involves genetic
engineering of the chloroplast. One of the fields that was also touched upon during this
research involves the regulation of transgene expression by inserting synthetic
elements in the chloroplast translation machinery.
6.2.2.1 Synthetic elements as a strategy for transgene regulation in the
chloroplast
One of the current limitations on engineering the chloroplast genome for the
production of recombinant proteins is the lack of control mechanisms to regulate
transgene expression. Without such, it can cause a metabolic burden on the cell, having
a detrimental effect on growth, stability and other metabolic processes. Tregoning et
al., 2003 expressed the tetanus toxin gene TetC in tobacco chloroplast, which
accumulated at high levels (25% of the TSP) but generated a chlorotic phenotype and
slowed growth. When expressing a single-chain camel antibody fragment, Magee et
al., 2004 also encountered slow growth and pale-green phenotype in the seeds. High
light sensitivity was observed in tobacco plants expressing a membrane protein 218

plastid terminal oxidase 1 (PTOX1) from microalgae (Ahmad et al., 2012). Likewise,
Oey et al., 2009a, over-expressed a lysin gene PlyGBS in the chloroplast of tobacco
(accumulation levels reaching 70% TSP) and observed that the production of
endogenous plastid-encoded proteins (such as Rubisco) was severely compromised.
Therefore, an inducible system that is inexpensive and using a non-toxic inducer,
where control can be achieved in a dose-dependent and reversible manner, would be
ideal and could tackle the effects of the production of certain toxic proteins, as well as
providing insights into essential genes and their roles in the plastid.
Such a system needs to achieve high levels of expression of the transgene when
induced, but it should also be tightly controlled so that when the specific inducer is
added it activates only the target gene, without having any deleterious effects on the
host. Finally, the expression of the target gene, when uninduced, should be low or
absent. Designing such a system has proved difficult.
Natural and artificial RNA elements such as riboswitches are being studied as
new synthetic biology tools for controlling transgene expression in several hosts and
the results are promising. Riboswitches are mRNA elements that, as the name
suggests, work as switches, turning transcription or translation “on” or “off” in the
presence of a metabolite. Firstly characterised in bacteria, there are about 20 classes
of riboswitches, now known to be present in algae, plants, and mammals, differing in
the metabolite that activates them (Bocobza and Aharoni, 2014; Wachter, 2010). These
metabolites can range from amino acids to metals and other ions. In bacteria,
riboswitches control mainly transcription termination, with a few known to work at a
translation regulation level by sequestering the Shine-Dalgarno (SD) sequence
(Verhounig et al., 2010). It is not currently known whether natural riboswitches are
present in organelles such as chloroplasts. Studies have already shown that such
elements can be used for controlling chloroplast transgene expression in tobacco plants
in an inducible manner (Verhounig et al., 2010).
Natural riboswitches work by binding to metabolites present in the cell,
inducing a rearrangement of the structure in the RNA occurs. This conformational
change then permits or prevents the expression of the associated gene (Dixon et al.,
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2012). The conformational change can occur, for example, by creating termination
hairpins, or via sequestration of the ribosome binding site (e.g. Shine-Dalgarno
sequence), blocking translation initiation in a metabolite-dependent manner. The
structure of riboswitches consists of an aptamer, which is the sensory domain that
binds to a small molecule (ligand) and consists of the majority of the sequence
conservation in a riboswitch, and an expression platform, which is the regulatory
domain that transduce the ligand binding into a regulatory signal (Bocobza & Aharoni,
2014) (Figure Error! No text of specified style in document.-54).
Each riboswitch class recognises a metabolite with high selectivity, regulating
gene expression in cis. Usually, the gene regulated by the riboswitch is involved in
some metabolic process involving the ligand, generally in a feedback loop. An
example is the thiamine pyrophosphate (TTP) riboswitch in plants and algae, an
essential regulator of primary metabolism (Croft et al., 2007; Verhounig et al., 2010).
Synthetic riboswitches can be produced to respond to non-natural synthetic
small molecules, turning expression on or off to control gene expression. A study with
several cyanobacteria species showed that this tactic could be promising (Ma et al.
2014). In the work, a synthetic theophylline riboswitch was engineered to regulate
translation of an endolysin gene in the C. reinhardtii plastid, to produce a tightly
controlled inducible gene expression system.
An alternative from synthetic riboswitches is the development of
thermoswitches as developed in the Purton lab. The switch allows for the coldinducible expression of transgenes in the C. reinhardtii chloroplast (unpublished
work). The system is entirely contained within the chloroplast and uses a temperaturesensitive version of a synthetic transfer RNA (Young and Purton, 2016).
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RBS SEQUESTERED
EXPRESSION OFF

Figure Error! No text of specified style in document.-54. A theophylline-responsive
riboswitch variant exerts translational control of gene expression. Modified from Seeliger
et al., 2012.
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6.3

Concluding remarks
In an era that has witnessed a rapid decline in the effectiveness of antibiotics,

a wonder of modern medicine thought to have saved tens of millions of lives, it is
incumbent upon the scientific community to provide not only an alternative, but a safe,
sustainable infrastructure for its production and application. It is hoped that this
analysis of the potential of using C. reinhardtii as a platform for the production of
novel antimicrobials will contribute to the future use of protein-based therapeutics, and
in particular endolysins, which appear to be among the most promising available
alternative antimicrobials.
Gram-negative bacteria are acquiring resistance to all known antibiotics due to
the selective pressure that their widespread use applies. Given the range and diversity
of lytic bacteriophages, there is a potentially unlimited resource of phage lytic
endolysins that can overcome this problem. The proof of concept presented here with
both LysAB2 and selected chimeric enzymes provide a compelling argument for the
use of the C. reinhardtii chloroplast as an expression platform for this new generation
of therapeutics.
Endolysins and phage-lytic enzymes are vastly promising fields. The potential
use of such enzymes against Gram-negative bacteria due to the development of
Artilysins® show that there is room to improve and produce even better therapeutics
from endolysins. Several clinical trials are now in place for the use of endolysin for
infection treatment. As shown in Figure Error! No text of specified style in document.-55,
the use of endolysins is not limited and can be used for applications beyond
antimicrobials, such as diagnostics, prevention and vaccination (Rodríguez-Rubio et
al., 2016b).
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Figure Error! No text of specified style in document.-55. Different biotechnological
applications of endolysins. Pathogen detection and vaccines development have been mainly
developed using the CBD of endolysins, while for food safety, surface disinfection and nanotechnology purposes complete proteins were used. LAB: lactic acid bacteria. Modified from
Rodríguez-Rubio et al, 2016.

This study is the first successful attempt at killing Gram-negative pathogens,
including MDR strains, with an endolysin present in a crude extract of microalgae.
The study showed good levels of protein accumulation and stability in situ and in crude
extracts. The potential of C. reinhardtii to produce high value compounds as an
affordable and sustainable platform, as demonstrated in this work, has yet to be fully
exploited. The research laid out above provides a basis upon which this field can be
advanced in a fast-moving industry that may prove to be vital to saving millions of
lives.
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Chapter 7 Appendix
7.1
7.1.1

Results Chapter 3 Appendix
Appendix A

A)
ATG ATT CTG ACT AAA GAC GGA TTT AGT ATT ATC CGT AAT GAA CTA TTC GGT GGT AAG TTA GAT CAA
ACT CAA GTA GAT GCG ATA AAC TTT ATT GTA GCG AAG GCT ACT GAG TCT GGT TTA ACC TAT CCA GAG
GCA GCT TAT TTA CTA GCT ACT ATT TAC CAT GAG ACT GGT TTA CCA AGT GGC TAT CGA ACT ATG CAA CCT
ATT AAA GAA GCT GGT TCT GAT AGC TAT CTT CGG TCT AAG AAG TAT TAC CCT TAC ATC GGT TAT GGT TAT
GTA CAG TTA ACT TGG AAG GAG AAC TAT GAA CGT ATT GGT AAA CTT ATT GGA GTT GAT CTA ATT AAG
AAT CCC GAA AAG GCA CTA GAA CCA TTA ATT GCT ATT CAG ATT GCT ATC AAA GGT ATG TTG AAT GGT
TGG TTC ACA GGT GTT GGG TTC AGA CGT AAA CGT CCA GTT AGT AAG TAC AAC AAA CAG CAG TAC GTA
GCT GCT CGT AAT ATC ATT AAT GGG AAA GAT AAG GCT GAG CTT ATA GCG AAG TAC GCT ATT ATC TTT
GAA CGT GCT CTA CGG AGC TTA TAG

B)
GT TAC CGC TCT TCT ATG ATT TTA ACT AAA GAT GGT TTC TCA ATT ATT CGT AAC GAA TTA TTC
GGT GGT AAA TTA GAT CAA ACA CAA GTA GAT GCT ATT AAC TTC ATT GTA GCT AAA GCT ACT GAA TCT
GGT TTA ACA TAC CCA GAA GCT GCT TAC TTA TTA GCT ACT ATT TAC CAC GAA ACT GGT TTA CCA TCT GGT
TAC CGT ACT ATG CAA CCA ATT AAA GAA GCT GGT TCT GAT TCT TAC TTA CGT TCA AAA AAA TAC TAC
CCA TAC ATT GGT TAC GGT TAC GTA CAA TTA ACT TGA AAA GAA AAC TAC GAA CGT ATT GGT AAA TTA
ATT GGT GTA GAT TTA ATT AAA AAC CCA GAA AAA GCT TTA GAA CCA TTA ATT GCT ATT CAA ATT GCT
ATT AAA GGT ATG TTA AAC GGT TGA TTC ACT GGT GTA GGT TTC CGT CGT AAA CGT CCA GTT TCT AAA TAC
AAC AAA CAA CAA TAC GTA GCT GCT CGT AAC ATT ATT AAC GGT AAA GAC AAA GCT GAA TTA ATT GCT
AAA TAC GCT ATT ATT TTC GAA CGT GCT TTA CGT TCA TTA TAC CCA TAC GAT GTT CCA GAT TAC GCT TAA
TAA GCA TGC TCC GTC

C)
MILTKDGFSIIRNELFGGKLDQTQVDAINFIVAKATESGLTYPEAAYLLATIYHETGL
P S G Y R T M Q P I K E A G S D S Y L R S K K Y Y P Y I G Y G Y V Q L T Stop K E N Y E R I G K L I G V D L I K N P
E K A L E P L I A I Q I A I K G M L N G Stop F T G V G F R R K R P V S K Y N K Q Q Y V A A R N I I N G K D K A E L
I A K Y A I I F E R A L R S L Y P Y D V P D Y A Stop Stop

Figure Error! No text of specified style in document.-56. lysAB2 original and optimized
CDS. A) Original lysAB2 CDS from GenBank (HM755898.1). Start and Stop codons are
highlighted in bold and modified codons in grey. B) Codon optimised gene sequence as
ordered from GeneArt. The introduced TGA codons for tryptophan are highlighted in
grey. Start and Stop codons are in bold. The HA-tag is highlighted in green and the
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restriction sites for SapI and SphI are highlighted in red. Synthesised gene: 602 bp. C)
Amino acid sequence (194 aa) with TGA codons as Stop.
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7.2
7.2.1

Results Chapter 4 Appendix
Appendix B
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Figure Error! No text of specified style in document.-57. TRA demonstrating the increase
in OD obtained by the Lysozyme CEWL used as a positive control due to cell
aggregation. Dilutions of 1x, 0.5x and 0.25x were added. The assay also shows the activity
of purified LysAB2 against a cell wall permeabilised LysAB2 compared to the control.
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7.2.2

Appendix C
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Figure Error! No text of specified style in document.-58. Linear range used to calculate the
rate of OD drop/min of TRA in Figure Error! No text of specified style in document.-31
and Figure Error! No text of specified style in document.-32.
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7.2.3

Appendix D
In the preparation of crude extracts, usually samples were frozen at -80°C prior

to use. To analyse if fresh (prepared and assayed on the same day) extracts would
present a higher enzymatic activity, a TRA was performed with A. baumannii cells
both intact and with the OM permeabilised. In Figure A The assay shows a similar
pattern to seen in Figure Error! No text of specified style in document.-32, suggesting that
freezing samples prior to use in assays does not disrupt enzymatic activity. In Figure
B The assay shows a similar pattern to seen in Figure Error! No text of specified style in
document.-31, suggesting again that freezing samples prior to use in assays does not

disrupt enzymatic activity. Interestingly, the negative control line in this assay seems
to show a degree of lytic activity. Further investigation is needed in order to draw any
conclusion from the data, but it could be suggested that some intrinsic antimicrobial
activity is present in C. reinhardtii possibly as part of the lipid or pigment fraction that
is retained following ultracentrifugation, but is inactivated or precipitated following
freeze-thawing (see 7.2.6). If that is the case, such compound seems to show a degree
of activity in OM-permeabilised cells.
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Figure Error! No text of specified style in document.-59. TRA measuring LysAB2 activity
in a fresh crude extract. A) TRA of LysAB2 fresh crude extract samples against intact whole
bacterial cells. B) TRA of LysAB2 fresh crude extract samples against intact whole bacterial
cells.
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7.2.4

A

Appendix E

B

Fresh LysAB2
crude extract

Frozen LysAB2
crude extract

Frozen CFresh Ccrude extract crude extract

Figure Error! No text of specified style in document.-60. Visual difference between fresh
and "frozen" LysAB2 crude extract. Comparison of sample pigmentation of a fresh
supernatant crude extract before and after storage at -80°C. Figure A shows the supernatant
from a fresh extract from TN72_pRY_control following cell disruption and ultracentrifugation
showing the presence of pigments. Figure B shows the comparison for both TN72_LysAB2
and TN72_pRY_control samples that are either unfrozen (pigmented samples) or stored at 80°C for a total of two weeks (no pigmentation).
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7.2.5

Appendix F

Abau2
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Figure Error! No text of specified style in document.-61. TRA demonstrating the lytic
activity of LysAB2 in various extracts against cell wall permeabilised clinical isolate
Abau2 of A. baumannii. LysAB2 crude: TN72_LysAB2 extract. Control crude:
TN72_pRY_control extract. LysAB2 [2x] and Control [2x]: crude extract concentrated twice
with filter centrifugal concentrators. Buffer controls: KPi and CHCl3.
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7.2.6

Appendix G
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Figure Error! No text of specified style in document.-62. TRA showing activity of LysAB2
in the flow-through sample after binding saturation of HA-resin during purificatin. TRA
measuring decrease in turbidity of OM-treated A. baumannii with flow-through samples,
showing the loss of LysAB2 during the purification process but retaining its activity in FT
samples (refer to Figure Error! No text of specified style in document.-28). OD600nm was
measured every 3 minutes for 100 minutes. Buffer controls: KPi and CHCl3. Technical
replicates n=3
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7.2.7

Appendix H
Analysis of buffer control effect and crude extract effect on A. baumannii
A potassium phosphate buffer (KPi), used in all enzymatic assays as a bacterial

non-lysis and non-disruption control compared with the crude extract and endolysin
effects, was also used in the CFU antimicrobial assays in this study. In every CFU
assay performed it was observed that KPi buffer and the alternative HEPES buffer
(standard buffers used in such assays) stopped cells from growing. When compared to
the resuspension in Nutrient Media (NME), the number of viable bacterial colonies

Millions

decreased ~ 12 fold with the buffers (Figure 7.2.7 A).
30
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Figure Error! No text of specified style in document.-63. Analysis of buffer effect on A.
baumannii growth. Bacterial cells at an OD of 0.8 were harvested and resuspended in KPi,
HEPES or NME buffer. A 1:100 dilution was performed with each buffer and cells were
incubated with the respective buffer for 1 hour at 30°C. Serial dilutions were plated and
incubated overnight at 30°C and CFU per ml were calculated the following day.
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However, when incubating bacteria resuspended in buffer to perform a CFU
assay, but with microalgae crude extract added for 1 hour in order to test antibacterial
properties, the bacterial cell concentration was elevated compared to the samples
incubated only with buffer as a control (Figure 7.2.7 B). Incubation of A. baumannii
with crude extract negative control sample, without endolysin, allowed the cells to
grow to its expected doubling time (~40 min) and ~ 20 times more than the buffer
control. Incubation with crude extract containing LysAB2 endolysin also presented ~
10 times more viable colonies than encountered in the buffer control. However, when
compared with the negative control, LysAB2 shows a clear effect on cell viability.
B
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Figure Error! No text of specified style in document.-64. Comparison of KPi and HEPES
buffer, and crude extract effect on bacterial growth in a CFU assay with viable A.
baumannii cells. Cells were incubated at 30°C for 1 hour with samples containing crude
extract with endolysin LysAB2 (TN72_LysAB2), negative control (TN72_pRY_control), and
either HEPES buffer (A) or buffer KPI (B). Serial dilutions were plated and CFU per ml was
calculated the following day after plate overnight incubation at 30°C.
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To confirm if the effects of buffer on A. baumannii cells are due to buffer
growth inhibition or buffer lysis, another test was performed. Cells of A. baumannii
reference strain were grown in NME. The cells were either harvested and resuspended
to equal volume with KPi buffer, or not harvested and maintained in NME.
Both initial cultures were diluted 1:100 – the harvested cells were diluted in
KPi and the others in NME. At time 0h, one of each of the samples were plated in
serial dilutions (diluted in KPi buffer) and incubated overnight at 30°C. After 1h
incubation at 30°C, samples were plated in serial dilutions and incubated overnight
(Figure 7.2.7 C). The results show that the KPI buffer prevents growth of A. baumannii
without lysing bacterial cells.
Harvested cells were diluted with KPI at 1:100 and either serial dilutions of
bacteria only (A. baumannii), and bacteria with KPi buffer 1:1 (v/v) (KPi / A.
baumannii), and were plated on time = 0 or after 1 hour incubation at 30°C.
Non-harvested cells were either diluted in serial dilutions (with KPi buffer) of
bacteria only (A. baumannii), and bacteria with KPi buffer 1:1 (v/v) (KPi / A.
baumannii), and were plated on time = 0 or after 1 hour incubation at 30°C. Plates
were incubated overnight at 30°C and CFU/ml calculated the next day.
Comparing the harvested cells of bacteria (resuspended in KPi buffer and
without the presence of NME) with the A. baumannii cells maintained on NME, it is
clear that at time zero the amount of cells is the same for both.
However, after 1 hour incubation, the cells harvested and resuspended in buffer
do not grow, as opposed to the ones in NME.
The decrease of colonies when the cells are incubated with buffer (A.
baumannii harvested 1h) is not significant compared to A. baumannii cells only in
time 0 and after 1h incubation, which suggests that the buffer is immediately stopping
the growth but not lysing the cells.
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Comparing the growth after 1 hour incubation of harvested cells (treated with
KPi) to the not harvested cells (maintained in NME), the results suggests that KPI
buffer does not have the nutrients and components necessary to allow cells to grow.
If comparing these results with the CFU assay where the crude extracts samples
are present (Figure 7.2.7 B.) it can be speculated that bacterial growth is promoted in
the presence of microalgae crude extraction, possibly due to cell components and
nutrients present in the sample.
Therefore, the buffer sample is not an appropriate control for this assay, and
samples containing algae extract should be compared with each other. Thus, the
endolysin lysAB2 lysis of A. baumannii is effective compared to the negative control,
and the question of whether the buffer was lysing the bacterial cells can be excluded.
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Figure Error! No text of specified style in document.-65. Comparison of A. baumannii growth inhibition with KPi buffer in harvested and not harvested
cells in a CFU assay. Viable A. baumannii were harvested for 5 min at 3,600 x g and resuspended in the same volume of 100 mM KPi buffer, or not harvested
and diluted with NME at 1:100.
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Results Chapter 5 Appendix
Appendix I

A)
ATG AAA CGC AAG AAA CGT AAG AAA CGC AAA GCC GGC GCA GGA GCT GGT GCA GGA GCT GGT GCA GGA
GCT GGT GCA GGA GCT AGC AAA AAT AGC GAG AAG AAT GCA TCG ATA ATT ATG TCG ATA CAG AGA ACG
CTC GCT TCA CTC TCA CTC TAT GGA GGC CGC ATC GAC GGC CTC TTT GGA GAG AAG TGT CGT GGG GCT
ATC ATC TTG ATG CTG AAT AAG GTC TAT CCT AAT TTC AGC ACC AAC AAA CTT CCG AGT AAC ACA TAT
GAA GCG GAA TCC GTG TTC ACG TTT CTC CAG ACT GCT TTG GCT GGT GTT GGT CTT TAT ACC ATT ACT ATT
GAT GGT AAA TGG GGT GGT ACT TCT CAA GGT GCT ATT GAC GCC CTC GTC AAG TCT TAC CGT CAA ATT
ACC GAA GCG GAG CGA GCT GGG TCG ACG TTG CCA TTA GGT CTT GCT ACT GTG ATG TCT AAG CAT ATG
TCT ATT GAA CAG TTG AGA GCA ATG CTC CCT ACC GAT AGA CAA GGA TAT GCT GAA GTT TAT ATC GAT
CCT TTA AAT GAG ACG ATG GAT ATA TTT GAA ATA AAT ACT CCA TTA CGA ATT GCT CAT TTC ATG GCC
CAA ATC CTC CAC GAA ACG GCG TGT TTT AAA TAT ACC GAA GAA CTG GCG AGC GGT AAG GCT TAT GAG
GGT CGT GCT GAT TTA GGT AAT ACT CGA CCA GGT GAT GGA CCA CTG TTT AAA GGT CGT GGA TTA TTA
CAA ATT ACC GGG CGA CTG AAT TAT GTG AAA TGC CAA GTG TAT TTG AGA GAG AAG TTA AAG GAC CCT
ACT TTC GAC ATT ACG TCG TCT GTA ACT TGT GCC CAA CAG CTC TCC GAA AGT CCA CTT CTT GCT GCA TTG
GCA TCG GGC TAC TTC TGG AGA TTC ATC AAA CCT AAA CTC AAT GAA ACG GCT GAT AAA GAC GAT ATC
TAT TGG GTT TCT GTT TAT GTC AAT GGT TAC GCT AAA CAA GCG AAT CCT TAT TAC CCT AAC CGG GAT AAG
GAA CCC AAC CAT ATG AAA GAA CGT GTC CAA ATG CTT GCA GTG ACA AAG AAA GCA CTC GGA ATA GTT
AAGGGTCATCATCACCATCACCAT TGA

B)
GTTACCGCTCTTCT ATG AAA CGT AAA AAA CGT AAA AAA CGT AAA GCT GGT GCT GGT GCT GGT GCT GGT
GCT GGT GCT GGT GCT GGT GCT GGT GCT TCT AAA AAC TCA GAA AAA AAC GCT TCA ATT ATT ATG TCT
ATT CAA CGT ACT TTA GCT TCA TTA TCT TTA TAC GGT GGT CGT ATT GAT GGT TTA TTC GGT GAA AAA TGT
CGT GGT GCT ATT ATT TTA ATG TTA AAC AAA GTA TAC CCA AAC TTC TCA ACT AAC AAA TTA CCA TCT AAC
ACT TAC GAA GCT GAA TCA GTA TTC ACA TTC TTA CAA ACA GCT TTA GCT GGT GTA GGT TTA TAC ACT ATT
ACT ATT GAT GGT AAA TGA GGT GGT ACT TCT CAA GGT GCT ATT GAT GCT TTA GTT AAA TCA TAC CGT CAA
ATT ACA GAA GCT GAA CGT GCT GGT TCA ACT TTA CCA TTA GGT TTA GCT ACT GTA ATG TCT AAA CAC
ATG TCA ATT GAA CAA TTA CGT GCT ATG TTA CCA ACT GAC CGT CAA GGT TAC GCT GAA GTA TAC ATT
GAT CCA TTA AAC GAA ACT ATG GAT ATT TTC GAA ATT AAC ACT CCA TTA CGT ATT GCT CAC TTC ATG GCT
CAA ATT TTA CAC GAA ACA GCT TGT TTC AAA TAT ACA GAA GAA TTA GCT TCA GGT AAA GCT TAC GAA
GGT CGT GCT GAT TTA GGT AAC ACA CGT CCA GGT GAT GGT CCA TTA TTC AAA GGT CGT GGT TTA TTA
CAA ATT ACT GGT CGT TTA AAC TAC GTA AAA TGT CAA GTT TAC TTA CGT GAA AAA TTA AAA GAT CCA
ACA TTC GAT ATT ACT TCT TCT GTA ACT TGT GCT CAA CAA TTA TCT GAA TCT CCA TTA TTA GCT GCT TTA
GCT TCA GGT TAC TTC TGA CGT TTC ATT AAA CCA AAA TTA AAC GAA ACA GCT GAT AAA GAT GAT ATT
TAC TGG GTT TCT GTA TAC GTA AAC GGT TAC GCT AAA CAA GCT AAC CCA TAC TAC CCA AAC CGT GAC
AAA GAA CCA AAC CAC ATG AAA GAA CGT GTA CAA ATG TTA GCT GTA ACT AAA AAA GCT TTA GGT ATT
GTA AAA GGT CAC CAC CAC CAC CAC CAC TAA TAA GCATGCTCCGTC

C)
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MKRKKRKKRKAGAGAGAGAGAGAGAGASKNSEKNASIIMSIQRTLASLSLYGGRID
GLFGEKCRGAIILMLNKVYPNFSTNKLPSNTYEAESVFTFLQTALAGVGLYTITIDGK
Stop G G T S Q G A I D A L V K S Y R Q I T E A E R A G S T L P L G L A T V M S K H M S I E Q L R A M L P T D R Q
GYAEVYIDPLNETMDIFEINTPLRIAHFMAQILHETACFKYTEELASGKAYEGRADLG
NTRPGDGPLFKGRGLLQITGRLNYVKCQVYLREKLKDPTFDITSSVTCAQQLSESPLL
A A L A S G Y F Stop R F I K P K L N E T A D K D D I Y W V S V Y V N G Y A K Q A N P Y Y P N R D K E P N H M K
E R V Q M L A V T K K A L G I V K G H H H H H H Stop Stop

Figure Error! No text of specified style in document.-66. logt023 original and optimised
CDS. A) Original logt023 CDS (1089 bp) from Prof Yves Briers. Start and Stop codons are
highlighted in bold and modified codons in grey. The PCNP is highlighted in yellow, the linker
in green, and HIS-tag in pink. B) Codon optimised gene sequence as ordered from GeneArt.
The introduced TGA codons for tryptophan are highlighted in grey. Start and Stop codons are
highlighted in bold. The HIS-tag is highlighted in pink and the restriction sites for SapI and
SphI are highlighted in red. Synthesised version: 1089 bp. C) Amino acid sequence (363 aa)
with TGA codons as Stop.
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7.3.2

Appendix J

A)
ATG AAA AAT AGC GAG AAG AAT GCA TCG ATA ATT ATG TCG ATA CAG AGA ACG CTC GCT TCA CTC TCA
CTC TAT GGA GGC CGC ATC GAC GGC CTC TTT GGA GAG AAG TGT CGT GGG GCT ATC ATC TTG ATG CTG
AAT AAG GTC TAT CCT AAT TTC AGC ACC AAC AAA CTT CCG AGT AAC ACA TAT GAA GCG GAA TCC GTG
TTC ACG TTT CTC CAG ACT GCT TTG GCT GGT GTT GGT CTT TAT ACC ATT ACT ATT GAT GGT AAA TGG GGT
GGT ACT TCT CAA GGT GCT ATT GAC GCC CTC GTC AAG TCT TAC CGT CAA ATT ACC GAA GCG GAG CGA
GCT GGG TCG ACG TTG CCA TTA GGT CTT GCT ACT GTG ATG TCT AAG CAT ATG TCT ATT GAA CAG TTG AGA
GCA ATG CTC CCT ACC GAT AGA CAA GGA TAT GCT GAA GTT TAT ATC GAT CCT TTA AAT GAG ACG ATG
GAT ATA TTT GAA ATA AAT ACT CCA TTA CGA ATT GCT CAT TTC ATG GCC CAA ATC CTC CAC GAA ACG
GCG TGT TTT AAA TAT ACC GAA GAA CTG GCG AGC GGT AAG GCT TAT GAG GGT CGT GCT GAT TTA GGT
AAT ACT CGA CCA GGT GAT GGA CCA CTG TTT AAA GGT CGT GGA TTA TTA CAA ATT ACC GGG CGA CTG
AAT TAT GTG AAA TGC CAA GTG TAT TTG AGA GAG AAG TTA AAG GAC CCT ACT TTC GAC ATT ACG TCG
TCT GTA ACT TGT GCC CAA CAG CTC TCC GAA AGT CCA CTT CTT GCT GCA TTG GCA TCG GGC TAC TTC TGG
AGA TTC ATC AAA CCT AAA CTC AAT GAA ACG GCT GAT AAA GAC GAT ATC TAT TGG GTT TCT GTT TAT
GTC AAT GGT TAC GCT AAA CAA GCG AAT CCT TAT TAC CCT AAC CGG GAT AAG GAA CCC AAC CAT ATG
AAA

GAA

CGT

GTC

CAA

ATG

CTT

GCA

GTG

ACA

AAG

AAA

GCA

CTC

GGA

ATA

GTT

AAGGGTCATCATCACCATCACCATGCTAGCGGCGCAGGAGCTGGTGCAGGAGCTGGTGCAGGAGCTGGTGCAGG
AGCCGGCAAACGCAAGAAACGTAAGAAACGCAAA TGA
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B)
GTTACCGCTCTTCT ATG AAA AAC TCA GAA AAA AAC GCT TCA ATT ATT ATG TCT ATT CAA CGT ACT TTA
GCT TCA TTA TCT TTA TAC GGT GGT CGT ATT GAT GGT TTA TTC GGT GAA AAA TGT CGT GGT GCT ATT ATT
TTA ATG TTA AAC AAA GTA TAC CCA AAC TTC TCA ACT AAC AAA TTA CCA TCT AAC ACT TAC GAA GCT
GAA TCA GTA TTC ACA TTC TTA CAA ACA GCT TTA GCT GGT GTT GGT TTA TAC ACT ATT ACT ATT GAT GGT
AAA TGA GGT GGT ACT TCT CAA GGT GCT ATT GAT GCT TTA GTT AAA TCA TAC CGT CAA ATT ACT GAA
GCT GAA CGT GCT GGT TCA ACT TTA CCA TTA GGT TTA GCT ACT GTA ATG TCT AAA CAC ATG TCT ATT GAA
CAA TTA CGT GCT ATG TTA CCA ACT GAC CGT CAA GGT TAC GCT GAA GTA TAC ATT GAT CCA TTA AAC
GAA ACT ATG GAT ATT TTC GAA ATT AAC ACT CCA TTA CGT ATT GCT CAC TTC ATG GCT CAA ATT TTA CAC
GAA ACA GCT TGT TTC AAA TAC ACA GAA GAA TTA GCT TCA GGT AAA GCT TAC GAA GGT CGT GCT GAT
TTA GGT AAC ACA CGT CCA GGT GAT GGT CCA TTA TTC AAA GGT CGT GGT TTA TTA CAA ATT ACT GGT CGT
TTA AAC TAC GTA AAA TGT CAA GTA TAC TTA CGT GAA AAA TTA AAA GAT CCA ACA TTC GAT ATT ACT
TCT TCT GTA ACT TGT GCT CAA CAA TTA TCT GAA TCT CCA TTA TTA GCT GCT TTA GCT TCA GGT TAC TTC
TGA CGT TTC ATT AAA CCA AAA TTA AAC GAA ACA GCT GAT AAA GAT GAT ATT TAC TGG GTT TCT GTA
TAC GTA AAC GGT TAC GCT AAA CAA GCT AAC CCA TAC TAC CCA AAC CGT GAC AAA GAA CCA AAC CAC
ATG AAA GAA CGT GTA CAA ATG TTA GCT GTT ACT AAA AAA GCT TTA GGT ATT GTA AAA GGT CAC CAC
CAC CAC CAC CAC GCT TCA GGT GCT GGT GCT GGT GCT GGT GCT GGT GCT GGT GCT GGT GCT GGT GCT
GGTAAA CGT AAA AAA CGT AAA AAA CGT AAA TAATAA GCATGCTCCGTC

C)
MKNSEKNASIIMSIQRTLASLSLYGGRIDGLFGEKCRGAIILMLNKVYPNFSTNKLPS
N T Y E A E S V F T F L Q T A L A G V G L Y T I T I D G K Stop G G T S Q G A I D A L V K S Y R Q I T E A E R A G S
TLPLGLATVMSKHMSIEQLRAMLPTDRQGYAEVYIDPLNETMDIFEINTPLRIAHFM
AQILHETACFKYTEELASGKAYEGRADLGNTRPGDGPLFKGRGLLQITGRLNYVKCQ
V Y L R E K L K D P T F D I T S S V T C A Q Q L S E S P L L A A L A S G Y F Stop R F I K P K L N E T A D K D D I Y
WVSVYVNGYAKQANPYYPNRDKEPNHMKERVQMLAVTKKALGIVKGHHHHHHAS
G A G A G A G A G A G A G A G A G K R K K R K K R K Stop Stop

Figure Error! No text of specified style in document.-67. logt027 original and optimised
CDS. A) Original logt27 CDS from Prof Yves Briers. Start and Stop codons are highlighted
in bold and modified codons in grey. The PCNP is highlighted in yellow, the linker in grey,
and HIS-tag in pink. B) Codon optimised gene sequence as ordered from GeneArt. The
introduced TGA codons for tryptophan are highlighted in grey. Start and Stop codons are
highlighted in bold. The HIS-tag is highlighted in pink and the restriction sites for SapI and
SphI are highlighted in red. (1092 bp). C) Amino acid sequence (364 aa) with TGA codons
as Stop.
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7.3.3

Appendix K

LoGT023
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Control

LoGT023

Control
Elution
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2
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3
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Elution
2

Elution
3

46kDa
40 kDa

32 kDa

Figure Error! No text of specified style in document.-68. Isolation of LoGT023 by IMAC
with HisTrap HP column. Analysis of the protein purification steps comparing the endolysin
samples to negative control. FT= flow-through samples; C- = TN72_pRY_control negative
control sample.
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7.3.4

Appendix L

Signal (IR Fluorescence) x sample volume
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Figure Error! No text of specified style in document.-69. Analysis of the correspondent IR
Fluorescence signal factoring the sample volume of elution samples after purification.
Refer to western blot presented in Figure Error! No text of specified style in document.-49.
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