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Abstract

Fusobacterium necrophorum, a Gram negative, anaerobic bacterium, is a common cause of acute
pharyngitis and tonsillitis and a rare cause of more severe infections of the head and neck. At the
beginning of the project, there was no available genome sequence for F. necrophorum. The aim of
this project was to sequence the F. necrophorum genome and identify and study its putative
virulence factors contained using in silico and in vitro analysis. Type strains JCM 3718 and JCM 3724,
F. necrophorum subspecies necrophorum (Fnn) and funduliforme (Fnf), respectively, and strain ARU
01 (Fnf), isolated from a patient with LS, were commercially sequenced by Roche 454 GS-FLX+ next
generation sequencing and assembled into contigs using Roche GS Assembler. Sequence data was
annotated semi-automatically, using the xBASE pipeline, BLASTp and Pfam. The F. necrophorum
genome was determined to be approximately 2.1 — 2.3 Mb in size, with an estimated 1,950 ORFs
and includes genes for a leukotoxin, ecotin, haemolysin, haemagglutinin, haemin receptor, adhesin
and type Vb and Vc secretion systems. The prevalence of the leukotoxin gene was investigated in
strains JCM 3718, JCM 3724 and ARU 01, as well as a clinical collection of 25 Fnf strains, identified
using biochemical and molecular tests. The leukotoxin operon was found to be universal within the
strain collection by PCR. HL-60 cells subjected to aliquots of concentrated high molecular weight
culture supernatant, predicted to contain the secreted leukotoxins of strains JCM 3718, JCM 3724
and ARU 01, were killed in a dose-dependent manner. The cytotoxic effect of the leukotoxin against
human donor white blood cells was also tested to validate the HL-60 assay. The differences in the
results between the two assays were not statistically significant. Ecotin, a serine protease inhibitor,
was found to be present in 100 % of the strain collection and had a highly conserved sequence with
primary and secondary binding sites exposed on opposing sides of the protein. During enzyme
inhibition studies, a purified recombinant F. necrophorum ecotin protein inhibited human
neutrophil elastase, a protease that degrades bacteria at inflammation sites, and human plasma
kallikrein, a component of the host clotting cascade. The recombinant ecotin also prolonged human
plasma clotting times by up to 7-fold for the extrinsic pathway, and up to 40-fold for the intrinsic
pathway. The genome sequence data provides important information about F. necrophorum type
strains and enables comparative study between strains and subspecies. Results from the leukotoxin
and ecotin assays can be used to build up an understanding of how the organism behaves during

infection.
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Chapter 1:

Introduction

1.1 Introduction

1.1.1 The Fusobacterium genus

The Fusobacterium genus contains Gram negative, non-motile, non-sporulating, rod-shaped
bacteria that are obligate anaerobes. They can be found in association with both humans and
animals, particularly in mucous membranes. In humans they can be found in the oral cavity,
gastrointestinal tract, female genital tract, periurethral areas and in necrotic lesions. In animals
such as cattle, horses, sheep, pigs, cats and dogs, they can be found in the gastrointestinal tract,
oral cavities and necrotic lesions. The genus contains three species clades: F. nucleatum, F.
periodonticum, F. russi, F. simiae and F. canifelinum, which form a group of oral species; F.
necrophorum, F. equinum and F. gonidiaformans which form a second clade which are
genealogically related, as are species F. varium, F. mortiferum, F. necrogenes, and F. ulcerans from
the third clade. The classifications are based on 16S rRNA homology and are supported by

phylogenetic analysis of a group of conserved proteins (Hofstad, 1998; Gupta and Sethi, 2014).

1.1.2 Fusobacterium spp. and associated disease

F. necrophorum, the focus of this study, is known to cause oropharyngeal disease, such as
pharyngitis and tonsillitis. It also causes more serious infections such as peritonsillar abscess and in
rare cases a systemic infection known as Lemierre’s syndrome, which includes symptoms such as
septicaemia and metastatic abscesses. (Batty and Wren, 2005; Eaton and Swindells, 2014; Kuppalli
et al., 2012; Lyle et al., 2011). F. necrophorum causes infections in both humans and animals

(Langworth, 1977) and it is debated whether the organism is a commensal in the human upper



respiratory tract (Riordan, 2007). It is known to have several virulence factors that are implicated

in disease states in humans and animals (section 1.8).

Fusobacterium nucleatum is a commensal of the human oral cavity and is implicated in various
diseases, including periodontal infections, gastrointestinal disorders and adverse pregnancy
outcomes. F. nucleatum is also a causative agent of Lemierre’s syndrome (Han, 2015), although less
commonly so than F. necrophorum (Ridgway et al., 2010). F. nucleatum has been shown to be
enriched in colorectal cancer (Castellarin et al., 2012). Rubinstein et al. (2013) reported an
association of the organism’s FadA adhesin/invasin, a key virulence factor, with inflammatory and
oncogenic responses. F. nucleatum has also been isolated from infected cat and dog bite wounds

(Abrahamian and Goldstein, 2011).

F. equinum has been isolated from horses in both healthy and diseased oral cavities, lower
respiratory tract infections, paraoral abscesses, necrotising pneumonia and pleurisy. It was
designated as a new species by Dorsch et al. (2001) after previously being classified as F.
necrophorum. Like F. necrophorum, F. equinum has been found to have a leukotoxin gene and

exhibit leukotoxic activity (Tadepalli et al., 2008; Zhou et al., 2009b).

F. russi and F. gonidiaformans have also been isolated from cat and dog bite wounds (Abrahamian
and Goldstein, 2011), as has F. canifelinum (Conrads et al., 2004). F. necrogenes and F. mortiferum
have been isolated from human faeces, while F. russii and F. varium have been isolated from both
human and animal faeces. F. periodonticum may be found in patients with advanced periodontal
disease and F. gonidiaformans is implicated in human infections involving the respiratory tract,

genitourinary tract and gastrointestinal tract.

1.1.3 Historical review of F. necrophorum

The early literature of the organism now referred to as F. necrophorum is predominantly published
in French and German languages. It has, however, been reviewed in English by Riordan (2007) who
described how the organism was first reported in a case of calf diphtheria in 1884 by Loffler (1884)
and named Bacillus necrophorus by Fliigge (1886). It was first isolated and cultured by Bang (1890)

2



from a cattle liver abscess and the term nekrosebazillus (necrobacillosis) was coined, meaning
septicaemic or necrotic infection from which the organism now referred to as F. necrophorum is
isolated. In 1891 the first known human infections with the organism were described by Schmorl
(1891), when the author and fellow researchers developed finger abscesses during work on rabbits
with necrobacillosis. The first description of the organism Bacillus funduliformis, now referred to as
F. necrophorum subsp. funduliforme was of that isolated from a female genital tract by Hallé (1898).
In 1900 this was followed by what is thought to be the first description of human systemic infection
with F. necrophorum, by Courmont and Cade (1900) although it was not until 1936 that Lemierre
provided a clear clinical description of postanginal septicaemia associated with F. necrophorum
(Lemierre, 1936). This condition is now commonly referred to as Lemierre’s syndrome, however
this was not until the late 1980s, and the terms postanginal septicaemia and necrobacillosis were

previously used until then (Riordan, 2007).

There have been many other names used to describe F. necrophorum, including Bacillus
funduliformis, Bacteroides funduliformis, Necrobacterium funduliforme and Sphaerophorus
necrophorus (Duerden, 1990). The term Fusobacterium was introduced by Knorr (1923) and by 1974
all species of Sphaerophorus had been transferred to Fusobacterium, leading to the name

Fusobacterium necrophorum being in use today (Hofstad, 1998).

1.1.4 Focus of introduction

F. necrophorum is the causative agent of approximately 10 % of sore throats, as well as the rare but
severe systemic infection known as Lemierre’s syndrome (Batty and Wren, 2005; Aliyu et al., 2004).
The organism is not consistently screened for in patient throat swabs and its genome and virulence

factors have not yet been extensively studied.

This introduction focusses on F. necrophorum infections originating in the oropharynx of humans
and also covers microbiology of the organism, along with the epidemiology, pathogenesis and

virulence factors.



1.2 Description and definition of F. necrophorum

1.2.1 F. necrophorum subspecies

F. necrophorum is divided into two subspecies: F. necrophorum subsp. necrophorum (Fnn) and F.
necrophorum subsp. funduliforme (Fnf). This division was proposed by Shinjo et al. (1991) based on
the previous biovar classification. Biovar A, now referred to as Fnn, is more often associated with
animal infections than human infections and is assumed to be more virulent due to a greater
production of a leukotoxin and haemagglutinin than biovar B. Biovar B, now referred to as Fnf, is
mostly associated with infections of humans and is less virulent (Smith et al., 1990). The two biovars
were divided based on haemagglutinating activity (see section 1.8.4). Using a glass slide method
and chicken erythrocytes, biovar A was positive for haemagglutination and biovar B was not. DNA
homology was also used to confirm the results with a membrane filter and measuring radioactivity.
Percentage homologies were then assigned to strains in pairs, with strains of the same biovar

having high levels of homology compared to strains of the other biovar (Shinjo et al., 1991).

Smith and Thornton (1997) examined the biotypes of a collection of human and animal isolates
using pathogenicity tests in mice. Fourteen strains, all of animal origin, were classified as biotype A,
while 10 animal strains and 18 human strains were classified as biotype B. They determined that
biotype A strains caused necrobacillosis in animals but not humans, whereas biotype B strains were
found in both humans and animals. The evidence appears to support the view that Fnn strains are

the predominant pathogen in animals and Fnf strains are predominant in humans.

1.2.2 Phenotypic and biochemical profile

F. necrophorum may be cultured on several different agars, such as Columbia blood agar, Soy agar
and Brain-Heart infusion agar, enriched with yeast extract, vitamin K and hemin, or Brucella agar
(Markey et al., 2013; Brazier et al., 1990). However it is the opinion of Batty and Wren (2005),
Brazier (2006) and Syed et al. (2007) that F. necrophorum is best cultured on fastidious anaerobe
agar (FAA), supplemented with 5 — 10 % defibrinated horse blood. This is due to F. necrophorum

being a fastidious organism, and FAA provides a ready-made nutritious medium for the organism
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to grow, with cysteine as a specific growth promoting agent. Colonial characteristics vary slightly
between the subspecies, with Fnf colonies typically cream in colour, opaque, smooth and
umbonate/raised. Fnn colonies are typically grey in colour, semi-opaque, mottled and umbonate
with an irregular edge. F. necrophorum colonies are usually 1 —4 mm in diameter, with Fnn at the
larger end of the scale and Fnf at the lower end of the scale. F. necrophorum strains are usually
haemolytic and exhibit a butyric acid odour (Hall et al., 1997; Batty and Wren, 2005; Barrow and

Feltham, 2004).

F. necrophorum is a Gram negative, obligately anaerobic, pleomorphically rod shaped bacterium
which is non-motile and non-sporulating (Langworth, 1977; Batty and Wren, 2005). Cell
morphology ranges from a coccobacillus shape to long filaments, and is dependent on the strain,
the age of the culture and the media used (Langworth, 1977; Markey et al., 2013). Commercial kits
such as the API rapid ID 32A, the RapID-ANA Il and APl 20A strip tests can be used to identify F.
necrophorum, although as many of the tests on each strip are negative, excluding the indole and
alkaline phosphate tests, it is often better to use specific tests when F. necrophorum is suspected

(Batty et al., 2005; Riordan, 2007).

F. necrophorum is known to produce lipase, an enzyme involved in the breakdown of triglycerides,
which is exhibited as an opalescent sheen on the surface of cultures grown on egg yolk agar (Batty
et al., 2005; Markey et al., 2013). F. necrophorum also produces tryptophanase enzymes, which
produce indole as a metabolite from tryptophan. This is examined using a spot indole reagent which
turns a green colour if indole is present (Batty et al., 2005). Under long wave ultra-violet (UV) light
(365 nm), F. necrophorum colonies fluoresce a green-yellow colour, and where gas chromatography

facilities are available, propionic acid and butyric acid can be detected (Barrow and Feltham, 2004).

1.2.3 Species and subspecies identification using molecular techniques

In addition to using biochemical techniques to identify F. necrophorum strains, molecular
techniques have been developed that are faster and more sensitive than traditional culture

techniques. This is discussed in detail in chapter 3. Briefly, PCR primers specific to the 16S rRNA



gene, the RNA polymerase (rpo) B gene and the gyrase (gyr) B gene of F. necrophorum have been
used to identify the species by Oikonomou et al. (2012), Aliyu et al. (2004) and Jensen et al. (2007),
respectively. In order to identify to the subspecies level, real-time PCR assays using subspecies-
specific TagMan probes targeting the rpoB and gyrB genes have been designed and used by Aliyu

et al. (2004) and Jensen et al. (2007), respectively.

1.3 Is F. necrophorum a commensal or pathogen?

It is a matter of debate whether F. necrophorum is a component of the normal flora of the upper
respiratory tract in humans. In a review by Riordan (2007) it is discussed whether it can be
considered normal flora based on a meta-analysis of all available relevant publications. It was noted
that in some studies confirming the presence of F. necrophorum in healthy individuals, the primary
evidence was unclear, by often referring to the isolation of Fusobacteria with no mention of which
species. In other cases, such as the highly cited paper by Hallé (1898), it was concluded that F.
necrophorum (then Bacillus funduliformis) is a commensal, despite not being isolated from any of
the healthy subjects in the study (Riordan, 2007). Batty et al. (2005) commented that following their
own extensive search of the literature, there appeared to be no evidence that F. necrophorum is a

commensal in the human oral cavity.

Recent investigations into this issue have increasingly used molecular techniques. For example, as
part of a study discussed further in section 1.4.1, Aliyu et al. (2004) used real-time PCR to investigate
the presence of F. necrophorum in 100 healthy control throat swabs and found all were negative.
However Jensen et al. (2007) carried out a similar investigation (also discussed further in section
1.4.1) using real-time PCR and examined throat swabs from 92 healthy controls for the presence of

F. necrophorum. Fnf was found to be presentin 21 %.

Jensen et al. (2007) and Aliyu et al. (2004) both used real-time PCR, although with different primers
and probes to target different genes. The differences between the F. necrophorum isolation rates

from the healthy control samples are quite striking. There is a possibility that the sampling methods
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varied, with one method sampling deeper into the tissue than the other. Or perhaps there were
problems with the primers such as non-specificity, or mismatches with the target gene. Jensen et
al. (2007) also tried to culture F. necrophorum from the swabs, however all of the healthy control
swabs were culture-negative. They attributed this to a poor standard of agar and to low numbers
of F. necrophorum present on healthy tonsils. It was also suggested that the low numbers of F.
necrophorum is likely to be due the organism being present predominantly deep in the tonsillar
crypts of healthy individuals, as opposed to on the surface, which is likely to occur with inflamed

and infected tonsils.

A large-scale study into the carriage of F. necrophorum in healthy individuals would be of great
value in understanding whether F. necrophorum is a commensal of the human upper respiratory
tract. If the organism is not a commensal, then it must be referred to as a pathogen. While F.
necrophorum is generally referred to as a commensal, sometimes without reference, this is not
always the case. Recently, Eaton and Swindells (2014) suggested that F. necrophorum should be
regarded as a true pathogen rather than a commensal and Yusuf et al. (2015) also describe the
organism as a primary pathogen and suggest that it is not a commensal in the oral flora, based on

their own interpretations of the literature.

It has been suggested that food and water contaminated with animal faeces are sources of F.
necrophorum infection in impoverished and malnourished children, particularly with poor oral
hygiene (Enwonwu et al., 1999). Perhaps close contact with animals such as livestock and pets could

be a source of infection in developed countries. This is discussed further in section 1.7.1.

F. necrophorum is considered to be a commensal of the gastrointestinal, respiratory and
genitourinary tracts of animals such as cattle (Narayanan et al., 1997; Tadepalli et al., 2008b).
Animal infections are briefly discussed in section 1.5, however are mostly beyond the scope of this

literature review.



1.4 F. necrophorum infectious disease

1.4.1 Pharyngitis and tonsillitis

Pharyngitis, also known as sore throat, and tonsillitis are the inflammation of the pharynx and
tonsils, respectively (Public Health England, 2015; Thibodeau and Patton, 1997). The pharynx is
divided into three sections: the nasopharynx, oropharynx and laryngopharynx (Figure 1). The
oropharynx, situated below the nasopharynx and above the laryngopharynx, is the region at the
back of the throat (Thibodeau and Patton, 1997) and is lined by stratified squamous epithelium
(Perry and Whyte, 1998). The palatine tonsils are situated either side of the back of the throat and
are comprised of mucosa-associated lymphoid tissue and contain crypts that greatly increase their
surface area (Barnes, 2000; Perry and Whyte, 1998). They sit within a capsule that provides blood

vessels and nerves (Galioto, 2008).
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Figure 1: Sagittal view diagram of the location of the pharynx and tonsils. Source: (Merck Manuals Professional Edition,

2015).



Pharyngitis and tonsillitis can be caused by viruses and bacteria. Viruses involved include
adenovirus, Epstein-Barr virus, and also common cold viruses such as rhinovirus and coronavirus
(Barnes, 2000; Bird et al., 2014). One of the most commonly implicated bacteria is Streptococcus
pyogenes, an aerotolerant anaerobe, also known as group A B-haemolytic streptococcus. Aerobic
bacteria isolated from cases of pharyngitis and tonsillitis include B-haemolytic streptococcus groups
C and G, and Corynebacterium diphtheriae (Batty and Wren, 2005; Public Health England, 2015).
Anaerobic bacteria are also implicated in throat infections. Increased numbers of anaerobes have
been found to be present in chronic throat infections and anaerobes have been isolated from the
cores of tonsils of children and adults with recurrent tonsillitis, in some cases with no aerobes
present. Pigmented Prevotella and Porphyromonas, Fusobacterium and Actinomyces spp. are the
anaerobic organisms that have been associated with tonsillitis and it has been suggested that they

play a role in acute inflammatory processes in the tonsils (Brook, 2005).

Symptoms of pharyngitis include a sore throat, redness, difficulty swallowing, fever, malaise and a
headache (Thibodeau and Patton, 1997; Public Health England, 2015). Symptoms of tonsillitis are
similar, and may also include swelling of the tonsils, swollen lymph nodes in the neck, and exudate
on the tonsils (Barnes, 2000). F. necrophorum is known to cause sore throats, persistent sore throat
syndrome (PSTS), recurrent and persistent pharyngitis and tonsillitis (Batty and Wren, 2005; Eaton

and Swindells, 2014). Incidence of F. necrophorum infections is discussed in section 1.6.1.

Batty and Wren (2005) investigated the presence of F. necrophorum in patient throat swabs using
culture techniques. Two hundred and forty eight samples with clinical diagnoses of sore throat,
tonsillitis and PSTS were tested; of those 24 (approximately 10 %) were positive for F. necrophorum.
F. necrophorum was noted to be the most frequently isolated pathogen from a clinical diagnosis of
PSTS. It was further noted that due to the lack of detail from the clinician, some cases may have
been categorised as sore throat when they should have been in the PSTS group. F. necrophorum
incidence in this cohort increased with age (section 1.6.2). It was suggested that this may be due to

patients acquiring an infection that persists, and therefore leads to the prevalence experiencing a



cumulative effect. This study shows a strong link between F. necrophorum and PSTS, although no

control group of healthy throat swabs were included.

Aliyu et al. (2004) investigated F. necrophorum as the cause of a simple sore throat using real-time
PCR targeting the RNA polymerase B gene. One hundred throat swabs from a clinical diagnosis of
pharyngitis were analysed and compared to 100 healthy control throat swabs (previously
mentioned in section 1.3). Ten percent of the patient swabs were positive for F. necrophorum
subspecies funduliforme while all of the healthy controls were negative. The results are a strong
indication that F. necrophorum is implicated in some cases of pharyngitis. The 10 % incidence rate
of F. necrophorum matches that found by Batty and Wren (2005), as discussed in the previous

paragraph.

Jensen et al. (2007) examined throat swabs from 61 patients with non-streptococcal tonsillitis and
92 healthy controls (previously mentioned in section 1.3) for the presence of F. necrophorum. A
real-time PCR assay was developed using TagMan probes in order to detect both subspecies of F.
necrophorum via the gyrase B gene. Forty eight percent of tonsillitis patients were positive for F.
necrophorum, compared to 21 % of healthy controls. They concluded that tonsillitis and particularly
recurrent tonsillitis may be caused by F. necrophorum present in large numbers. These prevalence
rates are much higher than those found by Batty and Wren (2005) and Aliyu et al. (2004). The
culture techniques are likely to be less sensitive than real-time PCR techniques. Culturing
techniques require careful sampling, storage, transport and culturing conditions to meet the
fastidious requirements of F. necrophorum. In contrast, PCR techniques do not require the organism
to be viable and can detect small amounts present. The potential reasons for the difference in
results between Jensen et al. (2007) and Aliyu et al. (2004) are discussed in section 1.3. It is unclear
whether these F. necrophorum infections of pharyngitis and tonsillitis are due to the organism
acting as a primary pathogen, or due to tissue damage allowing the organism to invade and spread

more easily.
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1.4.2 Peritonsillar abscesses

Peritonsillar abscess (PTA), also known as quinsy, is an acute infection that develops between the
palatine tonsil and its capsule. In addition to an abscess in the peritonsillar region, symptoms of
PTA may also include: sore throat, fever, malaise, uvula deviation, jaw muscle spasm, neck mass
and tenderness in the neck (Hsiao et al., 2012). It is thought that PTA may develop as a complication
of an existing infection within the tonsils (Jousimies-Somer et al., 1993), with an established
infection spreading from the tonsil through local tissue resulting in further tissue damage and
subsequent abscess formation (Powell et al., 2013). An alternative theory states that damaged
tissue in the peritonsillar region may be associated with abscess formation (Galioto, 2008; Powell
et al., 2013). Salivary glands, known as Weber glands, located in the supratonsillar space help to
keep the tonsils and surrounding area clean (Passy, 1994; Powell et al., 2013). The saliva excreted
from the glands washes the area and contains antimicrobial peptides which help to control the oral
flora (Ball et al., 2007). It has been hypothesised that damage to these glands, resulting in scarring,
inflammation and blockage, may lead to PTA (Passy, 1994). It has been suggested that the latter
theory may supersede the former (Galioto, 2008). Powell et al. (2013) states that PTA and acute
tonsillitis are distinct infections and describe how oral hygiene, smoking, antibiotic use and other
host factors may play a role in triggering pathogenesis. Focussing on controlling these host factors

may enable some degree of PTA prevention.

PTA are mostly polymicrobial with Prevotella, Porphyromonas, Fusobacterium and
Peptostreptococcus spp. the most predominant anaerobic organisms. Streptococcus pyogenes,
Staphylococcus aureus and Haemophilus influenzae are also predominant organisms within PTA.
Anaerobes are almost ubiquitous in these abscesses (Brook, 2005). F. necrophorum is known to be

a cause of tonsillar and peritonsillar abscesses (Batty and Wren, 2005).

Yusuf et al. (2015) carried out a 10 year epidemiology study by retrospectively reviewing patient
records and associated microbiological data from 2004 to 2014. They found that of 27 peritonsillar

abscesses, F. necrophorum was isolated as the major pathogen from 25 of them (92.6 %).
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Klug et al. (2009) also conducted a retrospective study, investigating all patients at a Danish hospital
with peritonsillar abscess from 2001 to 2006, totalling 847 patients. F. necrophorum was isolated
from 23 % of cultures, making it the most frequently detected bacteria, above group A Streptococci
at 17 %. Eighty one percent of the F. necrophorum cultures were pure. The isolation rate of 23 % is
much smaller than the rate of 92.6 % reported by Yusuf et al. (2015), however the higher isolation

rate came from a much smaller sample size.

Jousimies-Somer et al. (1993) investigated pus samples from 124 patients with peritonsillar
abscesses and isolated F. necrophorum from 38 % of samples. Those infected with F. necrophorum
had the highest rate of previous tonsillar or peritonsillar infections (52 %) and had the highest rate
of recurrent infections (57 %). Of 15 cases that isolated only anaerobic cultures, 14 contained F.
necrophorum, and three of these were pure cultures. This suggests that F. necrophorum is strongly

associated with peritonsillar abscesses.

Riordan (2007) noted that PTA was previously seen as a precursor for Lemierre’s syndrome
(Lemierre, 1936) however Riordan found PTA in only 7 % of Lemierre’s syndrome cases reviewed.
There are several routes of infection F. necrophorum may spread (discussed in section 1.7.4), and

it appears as if causing PTA is not a prerequisite for Lemierre’s syndrome, as previously suggested.

1.4.3 Lemierre’s syndrome

Lemierre’s syndrome (LS) is a severe and life threatening infection in humans that is characterised
by oropharyngeal infection, primarily in the palatine tonsils and pharynx (Chirinos et al., 2002),
thrombophlebitis of the internal jugular vein, metastatic abscesses and septicaemia. The metastatic
abscesses are typically located in the lungs and large joints, however abscesses may also occur in
the liver and spleen (Batty and Wren, 2005; Kuppalli et al., 2012; Lyle et al., 2011). A description of
the spread of LS is provided in section 1.7.4. F. necrophorum is the organism most commonly
isolated from cases of LS (Bennett and Eley, 1993; Golpe et al., 1999; Ridgway et al., 2010). Riordan
(2007) reported that in 222 LS cases, identified by searching French and English language literature

since 1970, an organism other than Fusobacteria was isolated in only 8 % of cases. The other species
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implicated include those of Bacteroides, Peptostreptococcus, Prevotella, Porphyromonas, Eikenella,
Enterococcus, Proteus and Streptococcus. LS typically affects children, adolescents and young adults
who were previously healthy (Lyle et al., 2011) and tends to occur in the winter months, during the

season of sore throats, common colds and flu (see section 1.6 for epidemiology).

1.4.4 Other head and neck infections

Of the anaerobic infections that originate in the head and neck, approximately half involve
Fusobacterium spp. (Brook, 2015). F. necrophorum infection is not required to begin in the pharynx
or tonsils in order for a diagnosis of LS. Infections may also originate in the ears, mastoids and teeth
(Hagelskjeer et al., 1998). Hagelskjeer et al. (1998) reported that in 49 cases of F. necrophorum
septicaemia, half were not related to the oropharynx, including eight originating in the

gastrointestinal tract, five in the genitourinary tract and seven from skin infections.

1.4.4.1 Otogenic infection

Otitis media is an infection of the middle ear. In a study by Yusuf et al. (2015), F. necrophorum was
found to be the major pathogen in 60 % of acute otitis cases. Mastoiditis is a suppurative infection
of the mastoid bone. The bone sits behind the ear and is comprised of air spaces that help drain the
middle ear. Mastoiditis can often follow otitis media (Yarden-Bilavsky et al., 2013). Riordan (2007)

reports that of the patients with F. necrophorum ear infections, 69 % of them also had mastoiditis.

1.4.4.2 Odontogenic infection

F. necrophorum does not typically cause dental infections, as it primarily infects the pharynx and
tonsils, rather than dental cavities (Brook, 2005; Eaton and Swindells, 2014), therefore LS
originating from a dental infection is rare (Riordan, 2007). However, there are cases such as that
reported by Ali et al. (2003) where a patient received dental work three weeks prior to the onset of

LS, with blood cultures positive for F. necrophorum.

Noma, also known as cancrum oris, is a form of gangrene affecting the face that causes facial
deformity, oral stenosis, trismus and death in 70 — 90 % of untreated cases (Falkler et al., 1999;

Enwonwu et al., 1999). F. necrophorum, thought to be acquired via animal faecal matter
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contamination, is known to be implicated in noma infections and is thought to be involved in tissue-
destruction that helps the lesion to spread. Noma infections typically only occur in children who are
immunocompromised, malnourished and have poor oral hygiene. It is particularly prevalent in sub-

Saharan Africa (Enwonwu et al., 1999).

1.4.4.3 Deep neck space infection

Deep neck infection, or sepsis in the neck, may include symptoms such as fever, swelling and pain
in the neck, sore throat, difficulty swallowing with pain associated, trismus and stridor (Lyle et al.,
2011). It commonly begins as odontogenic or oropharyngeal infection (Pinto et al., 2008) and from
there may spread throughout the fascial spaces of the neck (Lyle et al., 2011). F. necrophorum is
known to be capable of causing serious deep neck space infections, spreading through the fascial
spaces in the head, neck and around the lungs, potentially also causing abscesses in these regions

(Jousimies-Somer et al., 1993; Chow, 1992).

1.4.5 Bacteraemia

It is possible for patients to have F. necrophorum bacteraemia without necessarily having LS. For a
diagnosis of LS, thrombophlebitis of the internal jugular vein and metastatic abscesses would also
need to be present (Kuppalli et al., 2012; Batty and Wren, 2005). Centor et al. (2010) reports on
cases of bacteraemic tonsillitis and describe the symptoms as including fevers, vomiting, rigors and
sweating. It was noted that prompt admission to hospital and early antimicrobial treatment was
linked with a lack of metastasis. Improved diagnosis techniques, leading to faster administration of
appropriate antimicrobial treatment may therefore reduce the incidence of LS by limiting the

progression of the infection at the onset of bacteraemia, if not before.

1.4.6 Metastatic abscesses, joint infections and complications of LS

Metastatic abscesses are a symptom of LS and may be located in the lungs, large joints, liver and
spleen (Kuppalli et al., 2012; Batty and Wren, 2005). In a review by Riordan (2007), where 222 cases
of LS were studied (discussed previously in section 1.4.3), it was reported that pleuropulmonary

lesions, the most common metastatic complication, occurred in 92 % of cases, while empyema, the
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collection of pus and fluid particularly in the pleural cavity, occurred in 17 % of cases reviewed.
Septic emboli have been described as typical lesions present in LS, and are often part of the
inclusion criteria for diagnosis (Riordan, 2007; Lu et al., 2009). Mild disseminated intravascular
coagulation (DIC) with thrombocytopenia is another potential complication of LS, reportedly
developing in up to 23 % of cases (Hagelskjaer Kristensen and Prag, 2000). Riordan (2007) agrees
that thrombocytopenia is not uncommon, however states that DIC only occurred in 4 % of LS cases
reviewed. Other reported rates were septic shock developing in 7 % of cases and renal failure in 2
%. The prevalence of abscesses in the joints, liver and spleen were 9.5 %, 5 % and 3.6 % of LS cases,

respectively (Riordan, 2007).

1.5 F. necrophorum infections in animals

F. necrophorum is not only an infectious agent for humans, but is also the cause of necrobacillosis
inanimals (Langworth, 1977). It is implicated in liver abscesses and footrot in cattle and sheep (Zhou
et al., 2009a). Nagaraja et al. (2005) describe these infections, stating that liver abscesses are the
most common F. necrophorum infection in cattle, and that infection tends to begin in the rumen
and spread via septic emboli to the liver. Footrot, also known as interdigital necrobacillosis, is a
necrotising infection of the soft tissues on the feet and surrounding skin which often leads to fever
and lameness in cattle and other hooved livestock. Damp ground and existing injury to the
interdigital skin region are predisposing factors. It is thought that the primary source of infection is
faecal secretion. F. necrophorum also causes calf diphtheria, also referred to as necrotic laryngitis,

and mastitis in cattle (Tan et al., 1996).

These infections have a large economic effect on the farming industry and also concern the welfare
of the animals. As a result of this, the majority of research carried out on F. necrophorum so far is
centred on the bacterium being predominantly an animal pathogen. Riordan (2007) describes the

bacterium as a more common and important pathogen in animals than in humans. However, Wright
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et al. (2012) describe this as a historical view, highlighting the increasing importance of the infection

in humans.

1.6 Epidemiology of F. necrophorum

1.6.1 Incidence

As discussed in section 1.4.1, Batty and Wren (2005) reported the incidence of F. necrophorum
among patients diagnosed with sore throat, tonsillitis and PSTS as 10 %. Aliyu et al. (2004) also
reported an incidence rate of 10 % among cases of pharyngitis compared to 0 % for healthy controls.
Jensen et al. (2007), however, reported an incidence rate of 48 % for tonsillitis swabs, compared to
21 % of healthy controls and Centor et al. (2015) found a F. necrophorum detection rate of 20.5 %
for patients compared to 9.4 % for asymptomatic controls using PCR methods. F. necrophorum is a
significant cause of sore throat, tonsillitis and PSTS and should therefore be routinely screened for

in laboratories receiving throat swabs (Batty and Wren, 2005).

The incidence of F. necrophorum in PTA appears to be higher, with Yusuf et al. (2015) reporting an
incidence rate of 92.6 %, as discussed in section 1.4.2. However, Jousimies-Somer et al. (1993)
reported an isolation rate of 38 % and Klug et al. (2009) reported an isolation rate of 23 %. The
mean annual incidence in Denmark of PTA was calculated as 41 cases per 100,000 population (Klug

et al., 2009).

Lemierre’s syndrome is rare, with a reported incidence of 0.9 cases per million inhabitants per year
in the southwest of England between 1994 and 1999 (Jones et al., 2001). Other reports give an
estimate of between 0.6 and 2.3 per million inhabitants per year based reviewing medical literature
(Syed et al., 2007). Hagelskjeer Kristensen and Prag (2008) reported the incidence in Denmark as
3.6 cases per million inhabitants per year based on a study between 1998 and 2001. When broken

down by age group per year, the incidence was reported as 14.4 cases per million 15 — 24 year olds
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for the study duration. It was estimated by Centor (2009) that 1 in 400 F. necrophorum pharyngitis

cases will progress to LS.

Eaton and Swindells (2014) suggested that rural communities may experience lower incidences of
F. necrophorum infection, following their observation that the F. necrophorum isolation rate of 5.6
% from sore throat swabs during their study was lower than rates observed in London by Batty and
Wren (2005) (section 1.4.1). Karkos et al. (2009) reported that 10 % of acute sore throats and 21 %

of recurring sore throats were attributed to F. necrophorum.

1.6.2 Age distribution

Batty and Wren (2005) plotted, in 10 year increments, the patient age distribution from all throat
swabs containing F. necrophorum or group A streptococcus (GAS). They showed a steady increase
in F. necrophorum incidence with age up to 40 years, starting with an isolation rate of <4 % for the
0 —10 years category, increasing to almost 18 % for the 31 — 40 years category. The GAS prevalence
remained fairly stable throughout, between 10 and 15 %. Forthe 41 —50 age group, the prevalence
of both fell to approximately 4 %. In the 10 year epidemiological study by Yusuf et al. (2015), the
median age of all F. necrophorum infections was 19. Broken down into groups, the median age for

acute tonsillitis was 30, peritonsillar abscess was 27 and acute otitis was 3 years of age.

LS typically affects previously healthy infants and adolescents (Lyle et al., 2011). Riordan (2007)
noted that among LS patients, 89 % were aged between 10 and 35 years and the median age was
19 years. Ridgway et al. (2010) describe that 70 % of LS cases are in the 16 — 25 year old group. This
is in agreement with Brazier et al. (2002) who noted the peak age range for F. necrophorum
bacteraemia is between 16 and 23 years old. They also describe those over 65 as having the next
highest incidence rate. Those over the age of 65 are more likely to have a weaker immune system
which could explain the peak in incidence for that age group. As for the peak age range between
16 and 23 years, this could be related to the similar peak age range for Epstein-Barr virus infections

(Brazier, 2006). There may be symbiotic relationship between the virus and bacterium, or it could
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be that simply close mouth-to-mouth contact between individuals in that age group leads to

increased transmission of the bacterium and therefore higher rates of infection.

1.6.3 Sex ratio

F. necrophorum infections tend to be more common in males than females, according to Brazier et
al. (2002), who showed that 68 % of F. necrophorum bacteraemia cases in England and Wales were
male. Hagelskjeer et al. (1998) demonstrated that, in Denmark, two thirds of Lemierre’s syndrome
cases with tonsillitis as the primary focus were male. Riordan (2007) also discusses the male
predominance, although suggests no explanation. This does not always appear to be the case,

however, with a strong female predominance of 74 % in a Swedish study by Bjork et al. (2015).

1.6.4 Seasonal and geographical distribution

A seasonal variation in the number of cases of F. necrophorum infections have been reported on a
number of occasions. Brazier et al. (2002) noted a peak in incidence in England and Wales from
January to March. Eaton and Swindells (2014) reported that during their UK study the peak in
incidence was between April and June. A slight seasonal variation was reported by Hagelskjaer
Kristensen and Prag (2008) in Denmark, with peaks occurring during late winter and early autumn
months. Riordan (2007) states that reports of infections are mostly from Europe and North America,
suggesting ethnic group and geographical area play a role in the incidence. This could be due to
genetic differences between ethnic groups that affect the bacteria’s ability to cause an infection.
These may be similar factors to those pertaining to greater numbers of infections in males
compared to females. Alternatively, differing methods of detecting and reporting cases may be the

cause of this geographical variation in incidence.

1.6.5 Factors causing increase in incidence

Lemierre’s syndrome had become the forgotten disease (Hagelskjaer Kristensen and Prag, 2000)
following the introduction of penicillin treatment in the 1940s, however an increase in cases has
been reported in several publications more recently. Batty and Wren (2005) noted the increase in

isolation rate of F. necrophorum from patients in the accident and emergency department. This rise
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is supported by Brazier (2006) who reported an increase in the number of F. necrophorum
bacteraemia referrals to the Anaerobe Reference Unit. Hagelskjeer et al. (1998) also reported the
increase in the incidence of cases over time. A review of medical literature containing Lemierre’s
syndrome as the key word by Karkos et al. (2009) found an increase in the number of relevant
articles over time, from six between 1980 and 1990, 50 between 1991 and 2000, and 121 between
2001 and 2008. Several articles discuss the reasons for this alleged increase in incidence, suggesting
reasons such as a reduction in the number of tonsillectomies and a reduction in antibiotic
prescriptions for cases of sore throats (Kuppalli et al., 2012; Wright et al., 2012; Brook, 2015).
Additional suggestions were an increase in awareness of F. necrophorum infections and population
changes in areas that have seen an increase (Wright et al., 2012). An improvement in laboratory
techniques regarding methods for blood culture, isolation and identification of anaerobic
organisms, and the use of more sensitive detection methods, such as polymerase chain reaction
were also suggested as reasons for an increase in reported incidence (Brook, 2015). There is a
possibility that the importance of F. necrophorum as a pathogen has been greatly underestimated
for some time and the improvement of techniques and reporting has led to the perceived increase
in incidence. Alternatively, incidence could indeed be increasing. Surveillance of the organism

would be beneficial in order to track incidence and changes to the organism.

1.6.6 Mortality

Lemierre’s syndrome is associated with high morbidity and mortality, often due to delays in
diagnosis (Lyle et al., 2011). For patients who do not receive treatment for LS the mortality rate is
up to 90 % (Wright et al., 2012). However for those who do receive treatment (section 1.10) there
is usually a full recovery (Brazier et al., 2002). Karkos et al. (2009) reported a mortality rate of 5 %
among patients who had received treatment for LS, while Centor (2009) reviewed several case
series and reported a rate of 4.6 %. Hagelskjzer Kristensen and Prag (2008) reported a mortality rate
of 9 % for LS, however the mortality rate for disseminated F. necrophorum infections was 26 %. The
median age for these two groups was 20 and 66, respectively. The variation in mortality rates

between these groups may be due to the group with disseminated infection containing
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predominantly elderly patients, who may have weakened immune systems, leading to a higher risk

of death from the organism.

1.7 F. necrophorum Pathogenesis

1.7.1 Source of infection

The source of F. necrophorum infection is unknown as it is unclear whether the organism is a
commensal or primary pathogen (section 1.3) (Riordan, 2007). If a commensal, then F. necrophorum
is present in the oropharynx but may potentially cause infection as a primary pathogen (Chirinos et
al., 2002), or opportunistically as a secondary invader (section 1.7.3). In either case the mucosal
tissue may previously be compromised due to other factors. If F. necrophorum is not a commensal
then the source of infection is less clear. Human-to-human transmission is thought to be possible,
following close contact between a carrier and susceptible individuals (Batty et al., 2005). Aside from
intimate contact such as kissing, sharing a toothbrush may also potentially transmit the organism
between individuals (Riordan, 2007). It is known that F. necrophorum is present in the
gastrointestinal tracts of animals, such as cattle (Narayanan et al., 1997), and therefore it may be
possible that infection may occur via the faecal-oral route due to contamination from animal faeces,

as previously mentioned in section 1.3.

1.7.2 Host factors

Certain host factors may enable F. necrophorum to invade more easily, such as the age and gender
of an individual, as discussed in section 1.6.2 and 1.6.3. The health of the oral mucosa is likely to be
important. If the mucosal barrier is compromised or damaged due to an existing or previous
infection, or trauma from an injury or surgery, then it will be easier for F. necrophorum to invade
and establish an infection (Brook, 2015; Syed et al., 2007; Riordan, 2007). Oral/dental hygiene is
important in order to maintain a healthy microflora and to prevent periodontal disease. The oral

microflora may be disrupted by the use of antibiotics and subsequently allow colonisation by a
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pathogen, such as F. necrophorum (Powell et al., 2013). Smoking has also been linked to an
increased risk of respiratory infections by damaging the normal oral microflora and mucosal barrier,
acting synergistically with bacterial toxins and compromising the inflammatory response and the
functioning of leukocytes (Bagaitkar et al., 2008). Variations in the immune systems and genetics
between individuals may affect the level of protection against F. necrophorum infection (Powell et

al., 2013).

1.7.3 Coinfection

Brook (2015) speculates that adhesion and invasion are possibly dependent on co-infection with
viruses such as Epstein-Barr. Eaton and Swindells (2014) also suggest that viral co-infection may be
a precursor for invasive F. necrophorum disease. This is supported by the overlap in peak ages of LS
and Epstein Barr virus (Brazier, 2006), as discussed in section 1.6.2, and the peak in cases during
the winter months coinciding with the common cold and influenza season, which could suggest
more individuals are immunocompromised and therefore prone to infection, or that F.
necrophorum is capable of coinfection with viruses present in the throat. Batty et al. (2005) suggest
that the bacteria is acquired simultaneously with infectious mononucleosis. There have also been
reports regarding coinfection and synergy between group A B-haemolytic streptococcus and other

aerobic and anaerobic bacteria involved in mixed tonsillitis infections (Brook and Gillmore, 1996).

1.7.4 Spread from tonsil to vein

F. necrophorum infections will most commonly cause only a primary infection of pharyngitis or
tonsillitis, however these infections may be persistent or recurrent (Batty and Wren, 2005). In rare
cases, F. necrophorum infection may progress to LS, which is thought to occur in a series of stages
(Figure 2) most commonly beginning in the tonsils and pharynx (Chirinos et al., 2002). Following
initial infection the organism may invade the lateral pharyngeal space, the peritonsillar vein and the
internal jugular vein (Ridgway et al., 2010; Chirinos et al., 2002). The organism may progress to
cause bacteraemia, septic emboli and subsequently metastatic complications. Complications may

be pertaining to cardiovascular, neurological, pulmonary, musculoskeletal, liver and renal systems
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(Ridgway et al., 2010). The exact pathogenic mechanisms of F. necrophorum attachment, invasion,
proliferation and host evasion, along with host inflammation and coagulation initiation mechanisms
have not yet been explained. Inflammation may cause disruption to local tissue that promotes
invasion (Wright et al., 2012) whilst damage to the mucocutaneous barrier may also allow for

Fusobacterial invasion (Brook, 2015).

Invasion of lateral
pharyngeal space

-~

Primary Internal jugular vein Metastatic
infection thrombophlebitis complications

Peritonsillar vein
thrombophlebitis

Figure 2: Clinical progression of Lemierre’s syndrome following primary infection of the throat and/or tonsils with F.

necrophorum.

1.8 Virulence factors of F. necrophorum

The human body has evolved innate and adaptive host defence mechanisms to protect itself from
invading pathogens. Epithelial cells contributing to the oral mucosa provide a physical barrier, while
also producing and secreting inflammatory cytokines and antimicrobial peptides. Mucous provides
an extra barrier, assisting in the prevention of bacterial adherence and penetration into the tissue
and bloodstream. Mucous contains lysozyme, which digests peptidoglycan found in bacterial cell
walls, and lactoferrin, which prevents the growth of bacteria by sequestering iron (Wilson et al.,
2011). Immunoglobulins are also present and can identify and neutralise potentially pathogenic
material, while saliva is also thought to contribute to the defence process by containing receptors
to lipopolysaccharide present on the bacterium (Sugawara et al., 2002). There are also a variety of
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immune cells which defend against invading bacteria by phagocytosis. These include
polymorphonuclear cells (PMNs), monocytes, macrophages and dentritic cells and they ingest and
kill bacteria. They do this with the help of complement proteins and cytokines. Complement
proteins label bacteria for phagocytosis and also attract PMNs to the site of infection. Cytokines
also provide cell signalling to PMNs (Wilson et al., 2011). There are several putative virulence factors
which may be utilised by F. necrophorum to enable it to colonise more effectively and to avoid these

host defence mechanisms.

1.8.1 Leukotoxin

Many bacteria produce and secrete soluble proteins known as exotoxins that enter host cells and
alter the physiology to cause pathological effects (Barbieri, 2009). A type of toxin, referred to as a
leukotoxin is produced by F. necrophorum (Tadepalli et al., 2008a) and is toxic against leukocytes,
particularly PMNs (Narayanan et al., 2002a). It is believed to be the main virulence factor of this
species (Tan et al., 1994a). The killing of these PMNs prevents the invading bacteria from being
engulfed and therefore allows them the opportunity to establish an infection. The leukotoxin is

discussed further in chapter 5.

1.8.2 Endotoxin

Endotoxic lipopolysaccharide (LPS) is a bacterial membrane component that consists of a
polysaccharide chain, known as the O-antigen, and a toxic lipid segment, known as Lipid A, that is
released upon bacterial lysis (Caroff and Karibian, 2003). The lipid segment interacts with host
macrophages and neutrophils and promotes the uncontrolled secretion of proinflammatory
cytokines and nitric oxide resulting in endotoxic shock (Wilson et al., 2011). LPS is present in the
outer membrane of F. necrophorum and has been shown to be lethal to mice and rabbits (Tan et
al., 1996). It is thought to induce disseminated intravascular coagulation and be involved in abscess
formation by creating an anaerobic microenvironment (Nagaraja et al., 2005). According to Garcia
et al. (1998), Fnn and Fnf contain endotoxin lipid A in a 4:1 ratio, respectively, which may have some

relevance in relation to levels of virulence, considering that lipid A is toxic.
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1.8.3 Haemolysin

Haemolysins are a type of pore-forming toxin that damage the membrane of the host cell (Wilson
et al., 2011). They are cell-associated, extracellular proteins that lyse erythrocytes (Nagaraja et al.,
2005). F. necrophorum is known to produce a haemolysin that is thought to help the organism to
increase iron acquisition from the host, which stimulates bacterial growth. It has also been
suggested that it may also reduce the transportation of oxygen to the infection site, thus making
the environment more anaerobic (Tan et al., 1996; Nagaraja et al., 2005). When F. necrophorum is

grown on agar, B-haemolysis can usually be observed around the colonies (Batty and Wren, 2005).

1.8.4 Haemagglutinin

Haemagglutinin causes the clumping of red blood cells. It is produced by F. necrophorum and is
thought to be a cell wall associated protein (Nagaraja et al., 2005; Kanoe et al., 1997). Tan et al.
(1996) discuss the purification and characterisation of the F. necrophorum haemagglutinin by Nagai
et al. (1984) and describe it as filamentous and having a molecular weight of 19 kDa. PCR primers
specific for the haemagglutinin gene in Fnn have been used to subspeciate strains of F.
necrophorum (Kumar et al., 2013; Aliyu et al., 2004). It is unclear whether this method was chosen
due to an understanding that Fnf strains lack the gene or due to strict specificity of the primers.
However, a haemagglutination test using chicken red blood cells in vitro has been used to
subspeciate strains also, with only Fnn causing haemagglutination (Narongwanichgarn et al., 2001).
This is suggestive of Fnf strains either lacking the gene, or lacking sufficient haemagglutinin on the
cell surface to cause clumping. Haemagglutinin also mediates attachment to host cells (Nagaraja et

al., 2005) which is likely to assist the organism in establishing an infection.

1.8.5 Adhesins and invasins

Forming an attachment to the mucosal surface of the host is key to pathogenesis (Riordan, 2007).
As mentioned in section 1.8.4, the F. necrophorum haemagglutinin is thought to be one mechanism

that mediates F. necrophorum attachment to host cells (Nagaraja et al., 2005). In addition to this,
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it has been suggested that the organism possesses fimbriae, also known as pili, in order to aid

attachment (Riordan, 2007; Miyazato et al., 1978).

Brook and Walker (1986) used electronmicroscopy to show that F. necrophorum possesses a
mucopolysaccharide capsule. This protects the organism from harmful immune secretions and
helps it avoid detection by the host. Polysaccharide capsules prevent complement proteins from
binding to the bacteria and therefore help to avoid opsonisation and evade phagocytosis (Wilson
et al., 2011; Brook and Walker, 1986). Polysaccharide capsules may also be involved in adhesion

(Wilson et al., 2011).

F. nucleatum, F. periodonticum and F. simiae, all oral species, are known to express a conserved
adhesin known as FadA which binds to surface proteins of oral mucosa KB cells (Han et al., 2005).
It was not revealed whether F. necrophorum also expresses this adhesin and it would therefore be

of interest to search for this within F. necrophorum genome data and by PCR techniques.

It has been demonstrated that F. necrophorum is capable of adhering to ruminal cells by Takayama
et al. (2000), who suggest that collagen is responsible for mediating this attachment. It is also
thought that using collagenase may be a method that enables F. necrophorum to invade the host.
Rather than the organism expressing its own collagenase, a type of endopeptidase, it appears that
F. necrophorum and F. nucleatum are both capable of inducing Collagenase 3 mRNA production by

the host, via activation of multiple cell signalling systems (Uitto et al., 2005).

Proteolytic enzymes, or proteases, cause damage to host tissue and therefore promote invasion of
the host mucosa and spreading of the infection (Wilson et al., 2011). The presence of a F.

necrophorum protease is also discussed by Tan et al. (1996).

1.8.6 Platelet aggregation

The aggregation of platelets, leading to thrombophlebitis and disseminated intravascular
coagulation, is one of the main symptoms of Lemierre’s syndrome and is therefore of great
relevance (Tan et al., 1996; Riordan, 2007). Kanoe and Yamanaka (1989) investigated F.

necrophorum bovine platelet aggregation and demonstrated that it is mediated by haemagglutinin.
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When F. necrophorum cultures were pre-treated with haemagglutinin antiserum, platelet
aggregation was strongly inhibited in a dose-dependent manner up to 64 %. Forrester et al. (1985)
showed that 13 out of 16 biovar A strains could aggregate human platelets, whereas none of the
biovar B strains could. This demonstrates the greater virulence of biovar A and the need to further

understand how the less virulent strains maintain infection.

1.9 Diagnosis of F. necrophorum infections

1.9.1 Clinical diagnosis

Factors contributing to a diagnosis of LS are pharyngitis within the preceding 4 weeks,
thrombophlebitis of the jugular vein, evidence of metastatic lesions and isolation of F. necrophorum
or other bacteria from a typically sterile body site, such as the blood (Wright et al., 2012). A high
fever may often be the only indicator during the initial stage of LS (Kuppalli et al., 2012) as the
pharyngeal symptoms may have resolved by this stage (Wright et al., 2012). The diagnosis of LS is
most often determined through laboratory investigations rather than clinical observations due to
the rarity of the disease. This unfortunately leads to delays in diagnosis which allow for further

disease progression (Ridgway et al., 2010).

1.9.2 Radiology/imaging

Diagnostic imaging can be used in order to confirm the presence of thrombosis in the internal
jugular vein, emboli in the lungs and abscesses (Lyle et al., 2011; Chirinos et al., 2002; Kuppalli et
al., 2012). Ultrasonography is considered to be a cost effective, minimally invasive, readily available
method, therefore helping to provide a rapid diagnosis. However, it provides poor detection of
newly formed clots and in areas underneath the jaw or collarbone (Kuppalli et al., 2012; Syed et al.,
2007). Computed tomography (CT) is the best method for detecting thrombosis in the internal
jugular vein, according to Ridgway et al. (2010) and Kuppalli et al. (2012). It does involve the use of

X-rays, although it is more sensitive (Syed et al., 2007). Magnetic resonance imaging (MRI) is the
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most accurate and does not require exposure to X-rays, however it is very expensive and not widely
available and therefore has limited involvement in diagnosing LS (Syed et al., 2007; Kuppalli et al.,

2012).

1.9.3 Laboratory diagnosis

Throat swabs with subsequent laboratory analysis by culture and/or PCR are the methods to
determine the cause of bacterial pharyngitis, tonsillitis and PTA. In cases of persistent sore throat
or peritonsillar abscess, the current Public Health England guidelines are to test pus aspirate or
throat swabs for F. necrophorum (Public Health England, 2015). Batty and Wren (2005) suggest that
F. necrophorum should be routinely screened for, however it is unknown how widely this advice

has been adhered to.

As discussed in section 1.2.2, F. necrophorum is best cultured on fastidious anaerobe agar (FAA)
and grown under anaerobic conditions at 37 °C for 48 hours (Syed et al., 2007; Batty and Wren,
2005). The organism can then be purified if needed and identified using Gram staining and
biochemical tests such as indole production, lipase production and alkaline phosphatase testing, or
commercial API testing (Batty et al., 2005). PCR techniques can be used for rapid identification of

F. necrophorum, as discussed in section 1.2.3.

1.10 Treatment of F. necrophorum infections

1.10.1 Antibiotics

According to Centor et al. (2015), the United States do not have any guidelines for F. necrophorum
pharyngitis treatment, although they do support antibiotic prescriptions for GAS pharyngitis. In the
UK the National Institute for Health and Care excellence, also known as NICE, published guidelines
detailing three strategies for what it describes as self-limiting respiratory tract infections, including
acute cases of otitis media, sore throat, pharyngitis and tonsillitis. The strategies are no antibiotic
prescribing, delayed antibiotic prescribing and immediate prescribing (Tan et al., 2008). As
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discussed in section 1.6.5, a decrease in antibiotic prescribing for sore throats has been linked with
the reported increase of F. necrophorum infections (Brook, 2015). The NICE guidelines emphasise
the natural resolution time of each infection, with acute otitis media resolving in four days, and
acute sore throat, acute pharyngitis and acute tonsillitis usually resolving in one week (Tan et al.,

2008).

Brazier et al. (2002) reported antimicrobial susceptibility results of 100 F. necrophorum clinical
isolates and showed 2 % resistance to penicillin and 15 % resistance to erythromycin. In an
American study, 22.7 % of 22 F. necrophorum isolates were determined to be B-lactamase
producers, based on nitrocefin disk testing (Appelbaum et al., 1990), suggesting that penicillin was
not such an appropriate choice in that region unless in combination with a B-lactamase inhibitor.
Brazier et al. (2002) also reported that there was no resistance to metronidazole,
amoxicillin/clavulanate, cefoxitin, chloramphenicol, clindamycin or imipenem. However F.
necrophorum is resistant to gentamicin and quinolones, and tetracyclines are relatively ineffective

(Riordan, 2007).

Antimicrobial therapy for LS is usually prolonged (approximately 3 — 6 weeks) with high dosage due
to the inaccessible nature of septic emboli and abscesses (Ridgway et al., 2010) and also to prevent
local and systemic spread (Brook, 2015). Kuppalli et al. (2012) recommend a combination of 500
mg intravenous metronidazole every 8 hours and 2 g intravenous ceftriaxone every 24 hours for
adults. Brazier et al. (2002) recommend penicillin and metronidazole as appropriate treatments.
For antibiotic treatment of PTA it is recommended that both GAS and oral anaerobes should be
targeted (Galioto, 2008). A review by Wright et al. (2012) discusses the factors contributing to
metronidazole being the first choice antimicrobial, stating a lack of resistance and excellent

bioavailability and tissue penetration.

1.10.2 Surgery

In severe cases of F. necrophorum infection, in addition to antimicrobial treatment, patients may

require tonsillectomy (Bjork et al., 2015) or abscess drainage (Riordan, 2007; Brook, 2015). Kuppalli

28



et al. (2012) describe the drainage of pus and debridement of necrotic tissue as essential. In a
retrospective study on PTA patients in Denmark, 847 patients were included. Of these, 726 patients
had a tonsillectomy and 110 patients had pus aspirated. F. necrophorum was isolated from 191 of

these cases and GAS from 141 (Klug et al., 2009).

1.10.3 Anticoagulants

In cases of LS, anticoagulation therapy such as heparin may also be given to patients. It has been
controversial due to the argument that it is problematic if the patient requires surgery (Hagelskjaer
Kristensen and Prag, 2008) and that clots generally resolve on their own. However, it has been
suggested that a faster resolution of septic emboli is clinically important and that anticoagulation

therapy should therefore be used where thrombosis occurs (Ridgway et al., 2010).

1.11 Genomics of F. necrophorum

At the beginning of this project, in September 2011, the only available Fusobacterium genome
sequence was that of F. nucleatum. The genome sequencing and metabolic analysis was completed
by Kapatral et al. (2002) and deposited in GenBank under accession number AE009951. The genome
features a single circular chromosome, containing 2.17 Mb, a GC content of 27 % and 2,067
predicted open reading frames. This annotated genome sequence was used to make predictions
regarding the F. necrophorum genome during this project, such as the expected size of the genome
and genes that it may contain. F. necrophorum and F. nucleatum occupy similar niches, with F.
nucleatum in the oral cavity (Han, 2015) and F. necrophorum in the oropharynx (Brazier et al., 2002),

therefore it seems plausible that they may share some virulence mechanisms.

Several months into the project, the first F. necrophorum genome became available on the GenBank
database. This has since been followed by the addition of a collection of F. necrophorum genomes

in 2014, leading to a total of eleven. The available genomes are strains isolated from bovine, deer
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and human origin and are approximately 2 Mb in size, as was expected based on the F. nucleatum

genome. This topic is discussed further in chapter 4.

1.12 Project aims

F. necrophorum appears to be a common cause of acute pharyngitis and tonsillitis and a rare cause
of more severe infections of the head and neck. Several virulence factors appear to be involved in
pathogenesis, however there is a limited understanding of them. The F. necrophorum genome is

also largely understudied.

This project intended to increase the understanding of F. necrophorum by using next generation
sequencing to analyse the genome and follow up laboratory analysis on virulence determinants of

interest. The project aims were as follows:

1. Collect clinical strains of F. necrophorum from human origin and a reference strain of
both F. necrophorum subspecies necrophorum and F. necrophorum subspecies
funduliforme. Grow and characterise strains using a combination of conventional
microbiological techniques and molecular techniques.

2. Use next generation sequencing technologies to de novo sequence the reference
strains of both subspecies Fnn and Fnf, along with a clinical strain known to have caused
Lemierre’s syndrome in a patient.

3. Assemble sequence data and annotate with gene products using F. nucleatum as a
reference. Use manual curation alongside automatic annotation in order to increase
the likelihood of novel and interesting characteristics of F. necrophorum being

discovered.
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4. Search databases for additional Fusobacterial sequences, particularly those related to
virulence, such as the leukotoxin. Perform sequence alignments to look for similarities
and conserved regions between strains.

5. Use PCRto determine the presence of putative virulence factors in the strain collection,
such as adhesins and proteases.

6. Carry out in vitro assays on virulence determinants of interest.

Upon completion of the genome annotation work, the virulence determinants chosen for in vitro
analysis were the leukotoxin, the organism’s primary virulence factor, and ecotin, a serine protease
inhibitor not previously described in F. necrophorum. The carriage and sequence of the leukotoxin
gene was investigated within the three sequenced strains and the larger collection of F.
necrophorum clinical strains. The cytotoxic effects on the HL-60 cell line and human white blood
cells were also investigated. Ecotin was investigated for inhibitory effects against human plasma
clotting and individual protease targets, following the production and purification of a recombinant

protein.
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Chapter 2:

Materials and methods

2.1 Bacterial stocks

Bacterial strains used in this study were Fusobacterium necrophorum and chemically competent
Escherichia coli. F. necrophorum reference strains JCM 3718 and JCM 3724 from the Japan
Collection of Microorganisms, and clinical strain ARU 01, were provided by the Anaerobe Reference
Unit, Cardiff (Table 1). Strains JCM 3718 and JCM 3724, subspecies necrophorum and funduliforme,
respectively, are both of bovine liver abscess origin, and strain ARU 01 is known to have caused
Lemierre’s syndrome in a patient. A collection of 26 human clinical isolates, provided by Antonia
Batty, University College Hospital London (Table 2) were also used in this study. No identifying
patient data was provided with the strains. Chemically competent E. coli cells were Top10 and

BL21(DE3) strains (Table 3).

Table 1: Reference strains and clinical strain provided by the Anaerobe Reference Unit, Cardiff, UK.

Strain/isolate Subspecies

JCM 3718 Fusobacterium necrophorum subspecies necrophorum
JCM 3724 Fusobacterium necrophorum subspecies funduliforme
ARU 01 Fusobacterium necrophorum subspecies funduliforme

Table 2: Clinical strain collection provided by Antonia Batty, University College Hospital London, UK.

Collection isolate numbers

Fusobacterium necrophorum 1, 5, 11, 21, 24, 30, 39, 40, 41, 42, 52, 59, 62, 70, 80, 82, 86,

clinical strains 87, 88, 89, 90, 91, 92, 93, 94, 95
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Table 3: Chemically competent strains used for cloning.

Strain Species Genotype Source
Top10 Escherichia coli ~ F- mcrA A( mrr-hsdRMS-merBC) Ms Emma Bentley,
®80/acZAM15

University of

A lacX74 recA1 araD139

Westminster
A(araleu)7697 galU galK rpsL
(StrR) endA1 nupG

BL21(DE3) Escherichia coli F- ompT hsdSB (rBmB-) gal dcm Dr Anatoliy Markiv,
(DE3) University of

Westminster

2.2 Plasmid stocks

A pET-16b plasmid was provided by Dr Anatoliy Markiv, University of Westminster, for use in section

2.14.

2.3 Cell line stocks

The HL-60 cell line (ATCC CCL-240) was purchased from Sigma, Gillingham. The cell line was derived
from peripheral blood leukocytes from a 36 year old Caucasian female with acute promyelocytic

leukaemia.

2.4 Reagents and solutions

Solutions were prepared using deionised water from a Purite Select deioniser. Sterilisation
conditions were by autoclaving at 121 °C for 15 minutes except where alternative conditions are

stated. Acetic acid, hydrochloric acid and Dimethyl sulfoxide (DMSO) were purchased from Sigma,
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Gillingham. Ethanol and isopropanol were purchased from VWR BDH PROLABO Chemicals,

Leicestershire.

Methods for preparing ethylenediaminetetraacetic acid (EDTA), 50X Tris base, acetic acid and EDTA
(TAE) buffer, 6X Gel electrophoresis loading dye, 6X Laemmli buffer, 10X Tris-Glycine buffer,

Bradford reagent and Phosphate buffered saline (PBS) are listed in Appendix 1.

2.5 Media and antibiotics

Methods for preparing LB agar and broth, fastidious anaerobe agar (FAA), fastidious anaerobe broth
(FAB), brain heart infusion (BHI) broth, complete cell culture medium, SOC media, 100 mg/ml

ampicillin and 100X penicillin-streptomycin solution are listed in Appendix 2.

2.6. Bacterial culture and storage

F. necrophorum strains were cultured on fastidious anaerobe agar (LabM, Lancashire)
supplemented with 5 % defibrinated horse blood (TCS Bioscience, Buckingham) and incubated in a
sealed chamber for 48 hours under anaerobic conditions at 37 °C using AnaeroGen sachets (Oxoid,
Basingstoke). F. necrophorum strains are usually 1 —3 mm in diameter, cream-grey in colour with
an irregular or smooth edge, exhibiting beta-haemolysis and a butyric acid odour. For long term

storage, cultures were frozen at -80 °C in a solution of sterilised 15 % glycerol (Sigma, Gillingham).

2.7 ldentification using biochemical tests

Tests were used to confirm the biochemical profiles of the strain collection matched that of F.
necrophorum. These tests consisted of Gram stains, oxidase and catalase tests and a test for indole
production using the Bactidrop Spot Indole test (Remel, Dartford). Expected results were Gram

negative pleomorphic rods, often with some long filaments present. Oxidase and catalase tests
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should be negative with a positive result for indole production. Methods for carrying out a Gram

stain, oxidase test, catalase test and indole production test are detailed in Appendix 3.

2.8 Nucleic acid analysis

2.8.1 DNA extraction

DNA was extracted using a Qiagen DNA mini kit. Several loopfuls of colonies from a 48 hour
anaerobic culture were suspended in 1 ml sterile deionised water (SDW) and a 200 ul sample was
aliquoted into a microfuge tube. 200 ul buffer ATL was added and the mixture vortexed, followed
by adding 20 ul 20 mg/ml proteinase K and vortexing again. The mixture was incubated at 56 °C for
10 minutes, vortexed every 2 minutes, and then briefly centrifuged in an Eppendorf 5415 D
benchtop centrifuge to remove drops from the inside of the lid. 200 pl buffer AL was then added
and pulse vortexed for 15 seconds, followed by incubating at 70 °C for 10 minutes and briefly
centrifuging again. 200 ul ethanol (96 — 100 %) was added to the sample, which was mixed again by
pulse vortexing for 15 seconds, and briefly centrifuged. The mixture was carefully applied to a spin
column in a 2 ml collection tube and centrifuged at 8000 rpm for 1 minute. The filtrate was
discarded. 500 ul buffer AW1 was added to the column before centrifuging at 8000 rpm for 1
minute and discarding the filtrate. 500 ul buffer AW2 was added to column. This was centrifuged
at 13,000 rpm for 3 minutes and the filtrate was discarded before an additional spin at 13,000 rpm
for 1 minute. The collection tube was discarded and the column placed in a new microfuge tube.
200 pl buffer AE was added and the sample was incubated at room temperature for 5 minutes. The
DNA was collected by centrifuging at 8000 rpm for 1 minute. The extracted DNA was stored in 1.5
ml tubes at -20 °C. Aliquots of the extracted DNA were diluted 1 in 20 and stored at -20 °C in 100 pl

aliquots for use in PCR.
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2.8.2 Polymerase chain reaction (PCR)

PCR master mixes were prepared using the components in Table 4. The components, excluding the
DNA template, were added to a single 1.5 ml microfuge tube in sufficient quantities for multiple
reactions, and then dispensed in 20 pl aliquots into 0.2 ml PCR tubes. DNA template (diluted 1 in
20 from stock) and a molecular grade water (Fisher Scientific, Loughborough) negative control were

added to the tubes, labelled with the corresponding sample name or number.

PCR was performed using a BioRad DNA Engine Peltier Thermal Cycler. Conditions were an initial
denaturation step of 95 °C for 5 minutes, then 35 cycles of denaturing at 95 °C for 30 seconds,
annealing at 55 °C for 30 seconds then extension at 72 °C for 1 minute. This was followed by a final

extension step of 72 °C for 5 minutes before holding at 8 °C.

Primer pairs used in PCR are listed in Table 20, Table 30, Table 42 and Appendices 10, 11 and 14.

Table 4: PCR components for each tube

Component Source Quantity
Tag PCR master mix kit Qiagen, Crawley 12.5 ul
Forward primer (10 uM) Synthesised by Eurofins MWG Operon 2.5 ul
Reverse primer (10 uM) Synthesised by Eurofins MWG Operon 2.5 ul
Molecular grade water Fisher Scientific, Loughborough 2.5 ul
DNA template 5ul

2.8.3 Gel electrophoresis

Gel electrophoresis was used to visualise amplified PCR products. Dehydrated, molecular grade
agarose was obtained from Lonza, Rockland, USA. 0.8 % (w/v) or 1 % (w/v) solutions were prepared
in 1X TAE buffer. Solutions were boiled in a microwave until fully dissolved and then cooled to 50
°C — 60 °C. 10,000X GelRed nucleic acid gel stain (Biotum, Hayward, CA, USA) was added to the

cooled gel solution as a 1 in 10,000 dilution, which was then swirled and poured into a gel cast.
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Plasmids were electrophoresed on 0.8 % (w/v) agarose gels with a GeneRuler 1 kb DNA ladder and
100 bp DNA ladder (Thermo Fisher Scientific, Hertfordshire), while PCR fragments were
electrophoresed on 1 % (w/v) agarose gels with a 100 bp ladder. DNA products were mixed with 6X
loading dye before loading into the agarose gel well. All gels were run with a negative control
sample. The electrophoresis running buffer was 1X TAE buffer. Gels were visualised using a UV
imaging system, UVIPRO (UVITEC, Cambridge). Plasmids and PCR fragment sizes were determined

by comparison to the DNA ladder standards run in parallel.

2.8.4 Real-time PCR using TagMan probes

TagMan probes were used in conjunction with gyrB primers in a RotorGene Q PCR machine in order
to subspeciate the F. necrophorum isolates. The gyrB primers (Table 20) and probes used were
taken from the paper by Jensen et al. (2007) and synthesised by Eurofins MWG Operon. The gyrB
primers were diluted to a working concentration of 4 uM and the probes were diluted to a working
concentration of 1 uM. See Table 5 for 5 — 3’ probe sequences. The Fnn probe had a FAM
fluorophore (absorbance: 495 nm; emission 520 nm) and the Fnf probe had a JOE fluorophore
(absorbance: 520 nm; emission: 548 nm). Both probes used black hole quencher (BHQ) 1

(quenching range: 480 — 580 nm).

Master mixes were prepared using the components in Table 6. The components, excluding the DNA
template, were added to a single 1.5 ml microfuge tube in sufficient quantities for multiple
reactions, and then dispensed in 20 pl aliquots into 0.2 ml PCR tubes. DNA template (diluted 1 in
20 from stock) and a molecular grade water (Fisher Scientific, Loughborough) negative control were
added to the tubes, labelled with the corresponding sample name or number. The probes were

tested in separate reaction tubes.

Cycle conditions were an initial denaturation step of 95 °C for 5 minutes, then 40 cycles of 95 °C for
30 seconds followed by 60 °C for 60 seconds while acquiring on the green and yellow channels. The

subspecies necrophorum probe was detected on the green channel and the subspecies
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funduliforme was detected on the yellow channel. The RotorGene Q software was used to analyse

results.

Table 5: TagMan probes used in conjunction with gyrB PCR primers to subspeciate F. necrophorum strains using real-time

PCR.

Probe 5’ — 3’ probe sequence

Subsp. necrophorum-specific gyrB probe FAM-TCTACTTTGGAGGTTGGAGAAACAAC-BHQ 1

Subsp. funduliforme-specific gyrB probe JOE-TCCGCTTTAGAGGCTGGAGAAACGAC-BHQ 1

Table 6: Reaction components for each real-time PCR tube

Component Source Quantity
RotorGene probe PCR kit Qiagen, Crawley 12.5 ul
Forward primer (4 uM) Synthesised by Eurofins MWG Operon 2.5 ul
Reverse primer (4 uM) Synthesised by Eurofins MWG Operon 2.5 ul

Fnn- or Fnf-specific probe (1 uM)  Synthesised by Eurofins MWG Operon 2.5 ul

DNA template 5ul

2.8.5 Gel extraction of nucleic acid product

The GenElute Gel extraction kit was used for purification of DNA fragments from agarose gels
according to the manufacturer’s instructions. See Appendix 4 for full details.

2.8.6 Quantification of DNA using Nanodrop

Concentrations of purified PCR fragments, plasmids, and other DNA samples were measured using
a Nanodrop2000 spectrophotometer (Thermo Scientific, Loughborough). The optical density of 1 pl
of sample DNA was measured at 260 nm and the concentration calculated by the Nanodrop2000

software.
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2.8.7 Sanger sequencing purified DNA fragment

Primers designed for closing gaps in the leukotoxin sequence data and those designed for
sequencing the full leukotoxin operon are detailed in Appendices 10 and 11, respectively. The PCR
products amplified using these primer pairs were sequenced using the Sanger method. Primer sets
used for detection of the /ktA gene are detailed in Appendix 14. PCR products amplified using these
primer pairs were not sequenced, with the exception of the first 12 strains (1 —59) for Ludlam_LT1.
A small selection of the Ludlam_LT1 amplicons were sequenced to determine variations within that

region, which were highlighted by non-amplification using IktA primers, targeting the same region.

A primer pair designed to amplify the ecotin gene (detailed in Table 42) was used to sequence
strains 1 - 59, JCM 3718, JCM 3724 and ARU 01. This was to enable analysis of the JCM 3718, JICM
3724 and ARU 01 sequence data and to design a F. necrophorum ecotin plasmid insert. The
remainder of the ecotin amplicons were sequenced to assess the level of conservation between the
strains. Products amplified using primer pairs gyrB (Table 20) and FadA (Table 30) were not
sequenced. The gyrB amplicons were not sequenced as verification of the strain identities as
TagMan probes were also used for identification work. There was no amplification of product
within F. necrophorum strains using the FadA primers, so these primers were not used for

sequencing.

For Sanger sequencing, prepaid barcodes were used to send purified plasmids and PCR fragments
to GATC Biotech (Constance, Germany). 20 pl of purified PCR fragments (10 — 50 ng/ul) or purified
plasmid (30 — 100 ng/ul) were sent in 1.5 ml microfuge tubes and 20 ul of the forward and reverse

primers (10 pmol/ul), in separate 1.5 ml microfuge tubes, were sent via a London collection point.
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2.9 de novo genome sequencing, assembly and annotation

2.9.1 Next generation sequencing and assembly

Two F. necrophorum reference strains and a LS clinical isolate were commercially sequenced by
GATC Biotech (Konstanz, Germany) using Roche 454 GS-FLX+ next generation sequencing
technology. The raw sequence reads of the genomes were assembled into larger contigs semi-

automatically using Roche GS Assembler, also known as Newbler.
2.9.2 Genome annotation

The assembled contigs were uploaded into the xBASE pipeline (Chaudhuri et al., 2008) in FASTA
format for prediction of open reading frames and gene product annotations. The pipeline combines
several programs used for annotation purposes: Glimmer predicted the open reading frames,
tRNAScan-SE searched for tRNA genes, RNAmmer searched for ribosomal RNA genes, and BLASTp
searched translated coding sequences against the selected reference sequence (Fusobacterium
nucleatum in this case). The best result for each search was selected as the annotation product,

providing the criteria in Table 7 was satisfied:

Table 7: Criteria required for BLASTp assignment of product annotation by xBASE pipeline.

Minimum gene length: 90 base pairs
Maximum gene overlap: 50 base pairs
BLAST E-value cut-off: le-10

For BLASTp searches that yield no acceptable result, the product identity field was left blank.
2.9.3 File conversion script

XBASE output files are produced in GenBank format. To convert them to a user-friendly Microsoft
Excel file, a program was created using an OpenVMS operating system to extract the information
of interest. The GenBank file was the input and a comma-separated value file was the output. The
resulting Excel spreadsheet had data under the headings: assembly contig, base location,

orientation, product and protein sequence.
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2.9.4 BLASTp annotation

For manual annotation using a BLASTp search, the translated protein sequence was entered into
the query sequence field and then searched against the non-redundant protein sequence database
using the default settings. The Broad Institute prokaryotic annotation pipeline standard operating
procedure (2009) was used to define the acceptable parameters for BLAST annotation (Table 8).
For each query sequence the top BLAST result that satisfies the Broad Institute standard operating
procedure conditions was accepted as the gene naming product. Products labelled as hypothetical
protein were disregarded unless no other acceptable result was available. The results were added

to the Microsoft Excel file containing the xBASE annotation results.

Table 8: Acceptable parameters for BLAST annotation, as defined by the Broad Institute.

Blast Database: Non-redundant (bacteria)
Maximum E value: 101
Minimum identity: 30%
Minimum query coverage: 30%

2.9.5 Contig merging using Minimus2

Genomic data sets from the same strain were sent to Source Bioscience, Nottingham, to be merged
into a single set of contigs using the program Minimus2, in order to reduce the overall number of

contigs. This was carried out as a commercial package.

2.10 Web-based sequence tools and open source software

2.10.1 Primer3

Primer3 (Untergasser et al., 2012) is a PCR primer design and analysis tool that was used for all

primer design during this study. The DNA sequence to be targeted, and a region of flanking
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sequence were entered into the text box with regions to flank or avoid marked. PCR primers were

generated using default settings.

2.10.2 Clustal Omega

To compare multiple relatively short sequences of DNA or protein, Clustal Omega (Sievers et al.,
2011) was used (Clustal Omega, 2015). Sequence data for a single gene or operon were entered in
FASTA format into the input box from each of the different strains. The sequences were aligned
against one another with an asterisk below identical nucleotides or amino acids. Variation between

the strains is indicated by a lack of asterisk symbols.

2.10.3 ExPASy translate

To translate DNA sequence into protein sequence, the ExPASy translate tool was used (Expasy -
Translate Tool, 2015). DNA sequence was entered into the query text box and an output format

selected. The tool then translated the DNA sequence into the six reading frames.

2.10.4 Hydophobicity plots

To create a hydrophobicity plot of protein sequence data, ExPASy ProtScale was used (Expasy -
Protscale, 2015). Protein sequence was entered into the query text box and the Kyte and Doolittle
hydrophobicity plot option was selected. Potential transmembrane regions are found by peaks with
a score of 1.6 or greater when a recommended window size of 19 is used. The window size
represents the number of surrounding amino acids used at each amino acid position to generate

the average score that predicts hydrophobicity at that position.

2.10.5 Sequence alignments using WebACT

A web-based version of the Artemis Comparison Tool program (Abbott et al., 2005; Webact, 2015)
was used to generate comparison files of the leukotoxin operons of the three sequenced genomes.
Sequences were uploaded in FASTA format under the generate tab. The results from each query

were saved and viewed within the Artemis Comparison Tool program. Regions of similarity between
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sequences are shown by red blocks, reversed sections of similarity are shown by blue blocks and

white sections (or breaks) indicate unique regions.

2.10.6 Seaview and PhyML

Phylogenetic trees were constructed using programs Seaview and PhyML within a Linux operating
system. DNA sequences of interest were first loaded into Seaview, before selecting the view as
protein option. Once the DNA sequence had been translated, the align function was used. The
aligned sequence was then converted back into DNA sequence with optimised spacing between
nucleotides for a better alignment. To make the tree, the PhyML option was selected, with 100
bootstrap replicates set in options. The scale bar shown on the resulting tree represents the number

of inferred substitutions per site.

2.11 Cell line culture

All sterile work involving the HL-60 cell line was carried out in a Bioair Safeflow microbiological
safety cabinet. Methods for propagating from frozen, cell counting, serial passage and storage are

detailed in Appendix 5.

2.12 Donor blood collection and associated ethics approval

2.12.1 Ethics approval

Blood was taken from informed, consenting, healthy volunteers after obtaining ethics approval
from the University of Westminster. Application numbers were: 12_13 04 for blood collection for
use in the cytotoxicity assay with F. necrophorum leukotoxin and VRE1314-1070 for blood collection
for use in coagulation assays with F. necrophorum ecotin. For both assays, no participant

information is linked to the results. All samples were discarded by the end of the day and no cellular

43



or DNA containing samples were retained. See Appendices 6 and 7 for associated participant

information sheets, consent form templates and ethics approval letters.

2.12.2 Venipuncture and blood collection

Samples of blood were collected from participants by venipuncture. This was carried out by an
experienced phlebotomist, and 20 ml of blood was collected from each donor in four 5 mi
vacutainers. EDTA vacutainers were used where white blood cells were to be separated by
histopaque method, and buffered sodium citrate vacutainers were used where platelet-poor

plasma was required.

2.12.3 Histopaque separation of blood components

White blood cells were prepared for cytotoxicity assays by Histopaque method. 3 ml of room
temperature Histopaque-1119 was added to a 15 ml conical centrifuge tube and 3 ml of room
temperature Histopaque-1077 was carefully layered on top. 6 ml of whole blood, diluted 1:1 with
1X PBS, was layered onto the upper gradient of the tube. The tube was centrifuged at 700 x g for
30 minutes at room temperature, resulting in two distinct opaque layers. The plasma was aspirated
to within 0.5 cm of the lower layer and discarded. Cells from this layer were transferred to a tube
labelled granulocytes. The cells were washed by the addition of 10 ml of 1X PBS to the tubes,
followed by centrifuging for 10 minutes at 300 x g. The supernatant was discarded. Wash steps
were repeated twice, with cells resuspended by gently drawing in and out of a Pasteur pipette. Cells
were then resuspended in complete RPMI 1640 culture medium (Life Technologies, Paisley). The

concentration of viable cells was determined by a 0.4 % trypan blue dye exclusion assay.

2.12.4 Collecting platelet-poor plasma by centrifugation

Platelet-poor plasma was prepared for clotting time assays by centrifugation method. Whole blood
was separated by centrifugation at 2000 x g for 15 minutes at room temperature and the plasma
layer was retained, taking care not to disturb the buffy coat layer. The plasma from one tube was
kept at 4 °C for activated partial thromboplastin time tests and the remainder were kept at room

temperature.
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2.13 Cytotoxicity assay

2.13.1 Collection of high molecular weight protein for cytotoxicity assay

JCM 3718, JCM 3724 and ARU 01 strains were grown on FAA media at 37 °C for 48 hours under
anaerobic conditions. They were subsequently cultured into BHI broth and incubated at 37 °C and
150 rpm until they reached an ODgo of 0.7 — 0.8. The cultures were centrifuged at 3000 x g for 30
minutes at 4 °C and the supernatant was sterile filtered using 0.2 um filters (Millipore,
Hertfordshire) and 75X concentrated with 100 kDa molecular weight cut off filters (Millipore,
Hertfordshire) also centrifuged at 3000 x g and 4 °C for 30 minutes. The resulting high molecular
weight samples were aliquoted and stored at -20 °C for up to two weeks. Samples were not
defrosted more than once and were analysed for the presence of high molecular weight protein by

SDS PAGE.

2.13.2 Quantification of protein sample by Bradford assay

The concentrations of the high molecular weight protein fractions from section 2.13.1,
hypothesised to contain leukotoxin, were determined by Bradford assay (Bradford, 1976) in 96 well
clear flat-bottomed plates. A standard curve was constructed using 9, 11, 13, 15, 17 and 19 pg/ml
human serum albumin (HSA) in triplicate, in 200 ul final volumes containing 100 ul per well Bradford
reagent. Putative leukotoxin samples were diluted 1 in 50. Absorbance was measured on a
Versamax microplate reader at 595 nm, and the equation of the graph and R squared value were

recorded. Sample concentrations were adjusted for the dilution factor before reported.

2.13.3 Analysis of protein sample by SDS PAGE

Concentrated samples of high molecular weight protein (from section 2.13.1) were analysed using
a sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) method introduced by
Laemmli (1970). Protogel buffers were purchased from Fisher (Loughborough) and Ammonium
persulfate (APS) and N,N,N’,N’-Tetramethylethylenediamine (TEMED) were purchased from Sigma
(Gillingham). 0.75 mm polyacrylamide gels were made using Mini Protean Tetra Cell apparatus

(BioRad, Hertfordshire, UK). 10 % polyacrylamide running gels were made by mixing the
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components in Table 9 and poured between glass plates with a 4 % polyacrylamide stacking gel,

made by mixing the components in

Table 10, poured on top, as per the manufacturer’s instructions. The APS solution, made by adding
0.1 gto 1 ml deionised water, and TEMED were added quickly before pouring. 6X Laemmli reducing
buffer and non-reducing buffer were added to the samples separately, which were then boiled for
5 minutes before being loaded into the gel. Gels were run with either blue protein standard (broad
range) or colour protein standard (broad range) protein ladders, purchased from New England
Biolabs (Hitchin). Gels were run in a tank of 1X Tris-Glycine buffer (pH 8.3) at 110 V for 90 minutes.
Gels were stained with 0.5 % Coomassie blue dye for 1 hour, destained overnight in 7 % (v/v) acetic

acid and then viewed on a GS-800 scanner using the Quantity one program.

Table 9: Composition of 10 % running gel.

Component Volume

Protogel, containing 30 % (w/v) acrylamide/methylene bis- 3.3 ml

acrylamide solution (37.5:1 ratio)

Resolving buffer 2.6 ml
Deionised water 3.96 ml
Ammonium persulfate 10 % (w/v) 100 pl
TEMED 20 ul

Table 10: Composition of 4 % stacking gel.

Component Volume

Protogel, containing 30 % (w/v) acrylamide/methylene bis- 1.3 ml

acrylamide solution (37.5:1 ratio)

Stacking buffer 2.5ml
Deionised water 6.1 ml
Ammonium persulfate 10 % (w/v) 50 pl
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TEMED 10 pl

2.13.4 Cytotoxicity assay using HL-60 cell line

HL-60 cells were passaged as described in Appendix 5 in order to be used in a cytotoxicity assay,
with methods based on those of Tadepalli et al. (2008a). Following cell passage, cells were
resuspended in an appropriate volume to result in 1 x 108 viable cells/ml. 12 ml centrifuge tubes
were labelled with the sample treatments and 100 pl of cell suspension was added to each to result
in 1 x 10° viable cells per tube. Cell treatments included: 1X PBS as a negative control, ethanol as
positive control at a final concentration of 7.5 %, concentrated high molecular weight culture
supernatant collected from JCM 3718, JCM 3724 and ARU 01 at final concentrations 125 pg/ml, 150
ug/ml, and 175 pg/ml, concentrated high molecular weight culture supernatant collected from JCM
3718 and ARU 01 at a final concentration of 250 ug/ml, and filter flow through from the three
strains. Concentrated high molecular weight culture supernatant, filter flow through, PBS or
ethanol were added to each tube and the volume made up to 300 ul with 1X PBS. Treated cells
were incubated for 45 minutes at 37 °C in 5 % CO,. Cells were washed twice with 1X PBS and
centrifuging at 300 x g, with cells resuspended by gently drawing in and out of a Pasteur pipette.
Cells were then resuspended in 300 ul complete culture medium (Appendix 2.4) and stained with
10 pl propidium iodide (50 pg/ml) in the dark for 5 minutes before being processed on a flow

cytometer. Experiments were repeated over three separate days for triplicate data sets.

2.13.5 Cytotoxicity assay using human donor white blood cells

The cytotoxicity assay from section 2.13.4 using HL-60 cells was partially repeated using white blood
cells separated from human donor blood by Histopaque method (section 2.12.3). Following a trypan
blue dye exclusion assay, as described in Appendix 5.2, cells were adjusted to a concentration of 1
x 10° viable cells/ml by addition of RPMI 1640 culture medium (Life Technologies, Paisley). 12 ml
centrifuge tubes were labelled with the sample treatments and 100 pl of cell suspension was added
to each to result in 1 x 10° viable cells per tube. Cell treatments included: 1X PBS as a negative

control, ethanol as positive control at a final concentration of 7.5 %, and toxin collected from JCM
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3718, JCM 3724 and ARU 01 at a final concentration of 150 pug/ml. Treated cells were incubated for
45 minutes at 37 °Cin 5 % CO.. Cells were washed twice with 1X PBS and centrifuging at 300 x g,
with cells resuspended by gently drawing in and out of a Pasteur pipette. Cells were then
resuspended in 300 pul RPMI 1640 culture medium and stained with 10 pl propidium iodide (50
pug/ml) in the dark for 5 minutes before being processed on a flow cytometer. Experiments were

repeated over three separate days for triplicate data sets.

2.13.6 Flow cytometric analysis

For each sample 10,000 cells were analysed on the Cyan ADP Flow Cytometer (DakoCytomation)
using the Summit V4.3 software. Unstained, untreated samples of cell lines and human white blood
cells were used to adjust the lasers and set gates for cell size and granularity before samples stained
with propidium iodide were measured for viability. The percentage viabilities for the negative
controls were set to match those of the trypan blue dye exclusion assay in order to obtain the most

accurate gate settings. Cells were therefore gated according to approximately 98 % viability.

2.14 Cloning

2.14.1 Preparation of competent cells using CaCl, method

A few colonies from an overnight culture of Top10 or BL21(DE3) E. coli were inoculated into 10 ml
of LB broth in a sterile tube and incubated for 16 hours at 37 °C and 330 rpm. 50 ml of pre-warmed
LB broth in a conical flask was inoculated with 1 ml of the 16 hour culture and grown at 37 °C and
220 rpm until ODggo reached 0.3 — 0.4. The culture was transferred to a pre-chilled 50 ml tube and
chilled on ice for 20 minutes before being centrifuged at 3000 rpm for 5 minutes at 4 °C. The
supernatant was discarded and the cells gently resuspended on ice in 5 ml of filter sterilised 0.1 M
CaCl, pre-chilled to 4 °C. After 30 minutes on ice, the cells were centrifuged again at 3000 rpm for

5 minutes at 4 °C and the supernatant was discarded. The cells were gently resuspended in 2 ml
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pre-chilled, filter sterilised 0.1 M CaCl, containing 15 % glycerol. Cells were left on ice for 30 minutes

before being aliquoted into pre-chilled 1.5 ml tubes and stored at -80 °C.

2.14.2 Plasmid design

A plasmid insert containing the F. necrophorum ecotin gene was designed to include an Ncol
restriction site, a deca-histidine tag, an enterokinase cleavage site, an Ndel restriction site, followed
by the ecotin gene sequence including the stop codon, and restriction site Xhol. It was ensured that
the ecotin gene start codon would be in frame. The plasmid was commercially synthesised by
GeneArt (Regensburg, Germany) and was supplied as 5 pg of lyophilised plasmid DNA. The DNA

sequence was verified as 100 % homologous to the design by Sanger sequencing.

2.14.3 Resuspending lyophilised plasmid DNA

Lyophilised plasmid DNA was pulse centrifuged to ensure all DNA collected at the bottom of the
tube. 50 ul of molecular grade water (Fisher Scientific, Loughborough) was added to 5 pg plasmid
DNA. This was mixed by gentle flicking of the tube and pulse centrifuged to incorporated all DNA
and incubated for 1 hour at room temperature. 1 pul of the resuspended DNA was transformed into

chemically competent E. coli cells (section 2.14.4) and the remainder stored in aliquots at -20 °C.

2.14.4 Transformation of plasmid into chemically competent Top10 cells using

heat shock method

The synthesised plasmid and the pET-16b plasmid provided by Dr Anatoliy Markiv, University of
Westminster, were both separately transformed into chemically competent Top10 E. coli cells in
order to amplify the plasmids. In each case, 30 ul Top10 cells were transferred to a 1.5 ml microfuge
tube on ice. 10 ng of plasmid was added to the cells which were incubated on ice for 30 minutes.
The cells were heat shocked at 42 °C for 40 seconds then placed back on ice for 2 minutes. 200 ul
SOC medium was added and the culture was placed in a shaking incubator for 45 minutes at 37 °C
at 330 rpm. 100 pl competent bacteria and plasmid were inoculated onto an LB agar plate with 100

ug/ml ampicillin and incubated overnight at 37 °C. One colony was selected and grown in 6 ml LB
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broth with 100 pg/ml ampicillin for 16 hours at 37 °C, shaking at 250 rpm. An aliquot was saved in
50 % glycerol and a plasmid miniprep kit from Life Technologies, Paisley (section 2.14.5) was used
to extract plasmid DNA, following the manufacturer’s instructions. Plasmid DNA was quantified

using a Nanodrop.

2.14.5 Plasmid extraction

Plasmid DNA was purified using a PureLink Quick plasmid miniprep kit, purchased from Invitrogen,
by Life Technologies (Paisley), and used as per the manufacturer’s instructions. 5 ml of an overnight
broth culture of E. coli cells transformed with plasmid was centrifuged at 12,000 x g and the
supernatant discarded. Cells were resuspended in 250 ul Resuspension buffer with RNase A and
mixed until homogenous. 250 ul Lysis buffer was added and mixed gently, then incubated at room
temperature for 5 minutes. 350 ul Precipitation buffer was added and mixed immediately by
inverting the tube until the mixture was homogenous. The sample was then centrifuged at 12,000
x g for 10 minutes. The supernatant was loaded into a spin column in a 2 ml wash tube and was
centrifuged for 12,000 x g for 1 minute and the flow through discarded. 700 ul Wash buffer with
ethanol was added to the column which was then centrifuged at 12,000 x g for 1 minute and the
flow through was discarded. The centrifugation step was repeated and the spin column placed in a
clean 1.5 ml recovery tube. 75 ul TE buffer, preheated to 65 — 70 °C, was added to the centre of the
column and incubated for 1 minute at room temperature. The column was centrifuged at 12,000 x

g for 2 minutes and the eluted, purified plasmid was stored in 25 pl aliquots at -20 °C.

2.14.6 Plasmid digestion

Purified plasmids from Top10 cells were digested using restriction enzymes to cleave the DNA at
the Ncol and Xhol cloning sites. Digestions were carried out simultaneously to provide the pET-16b
plasmid backbone and the ecotin gene insert. The reaction components listed in Table 11 were
added and the tubes were incubated at 37 °C for 30 minutes before being run in a 0.8 % agarose

gel. The resulting bands were excised with a scalpel and the DNA extracted using a DNA gel
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purification kit (Sigma, Gillingham) (section 2.8.5). The nucleic acid was then quantified using a

Nanodrop (section 2.8.6) for both the plasmid backbone and insert.

Table 11: Reaction components of plasmid digestion for both pET-16b plasmid and ecotin synthesised plasmid.

Reaction component Reaction volume
Plasmid (pET-16b and Ecotin, separately) 28 ul
Digestion buffer (Fermentas, Hertfordshire) 3.5ul
Molecular grade water (Fisher Scientific, Loughborough) 0.5 ul
Ncol (Fermentas, Hertfordshire) 1.5l
Xhol (Fermentas, Hertfordshire) 1.5l
Total 35l

2.14.7 Plasmid ligation

The digested ecotin insert was ligated into the pET-16b plasmid backbone by adding the plasmid
components in a 1:3 molar ratio (1 part backbone — 3 parts insert). The reaction components from
Table 12 were added and the mixture was incubated at 4 °C overnight. The ligation mix was heat
inactivated at 70 °C for 10 minutes before 10 ng was transformed into Top10 cells using the method
described in section 2.14.4. One colony was selected and grown in 6 ml LB broth with 100 ug/ml
ampicillin for 16 hours at 37 °C, shaking at 250 rpm. An aliquot was then saved in glycerol and a
plasmid miniprep (section 2.14.5) was carried out to extract plasmid DNA. A second digest (section
2.14.6) was carried out on the purified plasmid and the resulting digested plasmid run on a 0.8 %
agarose gel (section 2.8.3) to check for the presence of the insert. This was indicated by two bands,

one being the plasmid backbone and the other being the insert.
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Table 12: Reaction components of plasmid ligation of pET-16b plasmid backbone and ecotin insert.

Reaction component Reaction volume
Ecotin insert 1.6 ul

pET-16b plasmid backbone 4 ul

10X ligation buffer (New England Biolabs, Hitchin) 1l

Molecular grade water (Fisher Scientific, Loughborough) 2.4 ul

T4 DNA ligase (New England Biolabs, Hitchin) 1ul

Total 10 pl

2.14.8 Transformation of plasmid into chemically competent BL21(DE3) cells

using heat shock method

Purified pET-16b plasmid containing the ecotin insert was transformed into BL21(DE3) cells for
expression. 50 ul of chemically competent BL21(DE3) E. coli cells were transferred to a 1.5 ml
microfuge tube on ice. 10 ng of plasmid DNA was added to the cells and incubated on ice for 30
minutes. The cells were heat shocked by placing the tube into a 42 °C heat block for 10 seconds and
then placed on ice for 5 minutes. 950 ul SOC medium was added and the culture was incubated at
37 °C for 1 hour, shaking at 250 rpm. 100 ul was inoculated onto pre-warmed LB agar plates with
100 pg/ml ampicillin and incubated overnight at 37 °C. One colony was selected and grown in 6 ml
LB broth with 100 pg/ml ampicillin for 16 hours at 37 °C, shaking at 250 rpm. An aliquot was then
saved in 15 % glycerol and a plasmid miniprep (section 2.14.5) was carried out to extract plasmid

DNA, which was subsequently quantified using a Nanodrop (section 2.8.6). 500 ng of plasmid was
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sent for commercial Sanger sequencing (section 2.8.7) in order to verify the final plasmid contained

the correct sequence.

2.15 Histidine tag expression and purification

2.15.1 Expression of recombinant protein

BL21(DE3) expression strain, transformed with pET-16b/ecotin, was grown on LB agar containing
100 pg/ml ampicillin and incubated overnight at 37 °C. A BL21(DE3) expression strain containing no
plasmid was grown in parallel on media without ampicillin to be used as a negative control. The
following day, one colony from each culture was inoculated into 10 ml LB broth, containing 100
ug/ml ampicillin for the plasmid culture only, and incubated at 37 °C and 250 rpm for 16 hours. 5
ml of each starter culture was used to inoculate a 1 L conical flask containing 200 ml LB, with 100
ug/ml ampicillin for the plasmid-containing culture. The cultures were incubated at 37 °C and 250
rpm until the ODgoo reached between 0.3 and 0.4. The flasks were placed on ice for 30 minutes then
protein production was induced with IPTG at 0.5 mM for 3 hours at 37 °C and 250 rpm. 1 ml samples
were taken from each culture at IPTG induction (0 hours) and 1, 2 and 3 hours post-induction for
analysis by Tricine method SDS PAGE (section 2.15.3). The flask cultures were pelleted in 50 ml

aliquots by centrifugation at 3000 x g and stored overnight at -20 °C.

2.15.2 Purification of histidine-tagged protein by immobilised metal ion

chromatography (IMAC) under native conditions

The histidine-tagged recombinant protein was purified by immobilised-metal affinity
chromatography (IMAC) using buffers listed in Table 13. Pellets were resuspended in 5 ml His-
Binding buffer with 1.5 pl rLysozyme solution added (Merck Millipore, Watford). Resuspended
cultures were mechanically lysed with 5 cycles of 10 seconds of sonicating followed by a 20 second
rest period. 20 ul of ‘Total’ fraction was collected for Tricine method SDS PAGE analysis (section
2.15.3) and stored as a 1:1 ratio in 6 M Urea. Lysate was centrifuged at 12,000 x g for 10 minutes at

53



4 °C and the supernatant was collected. 20 ul of the ‘Soluble’ fraction was collected for SDS PAGE
analysis. IMAC was carried out using a nickel-nitrilotriacetic acid matrix. A 0.25 ml bed volume of
IMAC Sepharose 6 Fast Flow Resin (GE Healthcare, Amersham) was primed with 0.2 M NiSO4.6H,0
and equilibrated with His-Binding buffer. The lysate supernatant containing the His-tagged protein
was run through the column by gravity filtration. 20 ul of ‘Flow through’ was collected for SDS PAGE
analysis. The column was washed with 5 ml His-Wash buffer and 20 ul ‘Wash’ fractions were
collected for SDS PAGE analysis. After each wash step, a 2 ul aliguot was analysed on a
Nanodrop2000 using the A280 setting to quantify protein concentration. Wash steps were repeated
until the concentration had reduced to 0 mg/ml. His-tagged protein was eluted from the metal ion
matrix four times in 250 pl aliquots with His-Elution buffer. 40 ul of each ‘Elution’ fraction was
collected for SDS PAGE (section 2.15.3) and Bradford assay analysis (section 2.15.4). All purification
steps were carried out on ice with buffers at 4 °C and all protein aliquots were stored at -20 °C.

Table 13: Protein purification buffers used in IMAC under native conditions. Buffers were made up in water and filter

sterilised.

Buffer pH Composition

His-Binding buffer 8.0 50 mM HEPES, 500 mM NaCl, 5 mM Imidazole, 5% Glycerol
His-Wash buffer 8.0 50 mM HEPES, 500 mM NaCl, 30 mM Imidazole, 5% Glycerol

His-Elution buffer 8.0 50 mM HEPES, 500 mM NaCl, 250 mM Imidazole, 5% Glycerol

2.15.3 Analysis of protein expression and purification by Tricine SDS PAGE

Samples taken during protein expression and purification were analysed using the Tricine-SDS PAGE
method by Schagger and Jagow (1987) for separation of proteins in the range from 1 to 100 kDa.
Ammonium persulphate (APS) and N,N,N’,N’-Tetramethylethylenediamine (TEMED) were
purchased from Sigma (Gillingham). Buffers and 0.75 mm polyacrylamide gels were made as per
Table 14 and Mini Protean Tetra Cell apparatus was used (BioRad, Hertfordshire, UK). 15 %
polyacrylamide running gels were made and poured between the glass plates with a 5 %

polyacrylamide stacking gel poured on top. The APS solution, made by adding 0.1 g to 1 ml
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deionised water, and TEMED were added quickly before pouring the gels. 6X Laemmli reducing
buffer was added to the samples, which were then boiled for 5 minutes before being loaded into
the gel. Gels were run with either blue protein standard (broad range) or colour protein standard
(broad range) protein ladders, purchased from New England Biolabs (Hitchin). Gels were run with
1X cathode buffer between the glass plates and 1X anode buffer in the surrounding tank and at 110
V for 140 minutes. Gels were stained with 0.5 % Coomassie blue dye for 1 hour, destained overnight

in 7 % (v/v) acetic acid and then viewed on a GS-800 scanner using the Quantity one program.

Table 14: Composition of gels and buffers used in Tricine SDS PAGE. All were prepared in deionised water.

Buffer/Gel pH Composition
Gel buffer 8.45 3 M Tris base, 0.3 % SDS
Running gel NT 15 % Acrylamide/bisacrylamide, 1 M gel buffer, 13.3 %

glycerol, 0.1 % APS, 2 ul/ml| TEMED

Stacking gel NT 5 % Acrylamide/bisacrylamide, 0.75 M gel buffer, 0.1 % APS, 2
ul/ml TEMED

Anode buffer 8.9 0.2 M Tris base

Cathode buffer 8.25 0.1 M Tris base, 0.1 M Tricine, 0.1 % SDS

NT = Not tested

2.15.4 Bradford assay to obtain purified recombinant protein concentration

The concentration of purified His-tagged protein was determined by Bradford assay (Bradford,
1976) as described in section 2.13.2, with a standard curve constructed using human serum albumin
(HSA) concentrations of 0, 2, 4, 6, 8 and 10 pug/ml. Elution samples were first tested on a Nanodrop
using the default option within the A280 setting and results were used to approximate the

necessary dilution required to fit the concentration within the range of standards.
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2.16 Enzyme inhibition assays

Enzyme inhibition assays were conducted in 96 well flat-bottomed microtitre plate formats.
Changes in relative fluorescence units (RFU) were monitored on a Glomax Mulit+ E8032 for human
plasma kallikrein (HPK) assays and black microtitre plates were used. Excitation wavelength was set
at 405 nm and emission wavelength at 495 — 505 nm. Absorbance changes were monitored on a
Versamax microplate reader at 410 nm for human neutrophil elastase (HNE) assays and clear

microtitre plates were used.

Reaction buffers A and B were made according to Table 15 and were autoclaved, stored at 4 °C and
equilibrated to room temperature before use. Ecotin, the inhibitor, was stored in aliquots at -20 °C,
and was diluted to a working concentration of 500 nM in the corresponding enzyme buffer (A or B)
before use. Aliquots of enzymes, substrates and inhibitor were not defrosted more than once and
were used on the same day. For each set of enzyme assays, the standards were characterised on
day 1 and the inhibition was tested on day 2.

Table 15: Composition of buffers used for enzyme inhibition assays. Buffer A was used with human plasma kallikrein and

Buffer B was used with human neutrophil elastase.

Composition
Buffer A 50 mM Tris pH 7.5, 100 mM NaCl, 2 mM CacCly, 0.005% Triton X-100
Buffer B 0.1 M Tris pH 7.5, 0.5 M NaCl

50 pg human plasma kallikrein was purchased from Merck Millipore (Watford) in liquid form in NaCl
and Tris-HCI buffer at a concentration of 6.28 uM. This was stored in 6 pl aliquots at -20 °C. A
working concentration of 0.1 uM was obtained by diluting in Buffer A. 5 mg fluorogenic HPK
substrate (H-D-Val-Leu-Arg-AFC.2HCI) was also obtained from Merck Millipore (Watford) and was
dissolved in DMSO at a concentration of 2 mM and stored in 405 pl aliquots at -20 °C. A working

concentration of 1 mM was obtained by diluting in Buffer A.
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50 pg of lyophilised human neutrophil elastase was purchased from Merck Millipore (Watford). This
was reconstituted in a buffer containing 50 mM sodium acetate pH 5.5 and 200 mM sodium chloride
to provide an enzyme stock concentration of 10 uM which was stored in 12 ul aliquots at -20 °C. A
working concentration of 0.1 uM was obtained by diluting in Buffer B. 50 mg chromogenic HNE
substrate (Methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide) was also obtained from Merck Millipore
(Watford) and was dissolved in DMSO at a concentration of 8 mM and stored in 500 pl aliquots at -

20 °C. A working concentration of 2 mM was obtained by diluting in Buffer B.

A range of substrate standards were tested to establish normal, uninhibited enzyme kinetics. HPK
was added to a microtitre plate in preparation for a final concentration of 10 nM in a final volume
of 100 pl. 1 mM HPK substrate was then added to produce final concentrations of 0.015, 0.03, 0.06,
0.125,0.25 and 0.5 mM. All substrate concentrations were tested side by side in triplicate (see Table
16 for template), with the substrate added quickly using a multichannel pipette. The plate was pre-
blanked with Buffer A and fluorescence was monitored every minute for 30 minutes.

Table 16: Microtitre plate template for HPK substrate standards. [E] = enzyme concentration, [S] = substrate concentration

and [I] = inhibitor concentration. Final volume was 100 pl.

Location Contents

Al1-A3 Buffer A

B1-B3 [E] =10 nM, [S] =0.015 mM, [I] =0 nM
C1-C3 [E] =10 nM, [S] =0.03 mM, [I] =0 nM
D1-D3 [E] =10 nM, [S] =0.06 mM, [I] =0 nM
E1-E3 [E] =10 nM, [S] =0.125 mM, [I] =0 nM
F1-F3 [E] =10 nM, [S] =0.25 mM, [I] =0 nM
G1-G3 [E] =10 nM, [S] = 0.5 mM, [I]=0 nM

A calibration curve was produced for 7-Amino-4-(trifluoromethyl)coumarin (AFC), the fluorophore

cleaved from HPK substrate. Ten concentrations in 0.05 mM increments in the range of 0 — 0.5 mM
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were tested in triplicate and a graph of AFC concentration against mean relative fluorescent units
(RFU) was plotted and the equation of the line determined using linear regression as part of the

GraphPad Prism package.

To establish the rate of reaction for HPK at each substrate concentration, the changes in RFU were
recorded at 5 minutes. These values were converted into concentration of product using the
equation from the AFC calibration curve. The concentration values were adjusted to take into
account the volume of liquid (0.1 ml) in order to establish a quantity of product. The rate of reaction
was calculated by dividing this value by the number of minutes (5) in order to determine the rate

of reaction.

HNE standards were measured as follows: HNE was added to a microtitre plate in preparation for a
final concentration of 17 nM in a final volume of 200 ul. 2 mM HNE substrate was then added to
produce final concentrations of 0.015, 0.03, 0.06, 0.125, 0.25 and 0.5 mM. All substrate
concentrations were tested side by side in triplicate (see Table 17 for template), with the substrate
added quickly using a multichannel pipette. The plate was pre-blanked with Buffer B and
absorbance was monitored every minute for 30 minutes.

Table 17: Microtitre plate template for HNE substrate standards. [E] = enzyme concentration, [S] = substrate concentration

and [l] = inhibitor concentration. Final volume was 200 ul

Location Contents

Al1-A3 Buffer B

B1-B3 [E] =17 nM, [S] = 0.015 mM, [I] =0 nM
Cc1-c3 [E] =17 nM, [S] =0.03 mM, [I] =0 nM
D1-D3 [E] =17 nM, [S] = 0.06 mM, [I] =0 nM
E1-E3 [E] =17 nM, [S] = 0.125 mM, [I] =0 nM
F1-F3 [E] =17 nM, [S] =0.25 mM, [I] =0 nM
G1-G3 [E] =17 nM, [S] = 0.5 mM, [I] =0 nM
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In order to calculate the rates of reaction from the data for Michaelis-Menten kinetics, the changes
in absorbance were recorded at 5 minutes for each substrate concentration. Beer-Lambert Law
(Equation 1) was used to establish the concentration of product from these values, where A =
absorbance, € = molar extinction coefficient and L = light path (cm). p-nitroanilide (pNA), the
chromophore product cleaved from HNE substrate, has a known molar extinction coefficient of

8800 Mt cm?, as published by Merck-Millipore. The light path was 0.7 cm.

Equation 1: Beer-Lambert Law equation. A = absorbance, € = molar extinction coefficient and L = light path (cm).

A=ECL

The concentration values were adjusted to take into account the volume of liquid (0.2 ml) in order
to establish a quantity of product. The rate of reaction was calculated by dividing this value by the

number of minutes (5) in order to determine the rate of reaction.

For each set of data, substrate concentration was plotted against rate of reaction and Michaelis-
Menten non-linear regression was applied as part of the GraphPad Prism package to calculate the
Vmax and Km values. Both HPK and HNE experiments were repeated using the templates from Table

16 and Table 17 with the enzyme excluded in order to test for autolysis of the substrate.

HPK inhibition was tested one substrate concentration per microtitre plate. In triplicate, each plate
contained a blank well of Buffer A and the full range of ecotin concentrations to be tested, using a
final volume of 100 pul. HPK was added into each well, excluding the blank, for a final concentration
of 10 nM. Ecotin was added at 0, 12.5, 25, 50 and 100 nM (See Table 18 for template). The plate
was incubated at room temperature for 1 hour to equilibrate. At 1 hour, a multichannel pipette was
used to quickly add HPK substrate to rows B —F, resulting in a final concentration of substrate that
was the same for all rows. Fluorescence was then monitored every minute for 30 minutes. Row F,
containing 0 nM ecotin, was compared to the substrate controls from the previous day to test for

reproducibility.
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Table 18: Microtitre plate template for range of ecotin concentrations against HPK and each substrate concentration. [E]

= enzyme concentration, [I] = inhibitor concentration, [S] = substrate concentration. Final volume was 100 ul.

Location Contents

Al-A3 Buffer A

B1-B3 [E] =10 nM, [I] = 100 nM, [S] = v
C1-C3 [E] =10 nM, [I] =50 nM, [S] =v
D1-D3 [E]=10nM, [I]=25nM, [S] =v
E1-E3 [E]=10nM, [I]=12.5nM, [S] =v
F1-F3 [E]=10nM, [I]=0nM, [S] =V

v = variable from plate to plate

HNE inhibition was also tested one substrate concentration per microtitre plate. In triplicate, each
plate contained a blank well of Buffer B and the full range of ecotin concentrations to be tested,
using a final volume of 200 ul. HNE was added into each well, excluding the blank, for a final
concentration of 17 nM. Ecotin was added at 0, 12.5, 25, 50 and 100 nM (See Table 19 for template).
The plate was incubated at room temperature for 1 hour to equilibrate. At 1 hour, a multichannel
pipette was used to quickly add HNE substrate to rows B — F, resulting in a final concentration of
substrate that was the same for all rows. Absorbance was then monitored every minute for 30
minutes. Row F, containing 0 nM ecotin, was compared to the substrate controls from the previous

day to test for reproducibility.
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Table 19: Microtitre plate template for range of ecotin concentrations against HNE and each substrate concentration. [E]

= enzyme concentration, [I] = inhibitor concentration, [S] = substrate concentration. Final volume was 200 pl.

Location Contents

Al-A3 Buffer B

B1-B3 [E] =17 nM, [I] = 100 nM, [S] = v
C1-C3 [E] =17 nM, [I] =50 nM, [S] =v
D1-D3 [E]=17 nM, [I] =25 nM, [S] =v
E1-E3 [E]=17 nM, [I] =12.5nM, [S] =v
F1-F3 [E]=17 nM, [I]=0nM, [S] =V

v = variable from plate to plate

For each concentration of ecotin, XY plots of time against RFU were plotted for HPK assays, and
time against absorbance for HNE assays. Plots were also made for the inhibitor concentration
against the ratio of inhibited to uninhibited rate of reaction for each substrate concentration.
Morrison K; nonlinear regression was applied as part of the GraphPad Prism package in order to

establish the inhibition constants (K;) for ecotin against each enzyme.

2.17 Clotting assays

Blood was taken from three different donors on separate days. The experiments with each blood
sample were completed within 6 hours of the sample being taken. Platelet-poor plasma was
prepared as described in section 2.12.4 and normal clotting times were established. A waterbath
was set to 37 °C and maintained with 0.5 °C. All tests were carried out in 12 x 75 mm glass test

tubes. Clotting was observed by visual assessment.
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2.17.1 Thrombin time (TT)

Bovine thrombin (Diagnostic Reagents, Thame) was purchased in a lyophilised preparation for use
in TT assays and was reconstituted in 1 ml of sterile deionised water and used within 2 hours.
Thrombin was diluted in barbitone buffered saline (TCS Biosciences, Buckingham) to a working

solution of 7.5 units/ml.

200 pl platelet-poor plasma was warmed to 37 °Cin a waterbath. 50 ul His-Elution buffer (see Table
13) was added, to be used as the negative control, and the mixture was incubated for a further 2

minutes. 100 ul bovine thrombin was added and a stopwatch was used to record the clotting time.

2.17.2 Prothrombin time (PT)

Calcium rabbit brain thromboplastin (Diagnostic Reagents, Thame) was purchased in a lyophilised
preparation for use in PT assays and was reconstituted in 4 ml of sterile deionised water and used

within 2 hours.

100 pl platelet-poor plasma was warmed to 37 °C in a waterbath. 50 ul His-Elution buffer was
added, to be used as the negative control, and the mixture was incubated for a further 2 minutes.
200 ul warmed thromboplastin was added and a stopwatch was used to record the clotting time.

Tubes were gently tilted at regular intervals.

2.17.3 Activated partial thromboplastin time (APTT)

Kaolin platelet substitute mixture (Diagnostic Reagents, Thame) was purchased in a lyophilised
preparation for use in APTT assays and was reconstituted in 5 ml of sterile deionised water and

used within 4 hours.

200 ul kaolin platelet substitute mixture was warmed to 37 °C in a waterbath. 50 pul His-Elution
buffer was added, to be used as the negative control, and 100 pl platelet-poor plasma. The mixture
was incubated for 2 minutes. 100 ul of prewarmed 25 mM calcium chloride was added and a

stopwatch was used to record the clotting time. Tubes were gently tilted at regular intervals.
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2.17.4 Effect of ecotin on TT, PT and APTT assays

Once the clotting time of the negative controls (0 uM ecotin) had been recorded for TT, PT and
APTT assays, a range of ecotin concentrations were tested. The ecotin concentrations tested were
0, 0.25,0.5,0.75,1 and 2 uM for TT and PT tests and 0, 0.06, 0.125, 0.25, 0.5, 0.75, 1 and 2 uM for
APTT tests. Following inhibition tests, uninhibited clotting was repeated to confirm that the
prolongation of clotting was not due to time bias. All experiments were run in duplicate and mean

clotting times were plotted as ecotin concentration against fold prolongation.
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Chapter 3:

F. necrophorum strain collection and

identification

3.1 Introduction and aims

Strain type collections include those of the Japan Collection of Microorganisms (JCM) (Microbe
Division (Jcm)(Riken Brc), 2015), the American Type Culture Collection (ATCC) (Atcc: The Global
Bioresource Center, 2015) and the National Collection of Type Cultures (NCTC) (Culture Collections,
2015). These collections represent bacterial strains, cell lines, viruses, fungi and DNA material that
are preserved and characterised, and can be used as standards and controls during experiments,

such as antimicrobial testing, or biochemical tests.

F. necrophorum can be identified biochemically, by molecular techniques, or a combination of the
two; see section 1.2.2 for biochemical profile. Narongwanichgarn et al. (2001) used the APl 20A test
for identification of anaerobes to confirm strains as F. necrophorum, based on the key test of indole
production. A haemagglutination test was used to subspeciate them, with strains causing
haemagglutination of washed chicken red blood cells classed as subspecies necrophorum, and those
not causing haemagglutination were classed as subspecies funduliforme. All 19 strains
demonstrated B-haemolysis on agar plates. They trialled the use of Random Amplified Polymorphic
DNA PCR (RAPD PCR) as a new test for subspeciation and found one primer (W1L-2) to be effective,
causing amplification in those identified as Fnn and no amplification in those identified as Fnf. This
work was followed up by using two new primer pairs in a one-step duplex PCR reaction. One of the
primer pairs amplified a 250 bp product from both subspecies, while the other a 900 bp from Fnn

only. These fragments were identified by sequence data as the rpoB and haemagglutinin-related
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protein genes, respectively (Narongwanichgarn et al., 2003), suggesting that these genes are

appropriate targets for molecular subspeciation assays.

Jensen et al. (2007) developed an assay to detect the subspecies of F. necrophorum using real-time
PCR. Colonies on agar plates were initially identified based on colony morphology, odour, green
fluorescence when irradiated with UV light, Gram stain, antimicrobial susceptibility testing and B-
haemolysis on blood agar plates to be confirmed as F. necrophorum. PCR primers were then used
to target the gyraseB (gyrB) gene of both subspecies, amplifying a region of 306 bp. Subspecies-
specific TagMan probes were designed to bind within the amplified region. The PCR results were
followed up by using species-specific RNA polymerase B-subunit (rpoB) PCR primers and a single
probe specific to F. necrophorum. Both sets of primers amplified product in 100 % of F.
necrophorum strains. All isolates were assigned the correct subspecies by the gyrB probes, based

on previous records of the strains.

Aliyu et al. (2004) also used real-time PCR targeting the rpoB gene. Two TagMan probes were used
that were both specific to F. necrophorum, but did not subspeciate the strains. Strains were
subspeciated using PCR primers targeting the haemagglutinin-related protein gene in a SYBR-green
assay. Strains showing amplification in the SYBR-green assay were identified as Fnn, and those that

did not show amplification were identified as Fnf.

Other studies have used 16S rRNA gene sequences to identify (Oikonomou et al., 2012) or diaghose
infection with (Sanmillan et al., 2013) F. necrophorum. Farooq et al. (2015) used PCR primers
specific to the leukotoxinA (/ktA) gene alone to identify F. necrophorum strains, suggesting
confidence that this gene is universal among F. necrophorum strains. Antiabong et al. (2013) used
PCR primers targeting the rpoB and haemagglutinin-related protein genes in order to identify and

subspeciate strains. 16S rRNA and /ktA primers were also tested.

A collection of F. necrophorum strains was required to carry out experimental work for this project.
Two laboratories were approached and strains were donated for use in this study. Type strains of

F. necrophorum subspecies necrophorum and F. necrophorum subspecies funduliforme and a
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collection of clinical isolates were acquired. All isolates for use in this project were identified to
species and subspecies levels, using a mixture of biochemical and molecular techniques, and type
strains as positive controls. All of the strains received had been identified as F. necrophorum prior
to arrival at the University of Westminster. It was therefore hypothesised that all strains would be
identified as F. necrophorum during identification tests for this project. It was also hypothesised
that all of the clinical strains would be identified as subspecies funduliforme, as human infections

are most often this subspecies (Smith et al., 1990; Riordan, 2007).

3.2 Results

3.2.1 Fusobacterium necrophorum strain collection

F. necrophorum strains JCM 3718 and JCM 3724 were kindly donated by the Anaerobe Reference
Unit (ARU), Cardiff, for use in this study. The strains are from the Japan Collection of
Microorganisms, although also feature in the American Type Culture Collection, as strains ATCC
25286 and ATCC 51357 for JCM 3718 and JCM 3724, respectively. JCM 3718 has been identified as
being subspecies necrophorum and JCM 3724 as subspecies funduliforme. Both strains were
isolated from bovine liver abscesses and added to the JCM in 1985. The two subspecies were
proposed and named by Shinjo et al. (1991) based on haemagglutination tests and DNA homology

(section 1.2.1) and the type strains JCM 3718 and JCM 3724 were selected.

The ARU also provided a clinical strain, isolated in 2002 from a blood sample of a patient with
Lemierre’s syndrome. For this study the isolate was named ARU 01. A collection of F. necrophorum
human clinical isolates were also provided by Antonia Batty, University College Hospital London.

Twenty six of these were used for this study.

3.2.2 Identification of strains using biochemical tests

Biochemical profiles of the human clinical isolates were characterised to ensure they matched that
of F. necrophorum (methods section 2.7). Twenty six strains were subcultured and confirmed as
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Gram negative rods, with negative results for oxidase and catalase tests and a positive result for
indole production. All strains had a typical cream-grey appearance and butyric acid odour
characteristic of F. necrophorum, with the exception of strain number 88 which had a white

appearance on the agar plate, which was noted as atypical.

The three strains provided by the ARU were also tested for biochemical profiles. JCM 3718, JCM

3724 and ARU 01 all matched the expected profile and appearance.

3.2.3 Identification of strains using F. necrophorum-specific gyraseB PCR

primers

The 26 strains from the clinical collection and the three strains from the ARU were tested with F.
necrophorum-specific gyrB PCR primers (Jensen et al., 2007) (Table 20) to confirm the identity of
the strains as F. necrophorum (methods section 2.8.2 and 2.8.3). Twenty five out of the 26 strains
from the clinical collection produced amplified products of the expected size (306 bp). Strain
number 88, which was previously noted as having an atypical appearance had no amplification of
product. The strain was therefore identified as not being F. necrophorum and was excluded from
the collection. JCM 3718, JCM 3724 and ARU 01 all had amplified products of the expected size. See

Figure 3 for a gel electrophoresis image of amplified gyrB products.

Table 20: PCR primers used to amplify F. necrophorum gyrB genes.

Primer Oligonucleotide sequence (5’ = 3’)
gyrB_F AGGATTGCATGGAGTAGGAA
gyrB_R CCTATTTCATTTCGACAATCCA
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300 bp

Figure 3: Analysis of PCR products from F. necrophorum-specific gyrB primers on a 1% agarose gel. Lane 1: 100bp ladder;

lanes 2 — 7: strains 1, 5, 11, 21, 24, 30, respectively; lane 8: negative control (molecular grade water).

3.2.4 Subspeciation using TagMan probes

The strains were subspeciated using Fnn and Fnf-specific TagMan probes (Jensen et al., 2007) with
the F. necrophorum specific gyrB primers; with the probes tested in separate PCR tubes (see
methods 2.8.4). Fluorescence from Fnf-specific probes was measured on the yellow channel of the
RotorGene Q PCR machine, while fluorescence from Fnn-specific probes was measured on the
green channel. Samples showing an increase in fluorescence sufficient to exceed the threshold were
considered as having a positive result for the associated probe. Thresholds were set in the early

logarithmic phase of the amplification curves.

JCM 3718, JCM 3724 and ARU 01 were first tested along with five of the clinical strains in order to
validate the probes. Figure 4 (and sample key in Table 21) displays the result of these strains tested
with the subspecies funduliforme probe. JCM 3724 and ARU 01 had a positive result with the Fnf
probe while JCM 3718 and the negative control showed no increase in fluorescence. The five clinical
strains from the collection were also expected to be subspecies funduliforme, due to their human

origin, and all showed a positive result with the Fnf probe.
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Figure 4: Fluorescence from Fnf-specific TagMan probes measured on the yellow channel of a RotorGene Q PCR machine.

See Table 21 for sample key.

Table 21: Sample key for Figure 4. All tubes contained Fnf probe.

Colour Sample name Threshold exceeded?
] 11 +
. 21 +
B 39 +

42 +

59 +

ARU 01 +

JCM 3718 -

B JCM 3724 +

Negative control -

The same strains were tested with the subspecies necrophorum probe (Figure 5 and Table 22),

which measured a positive result for JCM 3718 only.
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Figure 5: Fluorescence from Fnn-specific TagMan probes measured on the green channel of a RotorGene Q PCR machine.

See Table 22 for sample key.

Table 22: Sample key for Figure 5. All tubes contained Fnn probe.

Colour Sample name Threshold exceeded?
| ] 11 -
21 -
B 39 -
B 42 -

59 -

B ARU 01 -
B JcM 3718 +
JCM 3724 -

. Negative control -

The probes had the expected results for the reference strains, resulting in a confirmed subspecies
of funduliforme for JCM 3724 and necrophorum for JCM 3718. For the remaining samples sets, the
number of cycles was reduced from 55 to 40 and JCM 3724 was used as a positive control. Figure 6
and associated sample key Table 23, along with Figure 7 and Table 24 show the remainder of the

clinical strain collection testing positive for subspecies funduliforme.
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Figure 6: Fluorescence from Fnf-specific TagMan probes measured on the yellow channel. See Table 23 for sample key.

Table 23: Sample key for Figure 6. All tubes contained Fnf probe.

Colour Sample name Threshold exceeded?

B 24 +
B 30 +

40 +
B 41 +
B 52 +

ICM 3724 +

. Negative control -
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Figure 7: Fluorescence from Fnf-specific TagMan probes measured on the yellow channel. See Table 24 for sample key.

Table 24: Sample key for Figure 7. All tubes contained Fnf probe.

Colour Sample name Threshold exceeded?

i | 70 ¥

80 +

. 82 +
B 86 +

87 +
B 89 +
B 90 +

91 +
B 92 +
B 93 +
B 94 +
B 95 +
B 62 +
B JCM 3724 +
I Negative control -

72



3.3 Discussion

It had been hypothesised that all strains would identify as F. necrophorum during identification tests
for this project, due to prior identification of the strains. The isolates received from Antonia Batty,
University College Hospital London, had previously been confirmed as F. necrophorum as part of
previously published work (Batty et al., 2005; Batty and Wren, 2005). The strains received from the
ARU consisted of two type strains that had been well characterised and identified to the subspecies
level and a clinical isolate that had previously been identified as subspecies funduliforme. The
biochemical tests that were chosen for identification purposes were therefore not exhaustive. The
most important tests were determined to be a Gram stain and the indole test (Barrow and Feltham,

2004).

The gyrB TagMan probe method developed by Jensen et al. (2007) was chosen as the method of
subspeciation due to its simplicity. The haemagglutinin PCR primer method was avoided as the
presence of the haemagglutinin gene in F. necrophorum subspecies has not been thoroughly
studied in a large sample set. In addition, the type strains ATCC 25286 and ATCC 51357, which are
the same strains as JCM 3718 and JCM 3724, respectively, had been tested with the gyrB primers
and TagMan probes as part of the Jensen et al. (2007) publication, and therefore served as both

positive and negative controls for their corresponding/opposing probes.

The strains were first tested with the gyrB primers under standard PCR conditions and viewed on a
gel to confirm the presence of one band of the expected size before the real-time PCR method was
used. In future, it would be enough to test strains using the real-time PCR alone, as detection by

the probes is dependent on amplification of the gyrB product.

Strain number 88 was determined not to be F. necrophorum based on a lack of amplification by the
gyrB primers. This therefore demonstrated the hypothesis that all strains would prove to be F.
necrophorum was invalid. Had the molecular techniques not have been used, additional

biochemical tests would have been required to ensure an accurate identification. It was, however,
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noted that the appearance and smell of strain 88 were not as expected, and more emphasis would

have been placed on this, if not for the gyrB PCR and TagMan probe work.

It had also been hypothesised that all clinical strains would be identified as Fnf. Upon completion
of this section of the work, there were 28 F. necrophorum strains available for use in this study. 25
were Fnf strains from the UCLH collection, one Fnf clinical strain from the ARU collection, known to
have caused Lemierre’s syndrome in a patient, and one type strain of each subspecies. Of the
clinical strains that were identified as F. necrophorum, 100 % were identified as Fnf, which is in

agreement with the hypothesis.
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Chapter 4:

Genomics of F. necrophorum

4.1 Introduction and aims

DNA sequencing has progressed a great deal since Sanger et al. (1977a) sequenced the first DNA
genome, that of bacteriophage $X174, using the ‘plus and minus’ method. This method was soon
developed into what is now commonly referred to as the Sanger sequencing method (Sanger et al.,
1977b). In 1995 the first bacterial genome, that of Haemophilus influenzae, was sequenced in full
using a whole-genome, random sequencing method (Fleischmann et al., 1995). Large sequencing
projects have contributed a great deal to the advancement of DNA sequencing techniques and
subsequent data analysis, particularly The Human Genome Project, which was launched in 1990.
The initial draft and analysis of the genome was published in 2001, by which time the cost of
sequencing had dropped 100-fold (Lander et al., 2001), making DNA sequencing a far more
accessible tool for researchers. More recently, large numbers of bacterial genomes have been
sequenced as part of projects such as the Human Microbiome Project (HMP) and the Genomic
Encyclopedia of Bacteria and Archaea. The HMP began in 2008 with the aim of sequencing microbial
samples obtained from multiple body sites of healthy volunteers in order to study the correlation
between human health and the microbiome. A metagenomic sequencing approach was used and
in excess of 12,000 DNA samples were sequenced (Aagaard et al., 2013). As there had been some
debate over whether F. necrophorum is a commensal or strictly a pathogen, as reviewed by Riordan
(2007) and discussed in section 1.3, it was unclear whether F. necrophorum genomes would be
sequenced as part of the project. Also, if they were to be sequenced, there was uncertainty

regarding the reliability of metagenomic data due to the nature of sequencing from mixed DNA
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samples. A reliable genome sequence of an F. necrophorum type strain was required if the organism

and its pathogenic mechanisms were to be better understood.

Bacterial genomes are comprised of double-stranded DNA as single circular chromosomes. They
tend to have a high density of genes, with about 90 % of the DNA present encoding proteins.

Plasmids may also be present as extrachromosomal DNA (Madigan and Martinko, 2006).

There are a variety of techniques used for bacterial genome sequencing, assembly and annotation,
which change as new technologies become available. Next generation sequencing, also known as
high-throughput sequencing, includes technologies such as Roche 454, Illlumina, lon Torrent and
Pacific Biosciences (summarised in Table 25). The choice of technology is dependent on the project
type and available funding. At the time the current project was planned, 454 sequencing was the
primary choice for de novo sequencing projects, i.e. where there is no similar genome available to

be used as a reference sequence.

454 sequencing uses pyrosequencing, which involves pyrophosphate being released each time a
nucleotide is incorporated by DNA polymerase which subsequently leads to the production of light
by the enzyme luciferase. The amount of light produced is proportional to the number of
nucleotides incorporated. 454 sequencing produces longer sequence reads than lllumina, allowing
for easier assembly, however the data is susceptible to errors in homopolymer regions due to the

nature of simultaneously adding multiple nucleotides (Mardis, 2008).

Illumina technologies tend to be more cost effective than 454 sequencing and use a method
resembling traditional Sanger sequencing (Hodkinson and Grice, 2015). At each base position,
reversible terminators with removable fluorophores are incorporated and identified, then the
fluorophore removed ready for the next base incorporation (Bentley et al., 2008). Sequencing with
Illumina technologies such as HiSeq or MiSeq are often used where a reference genome is already
available, or to resequence a genome in order to correct errors, and improve coverage and
assembly by providing additional sequence data. PCR and Sanger sequencing, which are not

appropriate for acquiring high throughput data, may then be used to complete the genomes and
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bridge gaps in the sequence. Due to financial constraints, resequencing and gap closing steps are
often excluded. Errors in Illumina sequencing tend to be substitution errors rather than frame shift
errors as nucleotides are added one by one (Hodkinson and Grice, 2015). Frame shift errors affect
annotation to a much greater extent than substitution errors, as with a substitution a protein can
still be annotated in full, whereas with a frameshift the remaining protein sequence will be read

incorrectly or may be abruptly terminated.

lon Torrent machines, which were not widely available at the time the current project was in the
planning stages, were designed to be inexpensive and more accessible to research laboratories.
Here, the technology monitors pH as nucleotides are added during the sequencing reaction,
detecting H+ ions that are released as a by-product. As with 454 technology, lon Torrent sequence

data is also susceptible to errors in homopolymer regions.

A different type of technology is used by Pacific Biosciences, whose machines utilise a
nanotechnology chip with DNA polymerases attached to detectors. Nucleotides with
phospholinked dye-labels are incorporated and imaged in real time during the synthesis of DNA
strands. The technology has a high base call error rate, however each DNA fragment is sequenced
multiple times which corrects most errors and leads to a high level of accuracy (Mardis, 2013;

Hodkinson and Grice, 2015).
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Table 25: Summary of sequencing technologies and associated advantages and disadvantages of each.

Platform Chemistry Highest average  Advantages Disadvantages
read length
Roche 454  Pyrosequencing 700 bp Longer read lengths Errorsin

are better for de novo  homopolymer

assemblies regions
Not cost
effective
lllumina Reversible dye 300 bp Cost effective Short read
terminator Errors are usually length

substitution errors

rather than frame shift

errors
lon Torrent Proton 400 bp Inexpensive Errorsin
detection homopolymer
regions
Pacific Phospholinked 8,500 bp Very long read lengths  Expensive
Biosciences fluorescent High level of accuracy

nucleotides

Sequence data is created in multiple formats; FASTA format is a simple text-based format in which
DNA or protein sequence is displayed using single letter nucleotide or amino acid code. Each
sequence begins with a greater than symbol (>) and an identifying sequence header, containing the
name of the sequence and/or a description. FASTQ format contains FASTA format along with
corresponding data quality scores and is also a text based format. 454 sequence data uses Qual

format instead of FASTQ. The difference being that in Qual files the FASTA data is not present, as it
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is with FASTQ files, but quality scores are in the same order as the corresponding sequence file

containing FASTA format data.

Once genomes have been sequenced the raw output data must be assembled by looking for
overlapping sequence regions. Contiguous sequence data, known as contigs, are formed in order
to create a putative reconstruction of the genome that is as complete as possible. Two common
methods used in assemblers are Overlap Layout Consensus methods, which rely on overlap graphs,
and de Bruijn Graph Methods, which use K-mer graphs. K-mers are sequences of base calls of length
K, which can be any positive integer. Sequence reads that share K-mers in overlapping regions are
connected into a graph which generates connected sequences (Miller et al., 2010). Many sequence
assembly algorithms are based on de Bruijn graphs, such as Velvet (Zerbino and Birney, 2008),
ABYSS (Simpson et al., 2009) and AllPaths (Butler et al., 2008). K-mers are ideal for reads with short
lengths and high coverage. They are less computationally expensive as redundant data is
compressed (Miller et al., 2010). Overlap Layout Consensus (OLC) methods are used for de novo
assemblies and have three steps. Firstly overlaps are found by comparing every sequence against
every other sequence, known as an all-against-all alignment, in the forward and reverse
orientations. This is a very computationally expensive step and creates a graph of overlaps which
are subsequently simplified during the layout step into contigs. The consensus stage uses the
multiple sequence alignments to exclude sequencing errors. Higher sequencing coverage results in
better error correction (Li et al., 2012). Newbler (Margulies et al., 2005) is a genome sequence

assembler designed by 454 specifically for 454 data and uses the OLC method (Miller et al., 2010).

Statistics of interest for genome sequence data are the coverage, number of contigs, and contig
sizes, including N50 and N90 sizes. Coverage is determined by the total length of all sequenced
bases in a genome divided by the total number of expected bases. It equates to the average number
of reads that each base position is present on. The number of contigs indicates how close to
completion the genome is. The N50 and N90 values are the sequence lengths at which 50 % and 90

% of the total assembly residues are contained within contigs of this size or larger.
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Once a genome is assembled into contigs the next aim is to annotate the genes it contains. Open
reading frames are defined by coding sequence with an initiation codon and stop codon in the same
frame, and exceed a pre-defined base pair length. The number of genes are recorded along with
their function. Non-protein encoding genes such as tRNAs and rRNAs are often also annotated.
Automated web-based tools such as xBASE (Chaudhuri et al., 2008), BASys (Van Domselaar et al.,
2005) and RAST (Aziz et al., 2008) can be used for gene prediction and annotation. As part of the
genome annotation process, virulence genes are often characterised based on sequence homology

to those that have been previously characterised by laboratory analysis.

The Basic Local Alignment Search Tool (BLAST) (Blast: Basic Local Alignment Search Tool, 2015) can
be used as part of automatic or manual annotation. BLAST finds regions of similarity between
sequences by comparing nucleotide or protein input sequences to sequences in a database, and
calculates the statistical significance of the matches. Expect (E) values are reported and correspond
to the likelihood of the match occurring by chance. The lower the E value, the more significant the
match is. BLAST can be used to identify conserved domains and members of gene families as well
as providing clues to functionality and evolutionary history relationships between sequences
(Altschul et al., 1997). BLAST has several different programs, including BLASTn for searching a
nucleotide database with a nucleotide input sequence and BLASTp for searching a protein database
with a protein input sequence. Pfam (Pfam, 2015) is a protein database used for identifying protein
families, domains and inferring protein function (Finn et al., 2014), complementing BLAST query
search results well. Most commonly, an automated, often web-based, tool is used for annotating
genome data. The results may subsequently be manually curated. The annotation results are based
on in silico predictions and are therefore hypothetical protein annotations, unless they have also

been experimentally shown.

Different strains of the same species can show variation in the genes they contain and within the
sequences of their genes, affecting metabolic pathways, virulence mechanisms, antimicrobial
resistance mechanisms and genes that help the bacteria adapt to their environment. Bioinformatic

tools can be used to compare genomes in order to identify these differences (Sangal et al., 2014).
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Programs such as Artemis Comparison Tool (Carver et al., 2005), Mauve (Darling et al., 2004) and
CGView (Stothard and Wishart, 2005) are all available as open source software for comparative

work.

When this project started, in September 2011, there was no available genome sequence for F.
necrophorum. Genomic data was becoming increasingly important and providing new methods for
analysing organisms and the genes that they contain. The aim of this chapter was to provide the
first genome sequence for both subspecies of F. necrophorum, complete with annotation. This was
to identify genes in F. necrophorum that were previously unknown. It was also to increase the
sequence data available for individual genes within F. necrophorum that have already been
sequenced and studied, while also providing additional information such as the surrounding genes
and operons. Type strains JCM 3718 and JCM 3724, alongside ARU 01, a clinical strain of human
origin associated with Lemierre’s syndrome (section 3.2.1) were sequenced. It was hypothesised
that the genomes would be approximately 2.2 Mb, based on the sequenced genome of F.
nucleatum (Kapatral et al., 2002); the most closely related organism with a completed genome. It
was also hypothesised that once annotated the genome data would contain virulence genes such
as the leukotoxin, which had previously been described in F. necrophorum, and additional virulence
genes that had not previously been described in F. necrophorum. An additional aim of the chapter
was to investigate whether differences in virulence between the two subspecies could be explained
by genomic differences, testing the hypothesis that there was a simple explanation for the

difference in virulence between Fnn and Fnf.

The best available method was used for de novo sequencing and assembly, which at the time was
454 sequencing and Newbler assembly. The genomes were annotated using the xBASE pipeline
(Chaudhuri et al., 2008) and BLASTp, and were subsequently mined in order to search for genes
reported to be associated with virulence in other organisms, with the intention of further
characterising some of these. Once the genomes had been sequenced, the first F. necrophorum
genome became available online and was subsequently followed by additional genomes. The initial

genome sequencing and analysis was carried out in 2012. In 2015, an update on the genomic data
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available was incorporated to compare the data from other projects to the data generated as part

of this project.

4.2 Results

4.2.1 Genome sequencing and assembly

JCM 3718, ICM 3724 and ARU 01 were commercially sequenced by GATC Biotech (Konstanz,
Germany) using Roche 454 GS-FLX+ next generation sequencing. The raw sequence reads, which
had mean sizes of 301, 299 and 296 nucleotides for JCM 3718, JCM 3724 and ARU 01 respectively,
were assembled into larger contigs using Roche GS Assembler, also known as Newbler. Table 26
summarises the resulting data. Genome coverage was calculated using Equation 2 and an initial
estimate of 2.17 Mb for the expected number of base pairs in each genome, based on the genome
size of F. nucleatum (Kapatral et al., 2002). Sequence information that later became available (first
sequence shown in Table 28) led to this figure being revised to 1.96 Mb, which lead to the value

1,960,000 being used in the calculations in Table 26.
Equation 2: Equation to calculate the coverage of a genome sequence.

Coverage = (Number of raw reads x mean size of raw reads)

Expected number of base pairs in genome

Files containing the raw sequence reads, the associated quality (Qual) files and the FASTA format

assembly contigs are located in Appendix files A — 1.
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Table 26: Summary of sequencing data from the three genomes.

JCM 3718 (Fnn) JCM 3724 (Fnf) ARU 01 (Fnf)
Number of raw reads 85,434 64,685 90,274
Mean size of raw reads 301 299 296
Genome coverage 13.12X 9.87X 13.63X
Number of assembled 812 629 436
contigs
Average contig size 2,835 3,097 4,715
Largest contig 28,070 40,328 41,389
Total number of bases 2,301,868 1,947,814 2,055,836

in contigs

4.2.2 Contig annotation using xBASE and BLAST

The assembled contigs were uploaded into the xBASE pipeline (Chaudhuri et al., 2008) in FASTA

format for prediction of open reading frames and gene product annotations, using F. nucleatum as

a reference (methods section 2.9.2). Table 27 summarises the xBASE annotation data. Files

containing the xBASE annotation data in Genbank format are located in Appendix files J — L.
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Table 27: Summary of xBASE annotation showing the number of predicted open reading frames (ORFs) for each genome,

and the proportion that were assigned a gene product. Those unlabelled or labelled as hypothetical were later annotated

using BLAST.
JCM 3718 (Fnn) JCM 3724 (Fnf) ARU 01 (Fnf)
Total number of ORFs 1991 1754 1918
predicted by Glimmer
Number assigned 1194 (60 %) 1112 (63 %) 1167 (61 %)
gene product
Number unlabelled or 797 (40 %) 642 (37 %) 751 (39 %)

labelled as

hypothetical

XBASE output files are produced in GenBank format. To convert them to a user-friendly comma-
separated value file to be used with Microsoft Excel, a program was created using an OpenVMS
operating system to extract the information of interest (Program code in Appendix M). The
GenBank file was the input and a comma-separated value file was the output. The resulting Excel
spreadsheet had data under the headings: assembly contig, base location, orientation, product and

protein sequence.

The predicted open reading frames that were unlabelled or had been labelled as hypothetical were
then manually annotated using BLASTp searches using the methods described in section 2.9.4. The
results were added to the Microsoft Excel file containing the xBASE annotation results (Appendix

files N — P). See section 4.2.6 for genes of interest.

4.2.3 Comparison of additional F. necrophorum draft genomes

Following the genome sequencing from section 4.2.1 of this project, the F. necrophorum subsp.
funduliforme ATCC 51357 genome sequence was made available online as part of the Human

Microbiome Project (HMP). This strain from the American Type Culture Collection is also known as
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JCM 3724, from the Japan Collection of Microorganisms and hence should be identical to the DNA
sequenced as part of the current project. This resulted in two sets of available genome data for this

strain.

The genome sequence for strain Fnf1_1 36S was the first F. necrophorum genome available online,
labelled as the reference genome for the Human Microbiome Project. This genome sequence was

later labelled as misassembled and was therefore excluded from the following comparisons.

Additional draft F. necrophorum genomes have also been recently sequenced and made available
on the NCBI online database (National Center for Biotechnology Information, 2015) and are listed
in Table 28. One of these, F. necrophorum subspecies funduliforme strain B35, has been published

(Calcutt et al., 2014). See section 4.2.6 for genes of interest that were found.

The strains that have been sequenced are mostly of animal origin therefore there is still a need for
genome sequences of F. necrophorum isolated from humans, particularly those associated with

disease.
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Table 28: F. necrophorum genomes downloaded from the NCBI database.

Strain Origin NCBI assembly Sequencing Assembly method Coverage Size (Mb) Contigs/ Genes Date
number technology Scaffolds submitted
D12 Human GCA_000158295.2 454 Newbler 15x 1.96 17 1942 27/07/2011
ATCC 51357f Bovine liver abscess GCA_000262225.1 Illumina Newbler 23.27x 2.11 45 2026 10/05/2012
Fnf 1007f Human GCA_000292975.1 Illumina Newbler 30x 2.17 87 2145 27/08/2012
B35 Bovine liver abscess GCA_000600355.1 454 Newbler 59x 2.09 40 1978 26/03/2014
HUNO048 Rumen microbiome GCA_000622045.1 Illumina HiSeq Allpaths Unknown 2.03 17 1945 08/04/2014
BL Bovine liver GCA_000691645.1 Illumina MiSeq Velvet 22.26x 2.46 235 2309 15/05/2014
DAB Deer jaw abscess GCA_000691705.1 Illumina MiSeq Velvet 17.92x 2.52 254 2347 15/05/2014
BFTR-1 Bovine footrot GCA _000691685.1 Illumina MiSeq Velvet 15.77x 2.53 304 2412 15/05/2014
BFTR-2 Bovine footrot GCA_000691725.1 Illumina MiSeq Velvet 11.96x 2.61 389 2599 15/05/2014
DJ-1 Deer Jaw GCA_000691665.1 Illumina MiSeq Velvet 11.47x 2.46 370 2393 15/05/2014
DJ-2 Deer Jaw GCA _000691745.1 Illumina MiSeq Velvet 25.98x 2.52 226 2382 15/05/2014

f = subspecies funduliforme
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The average sizes of the contigs in Table 28 were calculated by dividing the genome size by the
number of contigs. These values were then plotted against the number of genes present in each
genome (Figure 8). Gene numbers were retrieved by Batch Entrez (Batch Entrez, 2015). Nonlinear
regression was applied using GraphPad Prism and a strong trend, with an R squared value of 0.94,
seemed to show that smaller average contig sizes are linked with higher numbers of genes. Smaller
average contig sizes are a result of higher contig numbers and/or poor assembly. The graph does
not take into consideration the varying overall sizes of the genomes but still has a strong pattern,
suggesting that all F. necrophorum genomes may have very similar numbers of genes present and
be approximately the same size. The graph was estimated to plateau at 1,950 genes. The majority
of the variation in total gene numbers may be due to the assembly and annotation. Gaps in the
genome may cause a gene to be split over two contigs, being counted as two genes instead of one.

The more gaps in a sequence there are, the more false genes that will be counted.
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Figure 8: XY plot of average contig size against the number of overall genes annotated in the genomes listed in Table 28.

The majority of F. necrophorum genomes available in Table 28 have not been subspeciated. Isolates
ATCC 51357, Fnf 1007 and B35 have been previously identified as subspecies funduliforme. As the
strains were not available for laboratory based work, in silico analysis of the genome data was the
only option for subspeciating the strains. The DNA sequences of the gyrase B PCR primers and
TagMan probes used in section 3.2.4 and the gyrB sequences from each of the genomes were

downloaded from the European Nucleotide Archive website (European Nucleotide Archive, 2015).
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The sequences were trimmed to exclude sequence upstream of the forward primer and
downstream of the reverse primer and a phylogenetic tree was made using Seaview and PhyML
(methods section 2.10.6). Figure 9 shows two distinct groups of strains. The bottom group contains
strains of bovine and deer origin and they appear to have identical sequences in this region. JCM
3718 is known to be subspecies necrophorum. The top group contains strains that were previously
known to be subspecies funduliforme, with the exception of D12 and HUN048 which were not
subspeciated. They are noted as being from human origin, so subspecies funduliforme seems likely,

suggesting that those in the top group are Fnf, while those in the bottom group are Fnn.

0.005

JCM3724
B35

ARUOL

D12

Fnfl1007

——HUNO048

JCM3718

BL
DAB
BFTR-1
BFTR-2

DJ-2

DJ-1

Figure 9: Phylogenetic tree of gyrB sequences to subspeciate strains, constructed using Seaview and PhyML. The scale
represents the average number of base changes per position for the length shown. Longer branch lengths therefore

represent a greater number of base changes.

In addition to the phylogenetic tree in Figure 9, a Clustal alignment was made of the top group
sequences against the subspecies funduliforme TagMan probe sequence, and the bottom group
sequences against the subspecies necrophorum TagMan probe (Appendix 8). In both cases, the

sequences were all 100 % congruent with the expected matching probe.
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4.2.4 Contig merging JCM 3724 data for assembly improvement

As there were two available genome data sets for strain JCM 3724/ATCC 51357, the genome
assembly was improved by merging the two sets of data in order to bridge gaps between the
contigs. The sequence data for ATCC 51357 was produced by lllumina sequencing and had been
assembled using Newbler. The 45 assembled contigs were downloaded from the European

Nucleotide Archive (Data contained in Appendix Q).

The lllumina set of contigs from the HMP and the 454 set of contigs from this project were sent to
Source Bioscience to be merged into one set of contigs using the program Minimus2, in order to

reduce the number of contigs (Resulting FASTA file in Appendix R).

Statistical analysis of the FASTA contigs from the lllumina contigs, 454 contigs and the Minimus2
merged data was carried out using the program Stats, within a Linux operating system. The
minimum, maximum and average lengths of the contigs were calculated, along with the N50, N80
and N90 values, the number of ‘N’s within each set of contigs, the number of contigs and the total
residues for each set of data (Table 29). The N50 is the length at which 50 % of the total assembly
residues are contained within contigs of this size or larger. The N80 and N90 correspond to 80 %

and 90 %, respectively.

The Minimus2 data had a larger average contig size and smaller number of contigs. It also had a
larger number of total residues, leaving fewer bases to be sequenced if the gaps are to be filled in
future work. The Minimus2 data is a substantial improvement on the 454 sequence data of JCM

3724. This is reflected in the marked increase in the N50, N80 and N90 statistics in Table 29.
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Table 29: Genome assembly statistics using the program Stats.

Sequence lengths: JCM 3724 ATCC 51357 Minimus2 output
454 data lllumina data
Minimum 112 530 116
Maximum 40,328 183,913 305,638
Average 3,096.68 46,906.71 60,714.86
N50 5,720 85,366 95,412
N80 2,294 53,256 66,012
N90 1,308 38,220 41,642
‘N’ count 9 0 0
Number of contigs 629 45 35
Total residues 1,947,814 2,110,802 2,125,020

4.2.5 BASys statistics

In addition to the statistics calculated using the Stats program in Table 29, the BASys annotation
pipeline was used to compare the gene lengths of the JCM 3724 genome before and after it was
merged with the sequence data available under the strain name ATCC 51357. Figure 10 shows the
changes that occurred to the predicted genes as a result of having a more complete assembly. The
JCM 3724 sequence data was 1,947,814 bases in length and was predicted to include 2,521 genes.
After the data was merged with the additional sequence data available as ATCC 51357, the number
of bases increased to 2,125,020 and the number of genes predicted by BASys reduced to 2,368. This
supports the suggestion that a higher number of contigs increases the number of false gene
predictions. It appears that the additional gaps in the contigs cause more genes predicted of
between 100 bp and 200 bp. The reduced number of contigs causes a more even spread of gene
sizes. Graphs for strains JCM 3718 and ARU 01 are shown in Appendix 9. They show that JCM 3718,

with 812 contigs, and ARU 01, which has 436 contigs also have a large proportion of small genes
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that are likely to be overestimated. The predicted number of genes is higher than the number
predicted by xBASE, however as xBASE is no longer operational, the merged data cannot be

analysed with this annotation pipeline and BASys was used in its place.

A

Fraction

Fraction

Figure 10: Gene lengths predicted by BASys in A) JCM 3724 genome data, and B) genome data sets merged using

Minimus2.

4.2.6 Putative virulence genes

The annotation data from section 4.2.2 was mined for genes hypothesised to be related to virulence
of the organism, based on characterisation within other organisms. The results were compared to
those found in strain B35 (Calcutt et al., 2014) and also to the annotation data present on the BioCyc
database (Biocyc, 2015) for strains ATCC 51357 and D12. Calcutt et al. (2014) discussed finding

unique genes linked to lipopolysaccharide biosynthesis, an adhesin-filamentous haemagglutinin
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and four CRISPR loci. A selection of the virulence genes found in the genome data of JCM 3718, JCM

3724 and ARU 01 are discussed below.

4.2.6.1 Leukotoxin

The annotation for B35 on the ENA database (European Nucleotide Archive, 2015) includes the
leukotoxin, which is thought to be the primary virulence factor of the organism (Tan et al., 1994a).
The leukotoxin operon, containing a total of three genes, was found in the genome annotations of
JCM 3718, JCM 3724 and ARU 01 (annotation data in Appendix files N — P). Strains D12 and ATCC
51357 are annotated on the BioCyc database as containing the leukotoxin operon. While this is
clearly annotated and named for strain D12, the ATCC 51357 strain includes it as a hypothetical
protein and does not feature the label leukotoxin. The leukotoxin is investigated in further detail in

chapter 5.

4.2.6.2 Ecotin

Strains JCM 3718, JCM 3724 and ARU 01 were all found to contain a serine protease inhibitor,
known as ecotin. This was found by manual BLASTp search and not by the xBASE automatic
annotation pipeline. Strains ATCC 51357 and D12 include ecotin in their annotation data, and
searching the ENA database for ecotin within F. necrophorum shows that it is also present in strains
Fnf1007, B35, BFTR-1, BFTR-2, DAB, BL, DJ-1 and DJ-2. This protein from F. necrophorum has not

previously been characterised in laboratory experiments and is investigated in chapter 6.

4.2.6.3 FadA adhesin

As discussed in section 1.8.5, the FadA adhesin is a known virulence determinant in F. nucleatum
and other oral Fusobacterium spp., F. periodonticum and F. simiae. The xBASE and BLASTp genome
annotation data (section 4.2.2) was mined for the FadA gene and no copies of the gene were initially
found. In order to further test for the presence of the gene within F. necrophorum genomes, PCR
primers were used, designed to amplify a product of 359 bp based on the F. nucleatum FadA gene
(Han et al., 2005) (Table 30). Late in the project, when additional genomes had become available

online, the BLAST searches were repeated for the FadA adhesin, and copies of the gene were found
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in strains DJ-1, DJ-2, BFTR-1, BFTR-2, BL, DAB and JCM 3718. There was not sufficient time or
resource left to investigate this further as part of this project, but this would be studied as part of

future work.

As part of the strain identification work in chapter 3, strain number 88 was excluded from the F.
necrophorum clinical collection due to its atypical morphology and non-amplification of the F.
necrophorum gyraseB gene. The biochemical profile and morphology (section 3.2.2) indicate a
possibility that it could be a F. nucleatum strain. The strain was therefore determined to have
potential for amplification of FadA and providing an indication of how a positive control may appear
for this gene. Strains JCM 3718, JCM 3724, ARU 01 and all 25 of the clinical F. necrophorum isolates
were tested and resulted in non-amplification of FadA. See Figure 11 for example gel. Due to non-
amplification of the gene product among the F. necrophorum strains, the identification of strain 88
was not confirmed and the FadA gene was deemed unlikely to be present within any of the strains

in the collection that were identified as F. necrophorum.

Table 30: PCR primers used to amplify FadA gene.

Primer Oligonucleotide sequence (5’ = 3’)
FadA_F TTAGCTGTTTCTGCTTCAGC
FadA R TTACCAGCTCTTAAAGCTTG

1 2 3 4 5 6 7 8

400 bp

Figure 11: Analysis of PCR products from FadA primers on a 1% agarose gel. Lane 1: 100bp ladder; lanes 2 —4: strains JCM
3718, JCM 3724, ARU 01, respectively; lane 5: blank; lane 6: negative control (molecular grade water); lane 7: previously

excluded strain 88; lane 8: blank.
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4.2.6.4 Type V secretion systems

There are three subtypes of type V secretion systems: Type Va are autotransporters, type Vb are
two-partner secretion (TPS) systems, and type Vc are trimeric autotransporter adhesins. TPS
systems are comprised of a secreted TpsA protein and a TpsB transporter protein. The TpsA protein
is an exoprotein that also includes a signal peptide and a TPS domain that makes it specific to the
TpsB protein. The TpsB protein is a B-barrel transporter and also contains a signal peptide and a
polypeptide transport-associated domain (POTRA) (Figure 12). Each TpsB protein is specific for the

TpsA protein that it secretes (Hodak and Jacob-Dubuisson, 2007).

TpsA TpsB
TPS Secreted
domain component Transporter

Signal peptide Signal peptide

Figure 12: Protein organisation of TPS secretion system.

TPS systems are often used for secreting large virulence proteins, such as adhesins. Examples
include the filamentous haemagglutinin (FHA) of Bordetella pertussis and haemolysin of Serratia
marcescens. They contain conserved motifs with amino acid sequences NPNL and NPNGI within the
TPS domain, although some TPS systems may contain slight variations (Jacob-Dubuisson et al.,

2001).

The BLASTp annotation data of strains JCM 3718 and JCM 3724 was found to contain TPS secretion
domains, with motifs NPNL and NENGI, 35 residues apart within a haemolysin protein. Figure 13
shows a section of a protein sequence Clustal alignment of B. pertussis FHA and haemolysins from
JCM 3718 and JCM 3724 (xBASE protein annotation numbers 1,601 and 1,234, respectively). ARU
01 contained a haemolysin gene with NDNGI 39 bases upstream of NKNL. The TPS motifs were not

found in any other proteins.
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f haB NP- GVWWFNNGLTDGVSRI GGAL TKNPNL TRQASAI LAEVTDTSPSRLAGTLEVYGKGADL 172

JCMVB718 DKNNVI FNNSQKNGT SVTGGEVSANPNL TNSASVI LNEI QGNSASELNGGLEVFGKRADL 118

JCMB724 DKNN\/I FNNSQKNGT SVTGCGEVSANPNL TNSASVI LNEI QGNSASELNGGLEVFGKRADL 151
: * *** * * * * *kkk*k .** * * * .* * * * *** *k kk*

f haB I'1 ANPNG SVNGLSTLNASNLTLTTGRPSVNGGRI GLDVQQGTVTI E- - RGGYNATGLGY 230

JCMVB718 VI ANENG NVNGARFI NTSALTLSTGKVSVDNKKI SFNTATNNAKI AVKEKG- | ETDSDY 177

JCMB724 Vi ANENGI NVNGARFI NTSALTL STGKVSVDNKKI SFNTATNNAKI AVKETG MKTDSDY 210

-*** *** * k% -* * *** ** ** L * * * *

Figure 13: Clustal Omega protein alignment of B. pertussis FHA, a well characterised TPS system, and haemolysins from

JCM 3718 and JCM 3724. The alignment is trimmed to focus on the TPS domain motifs, highlighted in yellow.

Autotransporters differ from the TPS system in that the gene is coded in a single coding sequence.
There is one signal peptide, followed by the sequence for both the secreted protein and the
transporter (Figure 14). The secreted protein, also known as the passenger domain, is passed
through the outer membrane by the transporter, also known as the translocation domain. The two
regions remain connected by a linker region (Hodak and Jacob-Dubuisson, 2007). Type Va and Vc
secretion systems are both autotransporters, however trimeric autotransporter adhesins are

formed by three monomers that each include head, stalk and anchor regions (Linke et al., 2006).

Signal peptide Linker region
4
Passenger Translocation
domain domain

Figure 14: Protein organisation of autotransporter secretion system.

The BLASTp annotation data of strains JCM 3718, JCM 3724 and ARU 01 was found to include head,
stalk and anchor regions of a trimeric autotransporter adhesin (TAA) similar to the YadA adhesin in
Yersinia spp. YadA-like adhesins have been found in other organisms, such as Moraxella catarrhalis,

and have been linked with autoagglutination and binding to host cells (Hoiczyk et al., 2000).
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4.2.6.5 CRISPR-associated genes

As mentioned in the B35 strain publication by Calcutt et al. (2014), F. necrophorum contains CRISPR-
associated genes. These were also found within strains JCM 3718, JCM 3724 and ARU 01. The

CRISPR-associated genes annotated by the manual BLASTp search are listed in Table 31.

Table 31: CRISPR-associated genes

JCM 3718 (Fnn) JCM 3724 (Fnf) ARU 01 (Fnf)
casl casl casl
cas5 cas5 cas5
csx8 csx8 csx8
DevR DevR DevR
cstl

When the ATCC 51357 database was searched on BioCyc, the operon in Figure 15 was detailed.
CRISPR-associated genes have recently been shown to be effective tools for genome editing (Liu
and Fan, 2014; Pennisi, 2013) and therefore they have been noted here as being present within the

genomes, however they are not investigated further as part of this project.

cas.

Figure 15: CRISPR-associated (cas) genes present in ATCC 51357 database on BioCyc.

4.2.6.6 Additional putative virulence genes

The JCM 3718, JCM 3724 and ARU 01 genomes were also found to contain genes associated with
phage, hemin receptors and iron acquisition, a filamentous haemagglutinin and other genes of
interest listed in Table 32. These are annotated in Appendix files N — P but were not selected for

further investigation within this project.
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4.2.6.7 Prevalence of virulence genes within Fusobacterium spp. and other organisms and
rationale for further work

Of the gene products covered within this chapter and in Table 32 below, many of these are

prevalent within other organisms, while others are more specific to certain Fusobacterium spp.

The leukotoxin gene, IktA, has been found in F. necrophorum spp. (Tan et al., 1994a) and F. equinum
(Tadepalli et al., 2008), but no other Fusobacterium spp. (Oelke et al., 2005). Other leukotoxins have
also been found in Staphylococcus aureus (Yoong and Torres, 2013), Mannheimia haemolytica
(Highlander et al., 1989) and Actinobacillus actinomycetemcomitans (Karakelian et al., 1998),
although there is very little similarity between the lktA gene and any other leukotoxins when
compared by DNA or protein sequence alignments. This suggests that the /ktA gene is unique to F.

necrophorum and F. equinum.

The presence of ecotin has been shown in Escherichia coli (Chung et al., 1983) and other Gram
negative bacteria, including Pseudomonas aeruginosa and Yersinia Pestis, (Gillmor et al., 2000).
Searching online databases such as NCBI reveals additional ecotin sequence data for Gram negative
bacteria. Prior to this project, ecotin had not been described in Fusobacterium spp. There are now
sequences available on the NCBI database for F. necrophorum, F. equinum and F. gonidiaformans.
No sequence data was found for ecotin in F. nucleatum despite a completed genome being

available.

The FadA adhesin is unique to oral Fusobacteria spp., and was found to be absent from non-oral
species, although F. necrophorum was not tested (Han et al., 2005). Upon initial searches of the
genomes of JCM 3718, JCM 3724 and ARU 01 during this project, no copies of the FadA gene were
found. When tested with F. nucleatum FadA-specific PCR primers all F. necrophorum strains had no
amplification of product. However, very late into the project, the FadA gene was located in several
Fnn genomes using BLAST programmes. These strains, identified as presumptive Fnn in section

4.2.3, were JCM 3718, DJ1, DJ2, DAB, BL, BFTR-1 and BFTR-2.
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Type V secretion systems are only present in Gram negative bacteria, due to the presence of the
outer membrane in these organisms but not Gram positive bacteria (Leo et al., 2012). These
secretion systems are often associated with virulence factors that can be either maintained on the
surface of the cell or secreted into the cell’s surroundings (Leo et al., 2012; Desvaux et al., 2005).
Secretion systems Va, Vb and Vc have been found in F. nucleatum using bioinformatics techniques
(Desvaux et al., 2005) and it was therefore expected that F. necrophorum would contain some of
these, to support the organism’s need to adhere to host surfaces in order to be pathogenic. Type V

secretion genes found are briefly covered in section 4.2.6.4.

CRISPR-associated genes are found in many bacterial species (Kirchner and Schneider, 2015). The
CRISPR-Cas system is considered to be a prokaryotic immune system, protecting the organism from
foreign invading genetic elements (Rath et al., 2015). A search of Fusobacterium CRISPR genes on
the BioCyc website returns sequences for F. necrophorum, F. nucleatum, F. gonidiaformans, F.

mortiferum, F. periodonticum, F. russii, F. ulcerans and F. varium.

Overall, the leukotoxin and ecotin sections of work were chosen as they were considered to be
achievable within the restricted budget and timeframe, the facilities and tools were available for
the experiments required, and there was potential for novel findings. The leukotoxin has been
described as the organism’s primary virulence factor (Tan et al., 1994a) and was therefore
considered important to investigate. Ecotin was a protein that had not previously been described

in F. necrophorum and therefore had potential for novel findings.

The FadA gene was discovered in the Fnn strains too late in the project to proceed with
experimental work, however it would be interesting to investigate as part of future work. Assays to
investigate the haemagglutinin and haemolysin as part of a study into type V secretion systems
were considered in depth, however it was concluded that the facilities required for the assays were
not available, therefore work on these proteins was not taken any further. CRISPR genes became

very topical in scientific literature during the course of this project, however it would have been

98



unlikely to achieve any novel findings that were specifically linked with F. necrophorum
pathogenesis, as opposed to CRISPR processes in general, therefore these genes were not studied
as part of this project. Phage-associated proteins and hemin receptor and transport system proteins
were considered of interest, but it was concluded that these proteins were not the most likely to

yield novel results and they were not investigated further.

Virulence-associated protein E and virulence factor mviN are both claimed to be virulence related,
however there was not enough information available on these proteins to make an assessment of
the likelihood of producing any novel work. Drug resistance proteins are important in terms of
virulence and infections in vivo, however were not intended as the focus of this project, so were
not investigated further. The lipid A biosynthesis protein from Table 32 was of interest due to lipid
A being a component of endotoxic lipopolysaccharide (Caroff and Karibian, 2003). The capsular
polysaccharide biosynthesis protein was also of interest due to F. necrophorum possessing a
mucopolysaccharide capsule (Brook and Walker, 1986). Investigating either of these two proteins
was not considered likely to produce novel information. Neutrophil-activating protein A could play
a role in virulence of F. necrophorum. Helicobacter pylori is known to produce its own neutrophil-
activating protein which acts as a virulence factor, stimulating immune responses (Amedei et al.,
2006). Investigating this in F. necrophorum could potentially yield some important novel findings,
however this gene was not located until late into the project and the facilities to investigate this

were also not available.
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Table 32: Summary table of annotated genes of interest

Gene present in:

Gene product JCM 3718 JCM 3724 ARU 01
leukotoxin operon v v v
haemolysin v v v
haemagglutinin v v v
FadA v NF NF
YadA-like adhesin v v v
ecotin v v v
CRISPR/CRISPR-associated proteins v v v
haemin receptor and binding/transport systems N4 v Vv
Phage proteins v v v
5-nitroimidazole antibiotic resistance protein N4 v Vv
acriflavin resistance proteins v v v
multi-drug resistance proteins v v v
Na+ driven multidrug efflux pump Vv N4 v
penicillin-binding protein v v v
florfenicol resistance v v v
virulence factor mviN v v v
virulence-associated protein E v v NF
capsular polysaccharide biosynthesis protein v NF v
Lipid A biosynthesis protein NF N4 v
neutrophil-activating protein A v v N4

NF = Not found
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4.3 Discussion

At the time of sequencing, in early 2012, the use of 454 sequencing and Newbler assembly was an
appropriate choice for de novo genome sequencing. The Pacific Biosciences technology was too
expensive and lon Torrent was not widely available at the time. 454 was more suitable than lllumina

for de novo sequencing due to producing longer mean read lengths.

Genome sequencing has dramatically increased in popularity, with lower costs making the
technology more accessible to researchers. The increasing number of F. necrophorum genomes,
listed in Table 28, demonstrates this with only one submitted to the NCBI in 2011, increasing to
eight in 2014. Table 28 also shows how the choice of sequencing technology switched from 454 to
Illumina. This could be due to the fact that there was no longer the need to carry out a de novo
assembly once an initial F. necrophorum sequence was available and also that the lllumina
sequencing technology was improving, producing longer reads and better value for money. There
does not appear to be an overall improvement in levels of coverage of the genomes between 2011
and 2014. Rather than being representative of sequencing technology it is likely to be due to project
planning and the coverage deemed necessary for each genome, considering that additional

coverage comes at additional cost.

A more appropriate choice for F. necrophorum de novo sequencing would now be Pacific
Biosciences technology, due to the long read lengths, high level of accuracy and lower costs than in
2012. Although considering the number of genomes already available, de novo sequencing is no
longer required, and lllumina sequencing now is the most cost effective method to acquire F.
necrophorum genome sequence data. 454 will not be an option for much longer, as according to
Hodkinson and Grice (2015), Roche are no longer supporting the 454 sequencing platforms after

2016. GATC Biotech have already stopped commercially using the technology.

The switch from 454 to other sequencing platforms also signals the potential switch away from
Newbler assembly, which as mentioned in section 4.1 is specifically designed for 454 data (Miller et

al., 2010). Velvet is becoming much more popular and more recent versions are allowing for larger
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K-mers, which is beneficial as regions of sequence repeats are subsequently more likely to be
spanned (Chikhi and Medvedev, 2014). In addition to this, the web-based annotation pipeline
XBASE, which was used for this project is no longer available for use. The field of genomics has
advanced a great deal over recent years and as new technologies and analytical software become

available, older ones become redundant.

At the start of this project there was no available genome sequence data for F. necrophorum. With
much unknown about the pathogenesis of the organism during infection, and the greater emphasis
recently on the use of genomic data, it was clear that the bacterium needed to be sequenced.
Despite the addition of eleven genomes to the NCBI database, there remains only one published
article on the F. necrophorum genome. The article, published by Calcutt et al. (2014) covers a brief

description of a draft genome. There is still clearly a great deal of the genome left to be investigated.

The genome data provided by the work in this chapter represents the most complete assembly for
strain JCM 3724/ATCC 51357 by combining the 454 and lllumina sequencing data. This strain is
important as it is the type strain for F. necrophorum subsp. funduliforme (Shinjo et al., 1991). The
genome data also provides the first genome sequence for strain JCM 3718, also known as ATCC
25286, which is the type strain for F. necrophorum subsp. necrophorum (Shinjo et al., 1991). These
type strains are used as references during various types of characterisation experiments and
provide a method of external quality control. For example, during the TagMan PCR work by Jensen
et al. (2007) that was used in section 3.2.4. The third genome sequenced as part of this project is
the first to be recognised as originating from human disease. This is important as there may be
virulence genes present in strains that are capable of causing LS that could be lacking from other F.
necrophorum strains. Therefore, if the genome is to be studied for virulence factors associated with

disease, then isolates should be used from disease sources.

While there is still no complete genome for F. necrophorum, the data provided in this chapter, along
with the genomes available on the NCBI database (listed in Table 28), provide a great deal of
information that was lacking at the start of this project, and also opportunity to further study the

organism. By mapping the different sets of genome contigs against one another there is also enough
102



data to predict the order of some of the contigs in data sets with small contig numbers and begin

the process of gap closing by PCR and Sanger sequencing.

The coverage of the three sequenced genomes ranged between 9.87X and 13.63X (Table 26). The
level of coverage expected was 13X — 24X, as predicted by the GATC Biotech sequencing specialist.
Factors that may cause a decrease in coverage include biases in the sample preparation or the
sequencing (Sims et al., 2014). As mentioned in section 4.2.1, the coverage is determined using the
values for the number of raw reads, the mean size of the raw reads, and the expected number of
base pairs in the genome. The low level of coverage with the GATC Biotech data appears to be due
to the read lengths, detailed in Table 26. The 454 data was expected to produce read lengths with
a mean of 700 bp, however it produced mean read lengths of approximately 300 bp. This is more
closely aligned with the mean read length of lllumina technology. It seems that the short read
length is the likely cause of the coverage being lower than expected, although no explanation was
provided by GATC Biotech. As a consequence of this, the number of contigs for each genome was
quite large, which is a problem if trying to complete the genome by gap closing, but does not greatly

hinder the study of the genes contained within the genome.

The total number of bases in each of the three sequenced genomes ranges from 1.95 Mb — 2.3 Mb.
Once the JCM 3724 454 data was merged with the lllumina data, the total number of bases in the
assembly increased from 1.95 Mb to 2.13 Mb, causing the new size range for the three genomes to
be 2.06 Mb — 2.3 Mb. This closely matches the hypothesis in section 4.1, which stated that the
sequenced F. necrophorum genomes were expected to be approximately 2.2 Mb, due to the size of
the F. nucleatum genome sequenced by Kapatral et al. (2002). The genome sequence of strain B35,
published in 2014, was reported to be 2.09 Mb (Calcutt et al., 2014), and it is also within the range
of genome sizes listed in Table 28: 1.96 Mb — 2.61 Mb. When the genome sizes from Table 28 are
separated according to assembly software, the size range for Newbler is 1.96 — 2.17 Mb, whereas
the size range for Velvet assemblies is 2.46 Mb — 2.61 Mb, suggesting the choice of assembly
software has a large effect on the total number of bases. When the phylogenetic tree (Figure 9)

used to subspeciate the strains is taken into account, it can be seen that the genomes assembled
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with Newbler are all Fnf, while the Velvet assembled genomes are all Fnn, so perhaps the Fnn
genome is larger than that of Fnf. Such large differences seem unlikely, however, and differences

in assembly methods are the most probable cause.

The annotation of F. nucleatum by Kapatral et al. (2002) using the ERGO bioinformatics suite
resulted in 67 % of ORFs assigned a function. Using xBASE, with F. nucleatum as a reference,
between 60 — 63 % of the ORFs in the F. necrophorum genomes were annotated (Table 27). Both
organisms are likely to contain some genes that are absent in the other, such as the leukotoxin in
F. necrophorum but not F. nucleatum, therefore the 60 — 63 % ORF annotation rate was within the
expected range. The remaining ORFs were analysed using BLASTp to annotate as much of the
genomes as possible and provide some manual curation. The graph in Figure 8 and associated non-
linear regression suggest that the number of genes in the F. necrophorum genome is approximately
1,950. This is similar in number to 2,067 genes present in F. nucleatum (Kapatral et al., 2002). If the
Fnn genome was in fact larger than that of Fnf, then the data points would perhaps have an R

squared value far lower than 0.94.

While GenBank is a commonly used file format and is compatible with some viewer programs, such
as Artemis, it is not easy to read by eye. The script written for conversion to excel file format

provides a table that is simple to read, and also allows easy extraction of the protein sequence.

The additional genomes that have been sequenced and are available on the NCBI database have
been assembled and include some annotation data, however no analysis of this has been published,
with exception of strain Fnf B35 which has brief details published (described in section 4.2.6). The
subspecies of the majority of these F. necrophorum strains was unknown. The use of a phylogenetic
tree to subspeciate these genomes allows for a better understanding of the data provided and
allows for comparisons to be made between the subspecies. It also supports the general
understanding that animal infections are caused by Fnn and that Fnf can be found in both animals
and humans. The phylogenetic tree (Figure 9) and the alternative method of using Clustal
alignments with the sequence of the gyrB TagMan probes (4.2.3 and Appendix 8) were both an

effective use of bioinformatic tools where no laboratory option was available. The tree provides
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some additional information in that the gyrase B sequences of Fnn are very well conserved whereas
there is a small amount of variation between the Fnfisolates. Given that these strains infect a wider

range of hosts, that is perhaps not so surprising.

The genomes for strains JCM 3718, JCM 3724 and ARU 01 were mined for genes previously reported
to be associated with virulence in other organisms. The hypothesis in section 4.1 stated that the
genome annotation data would contain the leukotoxin and additional virulence genes that had not
previously been described in F. necrophorum. The leukotoxin, which has been described as the
organisms primary virulence factor (Tan et al., 1994a), was found in all three genomes. Ecotin, a
serine protease inhibitor which had not previously been described in F. necrophorum was also
found in all three. E. coli ecotin has been associated with increased clotting times in human blood
(Ulmer et al., 1995) and this protein was therefore determined to be of interest. The FadA adhesin
gene, known to be present in F. nucleatum (Han et al., 2005), was briefly investigated in F.
necrophorum genomes and found in JCM 3718, as well as other Fnn genomes. Chapters 5 and 6

discuss the leukotoxin and ecotin in further detail.

Motifs were found within a haemolysin gene in strains JCM 3718 and JCM 3724 (Figure 13), which
suggest the protein is secreted via a two-partner secretion system. This has not previously been
described in F. necrophorum. The motifs within strain ARU 01 are less well conserved and also in
the reverse order, however, not all TPS proteins need both motifs (Jacob-Dubuisson et al., 2001),
so secretion may be unaffected if this system is indeed used. A YadA-like adhesin that acts as an
autotransporter was also found within the annotation data. This, like the TPS system, is another

type V secretion system. The head, stalk and anchor regions were all located.

With so little information published on the F. necrophorum genome, the information in this chapter

represents the first description of several F. necrophorum virulence factors.

It had been hypothesised that there was a simple explanation for the difference in virulence
between Fnn and Fnf, such as genomic differences between the strains. After studying and

comparing the annotated genomes it was concluded that the differences in virulence cannot be

105



explained by gross differences in the genomes and that variations in virulence between strains is
much more complex. Host and environmental factors are likely to play a role as well as subtle gene

differences which could make virulence proteins more or less effective.
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Chapter 5:

Analysis of F. necrophorum leukotoxin

sequence, prevalence and activity

5.1 Introduction and aims

Many bacteria are known to produce toxins, which may be either toxic proteins released
extracellularly (exotoxins) or toxic lipopolysaccharides maintained as part of the outer layer of the
cell envelope (endotoxins) (Madigan and Martinko, 2006). Bacterial toxins cause damage to human
and animal target cells in a variety of ways, such as by forming pores in membranes, inhibiting
protein synthesis, activating secondary messenger pathways, activating the immune system and by
protease action (Schmitt et al., 1999). Examples of bacterial toxins include the leukotoxins of
Staphylococcus aureus (Yoong and Torres, 2013), Mannheimia haemolytica (Highlander et al., 1989)
and Actinobacillus actinomycetemcomitans (Karakelian et al., 1998). Leukotoxins are a type of
exotoxin that are toxic to leukocytes, particularly polymorphonuclear cells (PMNs) (Narayanan et
al., 2002a). F. necrophorum subspecies necrophorum (Fnn) and F. necrophorum subspecies
funduliforme (Fnf) are both known to produce a leukotoxin (lktA) that is a water soluble, heat-labile,
protein exotoxin with an affinity for ruminant and human leukocytes (Tan et al., 1994a; Tadepalli

et al., 2008a).

During F. necrophorum infection, the leukotoxin appears to be the primary virulence factor (Tan et
al., 1994a), with a correlation between the amount of toxin produced by strains and their ability to
cause abscesses in laboratory animals demonstrated by Emery et al. (1986). The toxin is known to
target blood cells. When tested, PMNs from cattle and sheep were the most susceptible to the

leukotoxic supernatant, whereas pig and rabbit PMNs were unaffected (Tan et al., 1994a).
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The leukotoxin, which can be found in the culture supernatant of the two subspecies of F.
necrophorum (Tan et al., 1994a), has been described as larger than other bacterial leukotoxins, with
a molecular mass of 336 kDa (Narayanan et al., 2001b). The leukotoxin of Mannheimia haemolytica
is 105 kDa (Chang et al., 1987), Actinobacillus actinomycetemcomitans is 114 kDa (Kachlany et al.,
2002), and Staphylococcus aureus is 37 kDa (Marshall et al., 2000). The F. necrophorum leukotoxin
has also been described as potentially novel, due to its lack of sequence similarity to other known
bacterial leukotoxins (Narayanan et al., 2001b). More recently, BLASTp searches of IktA protein
sequences have revealed homology of approximately 25 — 30 % to adhesin and haemagglutinin
proteins. Oelke et al. (2005) investigated the presence of the leukotoxin in Fusobacterium spp. using
Southern blotting and Western blotting for leukotoxin DNA and protein, respectively. They reported
a positive finding for F. necrophorum and negative findings for F. nucleatum, F. gonidiaformans, F.
mortiferum, F. necrogenes, F. simiae, F. ulcerans and F. varium. The leukotoxin has also been found
in F. equinum, an organism closely related to F. necrophorum that causes equine necrotic infections.
The IktA protein was shown to be secreted, but IktB and IktC, the remaining proteins coded for by
the leukotoxin operon in F. necrophorum were not found (Tadepalli et al., 2008). This finding was
supported by Zhou et al. (2009b) who confirmed the presence of the F. equinum leukotoxin but
reported difficulties in identifying the DNA sequence data, resulting in only a short fragment of the
IktA gene being sequenced. It would be of great interest to compare the leukotoxins of F.
necrophorum and F. equinum, however due to the lack of available F. equinum sequence data and
lack of access to F. equinum strains, the F. equinum leukotoxin was not studied as part of this

project.

The mode of action of the F. necrophorum leukotoxin is unknown. A limited amount of research has
been carried out on the leukotoxin, predominantly by a research group based in Kansas State
University, Kansas, USA. The purification of the leukotoxin and determining the DNA sequence of
the IktA gene have been particularly valuable contributions, enabling in depth analysis of purified

leukotoxin, cloning experiments, molecular detection work and bioinformatic analysis.
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In order to be able to carry out affinity purification of F. necrophorum leukotoxin, Tan et al. (1994b)
produced monoclonal antibodies (mAbs) of the IgG class by injecting mice with semipurified
leukotoxin. Antibodies were harvested, purified by affinity chromatography and labelled with
biotin. The group showed that two of the mAbs partially neutralised the activity of the leukotoxin,
but only when they used polyclonal serum could they completely neutralise the leukotoxin activity.
This may suggest that the epitopes of the mAbs may be inaccessible when the leukotoxin is
interacting with target cells, or in a region that does not largely affect toxin activity. The mAbs

remain useful for affinity purification purposes.

Narayanan et al. (2001b) produced a library of bovine strain F. necrophorum subsp. necrophorum
A25 genomic DNA fragments between 10 and 12 kb in length into Lambda Zap Express vectors for
cloning and expression. Anti-leukotoxin polyclonal serum was used to determine which of the
clones contained the leukotoxin. The recombinant DNA from the leukotoxin clone was sequenced
and inverse PCR was used to extend the sequence to encompass the entire leukotoxin gene. The
open reading frame was shown to be 9,726 bp, encoding for a protein of 3,241 amino acids and a
molecular weight of 335,956 Da. The secreted protein was described as having substantial
hydrophobicity, with 14 potentially membrane spanning regions, which could be very important in
determining a potential mode of action. Pore-forming toxins insert transmembrane pores in the
target cell to disrupt ions across the plasma membrane (Schmitt et al., 1999). If the F. necrophorum

leukotoxin is a pore-forming toxin it would require hydrophobic regions to create the pores.

E. coli host cells containing the first 3.5 kb of the cloned /ktA gene lysed upon IPTG induction of the
protein. This may have been due to the tertiary folding pattern of the truncated leukotoxin leaving
an active region more exposed. Narayanan et al. (2001b) therefore constructed five smaller
truncated polypeptides of the /ktA gene (P1 — P5), which were purified and analysed by Western
blotting for reactivity against polyclonal and monoclonal antibodies raised against native leukotoxin
(Figure 16). The polyclonal serum reacted strongly with peptides one, two and five, which equated
to bases 1 — 1,107, 919 — 3,696 and 7,405 — 9,723 of the /ktA gene and weakly against peptides

three and four (bases 3,553 — 5,691 and 5,626 — 7,509, respectively). The monoclonal antibody
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reacted against the first peptide only. Antisera raised against peptides one and three were shown
to have neutralising activity against the native leukotoxin, as determined by a microculture
tetrazolium assay. Antibodies raised against peptides two, four and five did not have neutralising
activity, suggesting they may be concealed by the folding pattern of the native leukotoxin. This
analysis of truncated polypeptides provides some insight into which regions are immunogenic and
potentially active toxin regions and may be of use during future sequence analysis. P1 reacted with
monoclonal antibodies and strongly with polyclonal serum. Antisera raised against this truncated
polypeptide had neutralising activity against native leukotoxin, suggesting that the P1 region of the
IktA gene may be important to the structure and function of the leukotoxin. The 3.5 kb truncated
peptide (which had the approximate length of truncated peptides 1 and 2 combined) was toxic to
E. coli host cells, however full length recombinant leukotoxin was not. The toxicity of the 3.5 kb
truncated peptide to E. coli cells further supports the suggestion that the active region may be
within region P1 and/or P2. P2 also reacted strongly with polyclonal serum. The full length
recombinant protein was found to be extremely unstable, with many breakdown products visible
on Western blots. This was also observed with native purified leukotoxin. This will be a factor for
consideration during future leukotoxin assays. Recombinant full length leukotoxin was toxic to

bovine neutrophils (Narayanan et al., 2001b).

IktA

p**
mAb |P** i |
N | P3 |

?

N

. I P5 |
P**

Figure 16: Diagram of five truncated polypeptides of the cloned leukotoxin gene and their respective reactivity with
polyclonal serum and monoclonal antibodies. The IktA box represents the 9,726 bp leukotoxin gene and boxes P1 — P5
represent the truncated polypeptides. Labels P**, P, mAb and N represent a strong reaction with polyclonal serum, a weak
reaction with polyclonal serum, a reaction with monoclonal antibodies and neutralising activity of native toxin by antisera

raised against this truncated polypeptide, respectively.
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In order to investigate the mechanism of toxicity induced by the leukotoxin, Narayanan et al.
(2002b) exposed bovine peripheral leukocytes suspended in RPMI medium to various
concentrations of immunoaffinity purified leukotoxin. After 45 minutes at 37 °C in an atmosphere
of 5 % CO, the cells were washed and resuspended in Hank’s balanced salt solution and stained
with propidium iodide to evaluate cell viability. Flow cytometry and scanning and transmission
electron microscopy were used to analyse the cells post treatment. The flow cytometry data
showed that upon leukotoxin treatment the mononuclear cells had a dose-dependent decrease in
cell size and an increase in granularity, which are both characteristics of apoptosis. The PMNs had
decreased in size but had no significant increase in granularity. The reduction in cell size was
suggestive of apoptosis being the mechanism of leukotoxic action, as opposed to necrosis. Numbers
of cells decreased significantly at very high concentrations of toxin (>1,250 U/ml) which was
suggestive of complete cell lysis. The amount of leukotoxin present in the host during infections is
unknown. F. necrophorum is known to cause necrotic infections (Riordan, 2007; Hagelskjaer
Kristensen and Prag, 2000), which suggests that the organism utilises toxic mechanisms potent

enough to cause tissue necrosis to occur.

PMNs viewed with scanning electron microscopy appeared to clump, decrease in size and show
lesions resembling pores after treatment with leukotoxin. At very high concentrations they showed
large craters and were agglutinated. Indicators of apoptosis were plasma membrane blebbing and
apoptotic bodies. Transmission electron microscopy of treated PMNs showed signs of apoptosis,
including nuclear collapse, condensed chromatin, condensed cytoplasmic organelles, and a
decrease in the cytoplasmic layer. The PMNs also showed signs of activation, such as translocation
of granules to the cytoplasm periphery. The study concluded that at low concentrations of
leukotoxin, apoptosis and activation were induced and at higher concentrations necrosis occurred.
For PMNs, 0.02 — 0.2 U/ml leukotoxin induced apoptosis, 20 U/ml enhanced activation, and >200
U/ml induced necrosis. For monocytes, 2 — 20 U/ml induced apoptosis and >600 U/ml induced

necrosis. They speculated that while membrane damage did occur to PMNs, pore formation was an

111



unlikely cause as the cells would have increased rather than decreased in size due to the

uncontrolled entry of water into the cell (Narayanan et al., 2002b).

Tadepalli et al. (2008a) tested for the leukotoxin gene and leukotoxic activity in four strains of F.
necrophorum subsp. funduliforme of human origin. Analysis by PCR confirmed that all four strains
contained the /ktA gene and promoter, and using Western blotting the secretion of leukotoxin was
confirmed. Human peripheral PMNs were treated with culture supernatants for 45 minutes at 37
°C and 5 % CO,. Cells were washed twice and resuspended in 0.01 M PBS and stained with
propidium iodide. Samples were processed on a flow cytometer to test for viability. All of the
culture supernatants from the human strains exhibited toxicity to human PMNs. Bovine PMNs were
not tested. The data showed strain to strain variation in the level of cytotoxicity. When culture
supernatants were pretreated with proteases, leukotoxic activity decreased. It was therefore
suggested that the strain variation in levels of cytotoxicity may be partly related to the levels of

proteolytic enzymes secreted by the strains, cleaving the leukotoxin.

Secreted toxins from Fnn and Fnf had the same banding pattern on a Western blot (Tadepalli et al.,
2008b). This may represent consistency with the breakdown of products, or it may be specific
proteolytic products. It was suggested by Tadepalli et al. (2008b) that these products are
breakdown products, as the leukotoxin is known to be unstable (Tan et al., 1994a; Narayanan et al.,
2001b), and that the differences in toxicity are therefore due to differing quantities of expression
rather than differing stabilities. Recurring intense bands for F. necrophorum subsp. necrophorum
were at ~250, 150, 130 and 110 kDa, amongst other less intense bands. F. necrophorum subsp.
funduliforme produced less intense bands overall, although this may have been due to the
polyclonal serum being raised against leukotoxin from a Fnn strain (Tadepalli et al., 2008a). These
banding patterns will provide a useful comparison for any protein analysis carried out as part of this

project.

F. necrophorum leukotoxin has been shown to be very sensitive to changes in temperature and pH.
Leukotoxic activity of culture supernatant was retained at 4 °C and 25 °C for up to 4 hours, however

incubating at 56 °C or boiling for 5 minutes removed leukotoxic activity. At 37 °C leukotoxic activity
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was decreased by 19 %. As this is a physiological temperature it has implications during infections.
However, during infections leukotoxin may be continuously produced and therefore degraded toxin
would be replaced. Maximal leukotoxic activity occurred between pH 6.6 and 7.8. At pH <6 the
leukotoxin was inactivated (Tan et al., 1994a). It is therefore of great importance to carefully store

and handle the leukotoxin.

The Fnn leukotoxin gene is considered to be part of an operon of three genes (Narayanan et al.,
2001b). The leukotoxin operon of F. necrophorum subsp. funduliforme strain B35 was sequenced in
full to include the IktB, IktA and IktC genes, concluding that both F. necrophorum subspecies
contained these genes. When the genes were compared, strains A25 (Fnn) and B35 (Fnf) had
similarities of 88% for lktB, 90% for IktA and 96% for IktC. The sequence lengths for Fnf B35 were
1,650 bp for IktB, 9,732 bp for [ktA and 438 for /ktC, as represented in Figure 17 (Tadepalli et al.,

2008b).

IktB IktA IktC
(1650 bp) (9732 bp) (438 bp)

Figure 17: Representation of the leukotoxin operon of F. necrophorum subsp. funduliforme strain B35, showing genes IktB,

IktA and IktC along with corresponding gene lengths.

It was found that /ktB contained a POTRA_2 polypeptide transport associated domain which is
highly suggestive of this protein being involved in the secretion of the IktA protein. Most of the
differences between the two /ktA genes were noted to be in the N-terminal and middle section of
the gene. The lktC gene was described as highly conserved but the function was not hypothesised

(Tadepalli et al., 2008b).

When the titre of leukotoxin in the culture supernatant of both Fnn and Fnf strains was tested, the

amount of leukotoxin present in the Fnn supernatant was 15-fold higher than the Fnf supernatant
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(Tan et al., 1994a). Tadepalli et al. (2008b) used qPCR to measure the relative expressions of /ktA
and found that for both subspecies the mid-log phase expressed the highest concentration of
leukotoxin messenger RNA. When the two subspecies were compared they found that subspecies
necrophorum had a 21.1 fold higher transcript level of /ktA during the mid-log phase peak. It was
concluded that the necrophorum subspecies is more virulent than the funduliforme subspecies, due
to the likelihood that a higher transcript level of /ktA would result in a higher level of leukotoxin
secretion, and therefore cause a greater amount of cell death to leukocytes during infections. A
comparison of the promoter regions of the two subspecies showed variations between the
sequences, despite appearing to be conserved within each subspecies. The differing sequences for
each subspecies may therefore provide a target for subspeciating strains. When assayed using E.
coli cells, the Fnn promoter activity was approximately four-fold higher than that of the Fnf (Zhang
et al., 2006). This appears to support the hypothesis that Fnn strains produce more leukotoxin

mRNA, and subsequently more leukotoxin protein, and are therefore more virulent.

In order to determine the prevalence of the /ktA gene, a collection of F. necrophorum isolates from
humans (43) and animals (57 — including mostly cows and sheep) were tested with a panel of
custom designed leukotoxin primers. Two /ktA gene sequences with 99.75% similarity were used to
design three sets of primers targeting different regions of the gene. Each strain was tested against
all three primer pairs and it was concluded that the lktA gene was present in 47 out of 100 strains
studied. The IktA gene was found to be more prevalent in bovine strains and subspecies
necrophorum strains than those of human origin, or subspecies funduliforme (Ludlam et al., 2009a).
This was later disputed by Bennett et al. (2010) who observed the dangers of declaring a gene to
be absent based on non-amplification of a PCR product. They also highlighted how the two
sequences used to design the primers were both of bovine origin and were identical. Several
publications by one research group have since reported variations among /ktA genes (Zhou et al.,
2009a; Zhou et al., 2010; Zhou et al., 2011b; Zhou et al., 2011a). In order to more reliably test for
the presence of the leukotoxin gene within a collection of isolates, PCR primers should be designed

using a range of dissimilar sequences to take a greater level of variation into account.
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F. necrophorum type strains JCM 3718 and JCM 3724 have been used by other research groups as
control strains in F. necrophorum leukotoxin experiments. As previously mentioned in Chapter 4,
prior to the start of this project the genomes of these strains had not been sequenced. This project
provided the opportunity to sequence the genomes of these two strains, with the addition of a third
strain of human clinical origin. This was to provide high quality sequence data of the leukotoxin
operon and to carry out in vitro tests for cytotoxic activity analysis alongside this, looking at activity
in human derived cells. The F. necrophorum leukotoxin has been studied previously, but there is
still a great deal to be understood regarding its mode of action and the level of cytotoxic activity of
the two subspecies. High quality sequence data can greatly contribute to the understanding of the

leukotoxin operon, therefore the leukotoxin was considered worth investigating.

For this chapter, the sequence of the F. necrophorum leukotoxin operon was investigated within
the two type strains JCM 3718 (Fnn) and JCM 3724 (Fnf) and the human clinical strain ARU 01. The
majority of the work carried out on the leukotoxin previously has been by two research groups
which investigate from a veterinary perspective, whereas human clinical isolates were also
investigated here. The prevalence of the leukotoxin operon within a clinical collection of human
isolates was also studied, using PCR primers from other studies, as well as custom primers, in order
to critique the previously published primers. It was hypothesised that the leukotoxin would be
found to be universal within the F. necrophorum strain collection, with the three sequenced
genomes containing the leukotoxin operon in full. It was also predicted that when the sequences
were aligned, those of the same subspecies would demonstrate greater similarity to each other
than those of different subspecies, and that variations in activity could be explained by variations
in the sequences. To confirm cytotoxic activity of the sequenced strains, concentrated culture
supernatants were tested against the HL-60 human promyelocytic leukaemia cell line and human
donor white blood cells. It was hypothesised that the concentrated, high molecular weight fraction
of culture supernatant would demonstrate a cytotoxic effect in a dose-dependent manner. The
antibodies described above have not been made commercially available and therefore were

unavailable for use in this project.
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5.2 Results

5.2.1 Locating the leukotoxin operons within the genome sequence data of

JCM 3718, JCM 3724 and ARU 01.

The Fnf strain 1_1_36S draft genome (previously introduced in section 4.2.3; Genbank accession
numbers ADLZ01000001-ADLZ01000040) was searched for the leukotoxin operon. Each of the 40
contigs was entered in FASTA format into a nucleotide BLAST search on the NCBI website (Blast:
Basic Local Alignment Search Tool, 2015). Search settings were as follows: Database: Nucleotide
collection (nr/nt). Organism: Fusobacterium necrophorum. One copy of the leukotoxin operon was

found on accession number ADLZ01000005 from base pair 80957 to 93479.

As part of the commercial sequencing package, the raw reads from JCM 3718, JCM 3724 and ARU
01 were mapped to accession numbers ADLZ01000001-ADLZ01000040 using GS Reference Mapper.
For reads that mapped within bases 80957 to 93479 on accession number ADLZ01000005, the

corresponding assembly contigs were recorded in Table 33.

Table 33: Assembly contigs containing a region of the leukotoxin operon.

JCM 3718 JCM 3724 ARU 01
(Fnn) (Fnf) (Fnf)
contig00415 contig00225 (complement) contig00305

contig00592 (complement)

contig00005

contig00226 (complement)
contig00177 (complement)
contig00205

contig00132

contig00051 (complement)

Contigs were reverse complemented using a sequence editor (Fr33.Net, 2015) in the case of raw
reads mapping to the complement strand. Each set of leukotoxin operon containing contigs were
then concatenated into one FASTA file and aligned against bases 80957 to 93479 of accession
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number ADLZ01000005 using Clustal Omega. The sequences were trimmed to exclude any bases
outside of the region aligning to the ADLZ01000005 leukotoxin sequence. The locations of these

operons were confirmed by the genomic annotation in chapter 4.

5.2.2 Sanger sequencing the leukotoxin operon in JCM 3718, JCM 3724 and

ARU 01 to close gaps and confirm next generation sequencing data

All three of the leukotoxin operon sequences contained gaps in the next generation sequence data
where the leukotoxin sequence had spanned multiple contigs. This was resolved by designing PCR
primers to amplify these regions and using Sanger sequencing to obtain the missing bases. The
primers were designed using the methods in section 2.10.1 and primer sequences were recorded
in Appendix 10. Sanger sequencing was as described in methods section 2.8.7. The resulting
sequence data was inserted into the appropriate gaps and a Clustal Omega alignment was carried
out between the ADLZ01000005 leukotoxin sequence and the JCM 3718, JCM 3724 and ARU 01
leukotoxin sequences. This ensured the full leukotoxin operon was present in the new sequence
data. As discussed in section 4.2.3, assembly contig accession numbers ADLZ01000001-
ADLZ01000040 were misassembled. The results of the leukotoxin work were not adversely affected
by this due to the leukotoxin sequences being confirmed by Sanger sequencing and aligned to other

the leukotoxin genes from other F. necrophorum strains.

Next generation pyrosequencing is prone to errors in homopolymer regions (Hodkinson and Grice,
2015) which can lead to frame shift errors. In order to be confident about the leukotoxin operon
sequence data a series of PCR primers were designed to Sanger sequence each of the three
operons. A total of 37 PCR primers were designed (see Appendix 11 for primer sequences) with an
average of 17 primer pairs being used for each strain. PCR, gel electrophoresis, gel extraction, and
Sanger sequencing were carried out as described in section 2.8.7. Resulting Sanger sequence data,
sequenced in both the forward and reverse orientations, were assembled using Clustal Omega. The
next generation sequence data (sequence locations detailed in Table 33) and Sanger sequence data

for the leukotoxin operon from each strain was aligned again using Clustal Omega to compare the
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data sets. In each discrepancy between the two sets of data, the Sanger sequence data was taken
as accurate. All three strains contained frame shift errors in the pyrosequencing data that were
corrected by the Sanger sequencing data. The final Sanger sequence data for the three strains can

be found as an alignment in Appendix 12.

5.2.3 Bioinformatic analysis of leukotoxin sequence

The leukotoxin operon sequences were translated into protein sequence using ExPASy Translate
(methods section 2.10.3). For each operon sequence, the genes for /ktB and /ktA were present in
full within the Sanger sequence data. There were, however, difficulties with designing primers for
the IktC sequence due to the DNA sequence following the /ktC gene being unknown at the time.

The IktC sequence data is therefore taken from the next generation sequence data.

5.2.3.1 ktB

Figure 18 shows a Clustal Omega alignment of the three |ktB protein sequences. The two Fnf IktB
sequences are both 447 amino acids long and show a 99.8 % similarity. The only difference is at
position 174, with a leucine present in the JCM 3724 strain and a valine present in the ARU 01 strain.

Both amino acids are non-polar and hydrophobic. The JCM 3718 |ktB is 336 amino acids long.
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3724 | kt B
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ARWL_| kt B

Figure 18: Clustal Omega alignment of the three |ktB protein sequences from JCM 3718, JCM 3724 and ARU 01.
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When entered into a protein BLAST search all three sequences resulted in a match of Fusobacterium

necrophorum IktB with E values of 0. Table 34 lists the conserved domain hits found by the BLASTp

search.
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Table 34: Conserved domains found within the IktB protein by a BLASTp search.

Conserved Description E value

domain hit

Polypeptide Found towards the N-terminus of ShIB family proteins and 6.36e-14

transport important in the secretion and activation of the haemolysin ShlA.

associated (POTRA) Hypothesised to have a chaperone-like function over ShiA.

domain

Surface antigen Found primarily in bacterial surface antigens, usually as variable 6.36e-14

variable number number repeats at the N-terminus.

repeat

Surface antigen This domain is found in outer membrane proteins from 1.39e-05
H.influenzae, P.multocida, N.meningitidis and N.gonorrhoeae.

Haemolysin Involved in intracellular trafficking, secretion, and vesicular 4.29e-52

activation/secretion transport.

protein

outer membrane Members of this protein family are for assembling proteins into the  6.02e-06

protein assembly

complex, YaeT

outer membrane of Gram-negative bacteria. They typically have five
tandem copies of a surface antigen variable number repeat,

followed by an outer membrane beta-barrel domain.

The IktB sequences were also entered into a Pfam search to look for conserved domains (Table 35).

Table 35: Conserved domains found within the IktB protein by a Pfam search.

Family Description E value
POTRA_2 POTRA domain, ShiB-type 8.3e-13
Bac_surface_Ag Surface antigen 0.0002

The conserved domains found within the |IktB proteins are suggestive of the protein having a role

in secretion. The POTRA domain was found during both BLASTp and Pfam searches and is associated
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with secretion. Several other domains are linked to the outer membrane of the bacteria and

secretion.

5.2.3.2 IktA

A Clustal Omega alignment of the IktA protein sequences of JCM 3718, JCM 3724 and ARU 01 was
made to compare the three sequences (Appendix 13). JCM 3724 was demonstrated to be 88.7 %
similar to JCM 3718 and 75.3 % similar to ARU 01, while ARU 01 and JCM 3718 were 75.9 % similar
to one another. A Clustal Omega alighment was also made using the DNA sequence for the /ktA
region. The resulting similarities were 90.0 % for JCM 3724 and JCM 3718, 78.5 % for JCM 3724 and
ARU 01, and 79.1 % for JCM 3718 and ARU 01. This protein appears to be less conserved than the
IktB protein. This could be due to sections of the IktA protein not being particularly important to
the function of the leukotoxin and therefore not needing to be so well conserved. The IktB protein

is considerably smaller and therefore is less likely to have regions that are of low importance.

Due to the large size of the protein, at approximately 3,200 amino acids, the sequence alignment is
displayed here graphically using Artemis Comparison Tool (ACT) (Figure 19). The DNA sequences of
the three lktA genes were submitted for comparison via the WebACT tool (methods section 2.10.5).
The grey bars represent the three /ktA sequences and the red bars represent areas of similarity.
White spaces, or breaks, represent unique regions. The five truncated peptide regions from Figure
16 are overlaid onto this diagram. This enables the reactivity of these regions, based on
experimental studies by Narayanan et al. (2001b), to be compared to how conserved the sequences
of these regions are between the strains used in this project. P5 is the only truncated peptide region
conserved between all three strains. Peptide regions P1 and P2, which both had a strong reaction
with polyclonal serum in leukotoxin experimental studies by Narayanan et al. (2001b), show some
sequence variation is present. P3 which was associated with neutralising activity shows a great deal

of variation between the three strains.
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Figure 19: Artemis Comparison Tool alignment of the IktA genes from JCM 3718, JCM 3724 and ARU 01. Grey bars
represent the three IktA sequences, red bars represent areas of similarity and white spaces represent unique regions. The
five truncated peptides from Figure 16 are overlaid onto this diagram. In Figure 16, region P1 was associated with a strong
reaction with polyclonal serum, a reaction with monoclonal antibodies and to neutralising activity of native toxin by
antisera raised against truncated P1 peptide. Region P2 was associated with a strong reaction with polyclonal serum only.
P3 was associated with neutralising activity of native toxin by antisera raised against truncated P3 peptide and P5 was

associated with a strong reaction with polyclonal serum.

A phylogenetic tree was created in order to investigate the relationship between isolate source,
DNA sequence and subspecies (Figure 20). DNA sequences of F. necrophorum IktA genes were taken
from the NCBI website (National Center for Biotechnology Information, 2015) using the nucleotide
database, and included with the Sanger sequence data of strains JCM 3718, JCM 3724 and ARU 01.
The strains from which the DNA sequences were collated from are detailed in Table 36. The
resulting tree shows no tight clustering between Fnn and Fnf strains. The top five strains are all Fnf;
the top two are human strains, grouped with a rumen microbiome strain. Strains JCM 3724 and B35
are both of bovine liver abscess origin, and group more closely with the animal Fnn strains, although

do not cluster tightly with them.
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Table 36: Isolates used for collection of IktA gene sequence data.

Isolate name Source Subspecies (if known)
ARU 01 Human funduliforme
D12 Human funduliforme*
HUN 048 Rumen microbiome funduliforme*
JCM 3724 Bovine liver abscess funduliforme
B35 Bovine liver abscess funduliforme
JCM 3718 Bovine liver abscess necrophorum
HO5 Bovine footrot

BFTR1 Bovine footrot necrophorum?*
DJ-2 Deer jaw necrophorum?*
DAB Deer jaw abscess necrophorum?*
A25 Bovine liver abscess necrophorum
BFTR-2 Bovine footrot necrophorum?*

* = subspeciation result of phylogenetic analysis in section 4.2.3 (Figure 9).
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Figure 20: Phylogenetic tree of IktA genes of sequenced strains of F. necrophorum. Alignments were made in Seaview and
maximum likelihood trees were made using PhyML. The scale represents the average number of base changes per position

for the length shown. Longer branch lengths therefore represent a greater number of base changes.

Kyte and Doolittle hydrophobicity plots were made for the three IktA proteins in order to further
characterise them. Large sections of hydrophobicity could indicate that the protein is membrane
spanning, which is a requirement for pore-forming toxins. Due to the high level of similarity
between the plots, only one is shown, characterising the hydrophobicity of the JCM 3718 |ktA
protein sequence (Figure 21). Potential transmembrane regions are found by peaks with a score of
1.6 or greater when a recommended window size of 19 is used. The window size represents the
number of surrounding amino acids used at each amino acid position to generate the average score
that predicts hydrophobicity. Figure 21 shows only two peaks reaching a score of 1.6, which

disputes the suggestion of the protein being membrane spanning.
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Figure 21: Kyte and Doolittle hydrophobicity plot of the JCM 3718 IktA gene. An amino acid window size of 19 was used.

The first 60 amino acids from the IktA protein from each of the three strains were entered into
SignalP (Petersen et al., 2011) for prediction of signal peptides. JCM 3724 and ARU 01 had identical
sequences in this region. Figure 22 shows the output of the two Fnf sequences and the resulting
prediction of a signal peptide and a cleavage site between positions 36 and 37. JCM 3718 had some
sequence variation (as shown in the Clustal Omega alignment in Appendix 13), however the
prediction was the same, with a signal peptide and a cleavage site between positions 36 and 37. A
signal peptide at the N-terminus of the protein is highly indicative that the protein will be targeted
to the secretory pathway of the bacterium. The F. necrophorum leukotoxin is found in the culture

supernatant, but the method of secretion is not yet known.
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Figure 22: SignalP prediction of a signal peptide and a cleavage site at the start of the IktA protein sequence. C scores are
high at the position immediately after the cleavage site, S scores distinguish between regions within the signal peptide
and regions within the mature protein, and Y scores are a combination of the C score average and S score slopes. A D score
is then used to make a weighted average of the mean S scores and the maximum Y scores which then determines whether
a signal peptide is present.

When entered into a protein BLAST search, no conserved domain hits were found for the three IktA
proteins. All three sequences did, however, match Fusobacterium necrophorum leukotoxin with E
values of 0. As previously mentioned in section 5.1, recent BLASTp searches of these sequences
have revealed homology of approximately 25 — 30 % to adhesin and haemagglutinin proteins. The
IktA protein sequences were entered into a Pfam search to look for conserved domains. When the
whole protein was entered no matches were found. However, when the protein was broken into
smaller sequences and entered as individual searches, both of the Fnf strains had a
haemagglutination activity domain with the first 180 bases, of 3,229 — 3,243 bases, with E values of

4e-06 for ARU 01 and 3.2e-06 for JCM 3724. This was not found for JCM 3718.

5.2.3.3 ktC

Figure 23 shows a Clustal Omega alighment of the three IktC protein sequences, which appear
highly conserved. The JCM 3718 sequence contained a stop codon at the end, but for the two Fnf

sequences, the remaining part of the sequence was unavailable.
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When entered into a BLASTp search, the top hits for the three sequences resulted in a match of
Fusobacterium necrophorum histidine kinase, E value 2e-99, for JCM 3718, Fusobacterium
necrophorum histidine kinase, E value 3e-94 for JCM 3724 and sensory transduction regulator, E

value 4e-96 for ARU 01.

A Pfam search of the three protein sequences resulted in a putative bacterial sensory transduction
regulator domain, with E values of 7.6e-07, 1.9e-07 and 2.7e-07 for JCM 3718, JCM 3724 and ARU

01, respectively.

3718_l ktC MNLRESKFSEFLKNSNI TCFEREEVKDEL ETVVYRSFMEVEGONLPMWI VVDNSI YTNI R 60

3724_| ktC MNLRESKFSEFLKNSNI TCFEREEVKDEL ETVVYRSFMEVEGONLPMWI VVDNSI YTNI R 60

ARUW1_| kt C MNLRESKFNDFLKNSNI TCFEREEVKDEL ETVWYRSFMEVEGQNLPMWVI VLDNSI YTNI R 60
I I I T

3718_l kt C VQ APKVI KDTNKEAVLSYI NELNREYKVFKYYVTEDADVCLDSCVTSI AEEFNPEMWVYT 120

3724_| ktC VQ APKVI KDSNREAVLSYI NELNREYKVFKYYVTEDADI CLDSCI TSI AEEFNPEMVYT 120

ARW1L_| kt C VQ ASKVI KDSNKEAVL SYI NELNREYKVFKYYVTEDADVCLDSCVTSI AEEFNPEMWVYT 120
B T T

3718_l ktC I LNVI LEHI TKHYSTFMKKI WBEEK 145

3724_| ktC I LNVI LEHI TEHYSTFMKKI - - - - - 140

ARW1L_| kt C I LNVI LEHI TEHYSTFMKKI W - - - 141

KAk KKK KKK K Kk kK hF kK Kk

Figure 23: Clustal Omega alignment of the three |ktC protein sequences from JCM 3718, JCM 3724 and ARU 01.

5.2.4 Testing the clinical strain collection with a range of leukotoxin-specific

primers

A selection of published and custom designed leukotoxin primers were tested on the collection of
25 clinical strains, alongside strains JCM 3718, JCM 3724 and ARU 01, in order to test the prevalence
of the gene. Ludlam_LT1 and Ludlam_LT2 primer pairs were designed by Ludlam et al. (2009a),
primer pair IktA was designed by Tadepalli et al. (2008b) and lkt1l and Ikt2 primer pairs were
designed as part of this project. See Appendix 14 for primer sequences. All primers targeted the

IktA gene and all results were recorded in duplicate over separate days.

The locations targeted by the primers are displayed in Table 37. Locations relate to JCM 3724 |ktA

gene. A summary of results is displayed in Table 38, with full results found in Appendix 15.
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Table 37: Locations targeted by IktA primers. Base positions relate to the JCM 3724 IktA gene.

Primer set 5’ start 3’ end Product size (bp)
Ludlam_LT1 2297 2668 372
IktA 2394 2589 196
Ludlam_LT2 6343 6540 198
Ikt2 8181 8575 395
Iktl 8688 8854 167

Table 38: Summary of leukotoxin PCR results.

Primer set
IktA Ludlam_LT1 Ludlam_LT2 Iktl Ikt2
Number of isolates with a 12/28 28/28 25/28 28/28 28/28
positive PCR result
Percentage of isolates with a 43 100 89 100 100

positive PCR result

As shown in Table 37, the full length of the IktA product is within the forward and reverse primer
of Ludlam_LT1 (see Appendix 14 for primer sequences). There was amplification of the Ludlam_LT1

product in 100 % of strains tested, compared to 43 % using primer pair IktA.

An example gel image of each of the five PCR primer sets is shown in Figure 24, showing the first
six strains of the collection. Interestingly, the gel image of Ludlam_LT2 shows two different sized
bands present. Two of the bands are of the expected size of 200 bp, and three bands in separate
lanes are approximately 30 bp larger. Due to a positive result being recorded with the Ludlam_LT1

primers, this was not investigated further.
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Figure 24: PCR products from the primer sets in Table 37 and Appendix 14. For each gel the lanes are as follows: 1) 100 bp
marker; 2) F. necrophorum 1, 3) F. necrophorum 5; 4) F. necrophorum 11; 5) F. necrophorum 21; 6) F. necrophorum 24; 7)

F. necrophorum 30; 8) Negative control (molecular grade water).

The first 12 strains tested with the Ludlam_LT1 primer set were sequenced by Sanger method in
order to determine why there was no amplification for eight out of the first 12 strains tested with
the IktA primers. The sequences were aligned using Clustal Omega (Appendix 16) and a
phylogenetic tree was made (Figure 25). The IktA primer positions were highlighted on the Clustal
alignment. All strains had a perfect match to the reverse primer, however only four strains matched

the forward primer. The remaining strains only matched 14 out of 20 bases of the primer. The
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phylogenetic tree shows two very distinct clusters that group into those that had amplification with

IktA primers and those that did not.

LTL 21

LTI 39

LTI 40

LTL 5

LT1 11

LTL 24

LTL 30

LTL 41
LT1 42

LT1_59

LTl 52

Figure 25: Phylogenetic tree of Ludlam_LT1 Sanger sequences. Produced using PhyML. The scale represents the average
number of base changes per position for the length shown. Longer branch lengths therefore represent a greater number

of base changes.

5.2.5 Collection of filtered culture supernatant of F. necrophorum strains

Aliquots of culture supernatant, hypothesised to contain a secreted leukotoxin, were collected from
strains JCM 3718, JCM 3724 and ARU 01 to be used to check for cytotoxic activity against human
white blood cells. Broth cultures were centrifuged and the supernatant was sterile filtered and then
concentrated approximately 75X using 100 kDa molecular weight cut off filters (Millipore,
Hertfordshire) (methods section 2.13.1). The aliquots of concentrated high molecular weight

protein were frozen at -20 'C for up to a week and were defrosted one time only.

Bradford assays were used to determine the protein concentration of the high molecular weight
fractions (methods section 2.13.2). A calibration curve was defined and samples were diluted 1 in
50 to measure within the range, using a Nanodrop as an initial indicator. Concentrations were then

adjusted to account for the dilution factor and results were recorded in Table 39.
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Table 39: Bradford assay results of high molecular weight protein samples.

Sample Concentration (ug/ml)
JCM 3718 1267

JCM 3724 738

ARU 01 1161

The equation of the calibration curve was y=0.043+0.0183x with an R squared value of 0.992.

Samples were analysed using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS
PAGE) under both reducing and non-reducing conditions (Figure 26 and Figure 27) (methods section

2.13.3). Samples were diluted 1:1 with loading buffer from neat concentrations.

Figure 26 shows the banding patterns of the high molecular weight fraction when boiled in reducing
Laemmli buffer. The samples in Figure 27 were boiled in non-reducing buffer and do not show the
same pattern. Some protein can be seen in the area of the well and has not migrated through the
gel, possibly due to its large size. This protein is likely to be high molecular weight (>245 kDa) and
is therefore expected to be the leukotoxin. There are very few additional bands so this indicates
that the concentrated culture supernatant is not heavily contaminated with other proteins.
Without using a monoclonal antibody for affinity purification, a low level of contamination is
possible. The very high molecular weight protein in Figure 27 is missing from Figure 26 which
increases the confidence that the bands present in Figure 26 are breakdown products of the
leukotoxin. This is in agreement with the understanding that the leukotoxin protein is unstable (Tan
et al., 1994a; Tadepalli et al., 2008a). No bands were present in the flow through lanes. This may
be due to proteins running off the end of the gel, or because this fraction was not concentrated,

unlike the leukotoxin-containing fraction, and therefore would have been a very dilute solution.
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Figure 26: Leukotoxin samples boiled for 5 minutes in reducing buffer. Lane 1: NEB 245 kDa marker; 2: JCM 3718 putative

toxin; 3: JCM 3718 filter flow through; 4: JCM 3724 putative toxin; 5: JCM 3724 filter flow through; 6: ARU 01 putative

toxin; 7: ARU 01 filter flow through.
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Figure 27: Leukotoxin samples boiled for 5 minutes in non-reducing buffer. Lane 1: NEB 245 kDa marker; 2: JCM 3718

putative toxin; 3: JCM 3718 filter flow through; 4: JCM 3724 putative toxin; 5: JCM 3724 filter flow through; 6: ARU 01

putative toxin; 7: ARU 01 filter flow through.

5.2.6 Assay to show cytotoxicity of filtered culture supernatant of F.

necrophorum strains against HL-60 cells
Human promyelocytic leukaemia (HL-60, ATCC CCL-240) cells were used to represent human white

blood cells for a cytotoxicity assay. HL-60 cells were treated with putative leukotoxin from strains

JCM 3718, JCM 3724 and ARU 01 (methods section 2.13.4). To test for dose-dependent cell death,
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concentrations were set at 125 pg/ml, 150 pg/ml and 175 pug/ml for JICM 3718, JCM 3724 and ARU
01, and 250 pg/ml as an additional concentration for JCM 3718 and ARU 01. JCM 3724 was excluded
from the additional concentration due to limitations with concentrating the culture supernatant.
1X PBS was used as the negative control. After preliminary tests, 7.5 % ethanol was chosen as the
positive control for cell death. Following treatment with the culture supernatant, cells were stained
with propidium iodide (PI) and analysed on a flow cytometer (methods section 2.13.6) to assess the
percentage viabilities of the cells. Uptake of Pl is indicative of cell death. Results were recorded in

triplicate over separate days, with 10,000 cells analysed per sample.

The concentrations for the cytotoxicity assay were chosen following a pilot study, where
concentrations below 75 pg/ml appeared to have little effect. 125 pug/ml was chosen as the lowest
concentration that had a notable effect on the cell viability. The top concentration was chosen to
be 175 pg/ml for JCM 3724 due to limitations with the initial concentration of toxin obtained,
although it was possible to use a higher concentration of 250 pug/ml for JCM 3718 and ARU 01. It
was noted that once the viability of the cells fell below approximately 50 %, the structure of the
cells were affected and the flow cytometer plots appeared to show severely disrupted cells. This
resulted in dead cells not falling within the gated region and therefore being excluded from the
results, which would skew the data. Care was taken to choose concentrations that were not high

enough to cause this to happen.

Figure 28 demonstrates the creation of the HL-60 protocol within the Summit 4.3 program. Part A
includes a gate created to exclude any cells that were not typical of the majority of cells. Each cell
is represented as a red dot and is plotted according to forward scatter versus side scatter. Forward
scatter is representative of cell size and side scatter relates to the granularity of the cell. This is
independent of any staining. Part B excludes any cells external to the R1 gate in Part A. It plots the
granularity of the cell against Pl fluorescence, i.e. viability. A trypan blue exclusion assay
predetermined the percentage viability of the healthy cells to typically be between 98 and 99% of
cells present, and the threshold was therefore set on the plot to match this. The plot shows 98.13%

cell viability (or 1.87% cell death) for this negative control sample. For the remainder of the samples
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the gate and threshold remain the same, and cell death was determined as the number of cells
recorded above the threshold, in the R4 region. Part Cis a histogram of the Pl data from plot B. The
gated region is set at the same PE log value, measuring PI fluorescence, as in part B and therefore
records cell death in the same way. Histograms can be overlaid to see the relationship between

different sample treatments (see Figure 29).
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Figure 28: Gating of negative control HL-60 cells stained with propidium iodide (PI). (A) Plot of forward scatter versus side
scatter. R1 gate denotes region that majority of cells presumed to be healthy fall within and contains 10,000 cell counts.
(B) Plot of side scatter versus the log of Pl fluorescence, containing 10,000 cell counts. Only cells from within R1 on plot A
are analysed further on plot B. R6 contains cells presumed to be viable and those that fall into R4 are classed as not viable

due to increased Pl uptake. (C) Pl fluorescence data from plot B displayed as a histogram.

Data represented as an overlay graph (Figure 29) is useful for analysing the relationship between
putative leukotoxin concentration and cell viability, however it lacks clarity when displaying data in
triplicate as the graph becomes crowded. Also the data cannot be normalised to the negative

control. Therefore the data was instead plotted as bar graphs, with each set of results normalised
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to the negative control. The mean of the three sets is displayed, with standard error bars included

(Figure 30, Figure 31 and Figure 32).
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Figure 29: Overlay of a set of data from strain JCM 3724 showing dose-dependent cell death. Pl fluorescence data is plotted
against cell counts, as in Figure 28C. Red: Negative control; Green: 125 ug/ml putative leukotoxin; Blue: 150 ug/ml putative
leukotoxin; Yellow: 175 ug/ml putative leukotoxin. Each is comprised of 10,000 cells. Cells within region R2 are considered

not viable. See Table 40 for percentages.

Table 40: Percentage viability and percentage death data from samples shown in the overlay graph (Figure 29).

Symbol Treatment group Percentage viability Percentage death

% Negative control 98.13 1.87
125 pg/ml 78.11 21.89
e 150 pg/ml 64.88 35.12
175 pg/ml 54.70 45.30

Figure 30, Figure 31 and Figure 32 show a clear dose-dependent cytotoxic response of the high
molecular weight fraction against the HL-60 cells. The higher the concentration of the putative
toxin, the lower the percentage viability of the cells. See Appendix 17 for full results. The negative

control was 1X PBS and the positive control was a final concentration of 7.5 % ethanol.
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Figure 30: Percentage viabilities of HL-60 cells following treatment with putative toxin from JCM 3718 at a range of
concentrations. All values are the mean of triplicate readings and are normalised to the negative control. * = P <0.05 using

Fisher’s LSD test; ** = P<0.01.
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Figure 32: Percentage viabilities of HL-60 cells following treatment with putative toxin from ARU 01 at a range of
concentrations. All values are the mean of triplicate readings and are normalised to the negative control. * = P <0.05 using

Fisher’s LSD test; ** = P<0.01.

5.2.7 Statistical analysis

A one way ANOVA carried out on the cell viability data from Figure 30, Figure 31 and Figure 32
resulted in a P value of <0.01 for each set of data, concluding that there is a significance between

the treatment groups.

Fisher’s Least Significant Difference (LSD) test was performed on the data to test for statistical
significance between the treatment groups. The statistical analysis labels in Figure 30, Figure 31
and Figure 32 show a P value of <0.01 between the negative control and the lowest protein
concentration of 125 ug/ml for each of the three sets of data. The level of statistical significance
between the remainder of the concentrations varies between strains, with JCM 3724 having the

strongest significance and ARU 01 having the weakest significance in the range of 125 pug/ml and

139



175 pg/ml. In each of the three sets of data the P value was <0.01 for the comparison of the negative
control to the positive control, and for the positive control to the filter flow through. See Appendix

18 for full statistical analysis.

5.2.8 Cytotoxicity assay with human white blood cells

In order to confirm the suitability of HL-60 cells as a substitute for human white blood cells, the
experiment was repeated using human white blood cells and a single concentration of 150 pg/ml
leukotoxin, to match the middle of the three initial concentrations tested. The results were
recorded in triplicate on three separate days, with 10,000 cells analysed per sample. Figure 33
shows the percentage viability of each treatment group, with HL-60 data in parallel with the donor
blood data. See Appendix 19 for full results. Fisher’s LSD test was performed on the data as before
to test for statistical significance between each set of HL-60 data and that from the corresponding
WBC data. In each case, despite the appearance of the HL-60 cells having a slightly lower percentage

viability, there was no statistical significance (P>0.05). See Appendix 20 for full statistical analysis.
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Figure 33: HL-60 results compared to those using human donor blood at a single concentration of 150 ug/ml. All values

are the mean of triplicate readings and are normalised to the negative control.
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5.3 Discussion

One copy of the leukotoxin operon was found in each of the three sequenced strains, which was as
hypothesised, based on the prevalence of the gene according to the F. necrophorum literature and
based on reports that it was the primary virulence factor of the bacterium (Tan et al., 1994a). The
size of the leukotoxin operon is in excess of 11,000 bp, and the average genome assembly contig
size for JCM 3718, JCM 3724 and ARU 01 were all <5,000bp (chapter 4.2.1; Table 26), therefore it
was likely that there would be gaps within the sequences. The majority of these could be bridged
using PCR and Sanger sequencing, however, where the C terminus of the /ktC gene was missing it
was more difficult to design matching primers due to the neighbouring sequence not having been
characterised previously in the literature at the time. More recently, F. necrophorum genomes have
been deposited in online databases such as NCBI and BioCyc that now mean that this region of

sequence could be located in other genomes and primers designed based on those sequences.

When the leukotoxin genes were translated into protein sequences it was noted that they began
similarly and then lacked similarity later in the sequence. It was suspected that this was due to
errors in the sequencing leading to frameshifts, most likely in homopolymer regions due to the use
of pyrosequencing. It was therefore decided to use Sanger sequencing to confirm the sequence and
remove the errors. Primers designed based on the JCM 3724 sequence were first tested against the
three strains. Only four of the 17 primer sets resulted in amplification of product for ARU 01 and
nine of the primer sets for JCM 3718, which indicates the level of variation between the three
sequences. Once the sequences of the amplified products were assembled and aligned to the
original sequence the presence of errors was confirmed and the new Sanger sequence data was
used in its place. When these sequences were translated into protein sequence and aligned, some
similarity was evident throughout the sequence, suggesting the frameshift errors had been

removed. This illustrates that the Sanger sequence data was more reliable.

The Clustal Omega alignment of the IktB protein sequence (Figure 18) shows that it is highly

conserved for the two Fnf strains, but has a different start codon location for the Fnn strain. Where
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JCM 3724 and ARU 01 have the start codon (ATG), JCM 3718 has ATC instead, which codes for
isoleucine rather than methionine. The result of this is that the JCM 3718 |ktB protein sequence
starts 112 amino acids later at the next methionine. The next generation sequence data and the
Sanger sequence data of both the forward and reverse strand of the associated PCR product were
all congruent for this section of the sequence, so it is highly unlikely to be a sequencing error. All
three |ktB sequences still matched F. necrophorum |ktB in a BLASTp search. It had been
hypothesised that sequences from the same subspecies would demonstrate greater similarity to
each other than those of the other subspecies. This was therefore shown to be the case for |ktB
sequences in these strains with the two Fnf protein sequences almost identical and the Fnn

sequence only three quarters of the length of the Fnf strains.

The Pfam search for conserved domains (Table 34) within the three IktB sequences used sequences
both whole and also in smaller segments. The POTRA domain was found at the N terminus of the
IktB sequence for JCM 3724 and ARU 01, and was missing from JCM 3718 due to the start codon
appearing later in the sequence for that strain. It is this domain that has led to the speculation that
the IktB protein is responsible for assisting the active toxin to be secreted (Tadepalli et al., 2008b).
Other related domains found towards the C terminus of the IktB sequence by BLASTp were those
of a haemolysin activation/secretion protein and outer membrane protein assembly complex. A
possible implication of the POTRA domain being absent in JCM 3718 could be the inability for IktA
to be secreted, however the results of the cytotoxicity assay suggest this is not the case. Other
possibilities include multiple secretion domains being present so that back up secretion systems
are in place, or that the POTRA domain is redundant or only partial. For the Fnf strains, the first 20
of 76 amino acids are missing from the POTRA hidden Markov model alignment so it may be that
the domain is not functional. The signal peptide found in the Fnf strains (Figure 22) and Fnn strain
support the knowledge that this is a secreted protein (Tadepalli et al., 2008b), although the

mechanism of secretion remains unknown.

The |ktA protein sequences aligned using Clustal Omega (Appendix 13) had a higher percentage

similarity for the two bovine strains, JCM 3718 (Fnn) and JCM 3724 (Fnf), than for the two Fnf
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strains, JCM 3724 and ARU 01. The ACT alignment (Figure 19) supports this and shows a greater
level of similarity between JCM 3718 and JCM 3724 than between JCM 3724 and ARU 01. The first
500 bp appear to be more similar between the Fnf strains, with a similarity of 98 %. For the
remainder of the alignment the JCM strains appear more similar, with similarities of 94 % between
1,000 bp and 4,000 bp, and 97 % between 6,100 bp and 9,700 bp. In comparison, the majority of
regions of similarity between the two Fnf strains are between 80 % and 90 % similar. It had been
hypothesised that the two Fnf strains would exhibit more similarity with each other than with the
Fnn strain, but this has been shown not to be the case for these three /ktA sequences. The reason
for the unexpected result could be related to the source of the isolates. Both JCM 3718 and JCM
3724 were isolated from bovine liver abscesses, whereas ARU 01 was isolated from a blood sample
of a human Lemierre’s syndrome patient. The date of isolation may also be important. The JCM
reference strains were isolated prior to 1985 (Shinjo et al., 1991), whereas ARU 01 was isolated in
2002. The differences seen between the Fnf strains may be an indication of the evolution of the
sequence over the years. As discussed below, when [ktA genes from a number of additional
genomes were investigated using phylogenetic analysis, Fnf strains were in distinct clusters from
Fnn strains, which appears to support the hypothesis that strains of the same subspecies would

demonstrate greater levels of similarity.

The implication from the work by Narayanan et al. (2001b) is that the active toxin region is within
the first 3.5 kb of the /ktA gene, as discussed in section 5.1. The ACT alignment displays the region
as not highly conserved between the two Fnf strains, however it is well conserved between the two

bovine strains, with similarities of 94 %.

The phylogenetic tree in Figure 20 was created using the data generated from the current project
and that now available in databases in order to investigate the relationship between the isolate
source, DNA sequence and subspecies, where known. The top cluster contains the two human Fnf
isolates: ARU 01 and D12. HUNO4S8, the third isolate, is also Fnf and presumably a commensal, as
this was isolated from a rumen microbiome with no associated disease. These three isolates are

tightly clustered as a result of having highly similar /ktA sequences. The second cluster from the top
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contains two Fnf strains, JCM 3724 and B35, both isolated from bovine liver abscesses. These first
five isolates are all subspecies funduliforme, but the bovine liver abscess Fnf strains are clearly
distinct from the remaining Fnf strains. The remaining clusters of isolates contain subspecies
necrophorum strains and strain HO5 that has an unknown subspecies identity due to a lack of
sequence data for the gyraseB gene. Isolates DAB and DJ-2 are very tightly clustered and are both
from deer jaw abscesses. The remaining isolates are bovine liver abscess or bovine footrot. There
appears to be no separation of liver abscess or footrot source within the clusters, with a footrot
isolate being clustered with a liver abscess isolate two separate times. The animal species from
which the isolate is sourced appears to have a strong effect on the sequence, with bovine and deer
strains distinctly separated from human strains, with the possible exception of the ruminant strain.
It appears that both the subspecies and source of the isolate have a strong effect on sequence

clustering.

According to Narayanan et al. (2001b), there are 14 regions within the IktA protein that have the
potential to be membrane spanning. The Kyte and Doolittle hydrophobicity plot in Figure 21
disputes this and found only two potential membrane spanning regions for each of the three
strains. Figure 21 was produced using the ExPASy ProtScale tool (Expasy - Protscale, 2015), whereas
Narayanan et al. (2001b) used TMpred (Tmpred, 2015). When the JCM 3718, JCM 3724 and ARU 01
IktA protein sequences were entered into the TMpred online tool, it found 14, 19 and 15 potential
transmembrane helices for the three strains, respectively. The peaks are very thin and are not

sustained over many base pairs, and therefore these predictions seem less likely to be accurate.

The IktC protein is highly conserved between the strains, which suggests that it may play an
important role. As all three sequences were so highly conserved, these results do not support the
hypothesis from section 5.1, which predicted greater levels of similarity between strains of the
same subspecies. Hypotheses regarding the function appear to be lacking from the literature,
however, the IktC protein from strain F. necrophorum D12 is annotated on the NCBI website as a
sensory transduction regulator (accession number: NZ_GL988012.1). This same protein from the

same strain is annotated on the BioCyc genome database (Biocyc, 2015) as leukotoxin-activating
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lysine-acyltransferase. The BLASTp and Pfam searches for protein product matches and conserved
domains from section 5.2.3.3 resulted in hits to a histidine kinase and sensory transduction
regulator. Histidine kinases are enzymes involved in signal-transduction and are very widespread in
bacteria (Wolanin et al., 2002). This could suggest that IktC is somehow involved in regulating
leukotoxin production. Alternatively, the annotation of leukotoxin-activating lysine-acyltransferase
may be more accurate. There are examples in the literature of lysine-acyltransferases activating
other toxins, such as a haemolysin in Escherichia coli (Langston et al., 2004) and a haemolysin in

Bordetella pertussis (Basar et al., 2001).

A range of PCR primers were needed to test for the prevalence of the leukotoxin within the strain
collection; this has been disputed in the literature (Ludlam et al., 2009a; Bennett et al., 2010). It
was determined that by using a range of published PCR primers and designing custom sets that an
analysis of the PCR primers in the literature could be performed. The three sets of primers designed
and tested by Ludlam et al. (2009a) were initially tested, all renamed to add a prefix of Ludlam,
although primer set Ludlam_LT3 was later discarded due to non-specific binding. The DNA
sequences used to design the PCR primers from this publication were strains F. necrophorum A25
(Oelke et al., 2005) and HO5 (Sun et al., 2009), from bovine liver abscess and bovine footrot,
respectively. All of the strains tested with primer set Ludlam_LT1 in this project produced
amplicons, so it is difficult to speculate on the reasons for an overall amplification rate of 47 % in
the strains tested by Ludlam et al. (2009a) after the use of three sets of PCR primers. When their
results were separated by subspecies, only 33 % of Fnf strains had amplification with at least one
of the primer sets. Of the strains tested in this project, all were subspecies funduliforme, with the
exception of JCM 3718, and all had amplified product with Ludlam_LT1. There was a high rate of
amplification with primer set Ludlam_LT2, at 89 %, although there were two different band sizes
present. The expected band size was 198 bp. For the gel image in Figure 24C, two bands can be
seen at the expected size and three bands can be seen that are slightly larger than expected at just
above 200 bp. All bands were recorded as a positive result and this was not investigated further

due to the positive result with Ludlam_LT1 for the strains. The IktA primers were found to be quite
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ineffective for the strain collection used in this project, with an amplification rate of 43 %. The
Sanger sequences of the first 12 Ludlam_LT1 products showed two very distinct groups. On closer
analysis it was apparent that the sequences of strains 1, 21, 39 and 40 were identical to each other,
as were the sequences of strains 5, 11, 24, 30, 41, 42, 52 and 59. There is a possibility that the same
strain has infected multiple patients who contributed to the strain collection, or that these strains
are simply closely related, possibly due to being isolated from the same geographic region. The
amplicon sequences were only 291 bp long, which is not large enough to make any conclusions
regarding strain similarity. The lkt1 and Ikt2 PCR primer sets were designed based on a region that
was believed to be highly conserved, based on the ACT alignment in Figure 19. They appeared to
be very effective with 100 % amplification for each primer set for the strain collection tested. The
hypothesis that the leukotoxin would be universal within the F. necrophorum strain collection is
supported here, with three of the leukotoxin primer sets having an amplification rate of 100 %. For
future testing, primer sets Ludlam_LT1, lkt1l and Ikt2 would be considered. However, the Clustal
Omega results in Figure 18 show that the |ktB protein is more highly conserved. This may make it
likely that the /ktB gene sequence would be a better target for leukotoxin detection using PCR
primers. The Clustal alignment in Appendix 12 shows the beginning of the leukotoxin operon,
containing the /ktB gene, as more conserved than the region containing the IktA gene, suggesting

that this would be a good target for PCR primers.

F. necrophorum leukotoxin is known for being highly unstable (Tan et al., 1994a; Tadepalli et al.,
2008a), therefore great care was taken during the steps to collect the leukotoxin fraction of the
culture supernatants. The products analysed by SDS PAGE under denaturing conditions (Figure 26)
showed a variety of bands that are likely to be breakdown products. Tadepalli et al. (2008a; 2008b)
showed this with both subspecies of F. necrophorum. The three leukotoxin fractions, which were
approximately 75X concentrated from the culture supernatant, were not diluted prior to mixing
with the loading buffer and the intensity of the bands on the gel appear to correspond with the
varying concentrations as measured by Bradford assay, with JCM 3724 having the faintest bands.

The image in Figure 27 is the SDS PAGE under non-reducing conditions. It shows a band at
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approximately 46 kDa, and one larger than 245 kDa for each of the three strains, as well as a few
other very faint bands. There also appears to be some high molecular weight protein that failed to
migrate into the gel and has remained at the gel interface. This has also been seen by Tan et al.
(19944a; 1994b) in 7.5 % and 10 % SDS PAGE gels when imaging leukotoxin fractions. 10 % gels were

used here.

For the cytotoxicity assay (section 5.2.6), HL-60 cells were used in place of human donor blood for
the majority of the study in order to minimise the number of times blood samples would need to
be taken. This cell line has been used in previous research to test the toxicity of Actinobacillus
actinomycetemcomitans leukotoxin (Karakelian et al., 1998; Lear et al., 2000), which suggests that
this cell line is an appropriate model to use in place of healthy human blood cells. Apoptotic effects
on HL-60 cells have also been studied upon addition of cytotoxic cancer treatments (Willimott et
al., 2007). The inclusion of human donor blood later in the experiment helped to validate the HL-
60 cell line results and demonstrate that they were an appropriate choice. HL-60 cells can be
induced to differentiate into mature granulocyte types (Birnie, 1988). While this would potentially
have given a more suitable model, this takes six days to occur, by which point the cells are less
viable and give a more scattered plot on the flow cytometer. It was therefore decided to use the
cells at two days after passage, as they were healthy and had not differentiated, giving a more

uniform and healthy sample of cells.

It had been hypothesised that the concentrated, high molecular weight fraction of culture
supernatant would demonstrate a cytotoxic effect in a dose-dependent manner. A dose-dependent
cytotoxic response against HL-60 cells can be clearly seen in Figure 30, Figure 31 and Figure 32,
which supports the hypothesis. For each of the three strains, they show high statistical significance
between the negative control and the 125 ug/ml treatment group, and while not necessarily
statistically significant between each step, as is the case with ARU 01, they do show further
significance with higher treatment concentrations. The graphs also consistently show high
statistical significance between the negative control and the positive control, as well as between

the positive control and the filter flow through, which serves as a second negative control. There
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was no statistical significance between the negative control and the filter flow through,

demonstrating that this fraction was not toxic to the HL-60 cells.

Fisher’s least significant difference test was chosen because the analysis was not an all against all
comparison, so there was no correction for multiple comparisons as there would have been with a
Bonferroni test. Specific comparisons were chosen in advance of the statistical test being carried
out. While Fisher’s LSD test is less vigorous, it does allow a better comparison between the three
data sets as there is more variation with the statistical significance results. The test was chosen to
for a better comparison between the strains rather than to test whether the cytotoxicity was
significant or not. With the P values <0.01 for each of the 125 ug/ml treatment groups the cytotoxic

effect was clear.

The expectation of the cytotoxicity results was that JCM 3724 would have the weakest cytotoxic
effect, due to the funduliforme subspecies being known for being less virulent (Tadepalli et al.,
2008b); JCM 3718 and ARU 01 were expected to have a stronger cytotoxic effect, as JCM 3718 is a
Fnn strain, and ARU 01 exhibited high virulence in a patient. The lower virulence of Fnf, however,
is due to a lower expression of the toxin. For this assay the concentrations were standardised across
the three strains and therefore the effect of the differing expression was negated. For the three
sets of data it appears that a higher concentration of leukotoxin in the culture supernatant did not
necessarily correlate with a highly virulent protein. The bovine strains were more toxic than the
human strain, although the human strain had a higher concentration in the Bradford assay than
JCM 3724. Strains that cause Lemierre’s syndrome may therefore have more efficient leukotoxin
promoters; investigating this as part of future work would be of interest. In order to confirm that
the high molecular weight fractions were not contaminated with other non-toxic high molecular
weight proteins that affected the protein concentrations measured by Bradford assay, anti-
leukotoxin antibodies would be needed for affinity purification. As discussed previously in the aims
of this chapter (section 5.1) these antibodies are not commercially available. It had been

hypothesised that variations in activity could be explained by variations in the leukotoxin
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sequences. From examination of the DNA and protein sequence data alongside the cytotoxicity

results, it appears that there is no obvious link between these data sets.

The results of the cytotoxicity assay in section 5.2.8 using human donor blood confirm the results
of the HL-60 experiments. The Fisher’s LSD test was used again for consistency and specific
comparisons were selected in advance of the test. In each case the corresponding pair of HL-60 and
human donor blood data had no statistical significance between them, supporting the suggestion

that HL-60 cells are a good model to use in place of human donor blood cells.

When the data from the cytotoxicity assay was compared to results from related publications there
was a consensus that the leukotoxin is unstable (Tan et al., 1994a), shows many breakdown
products with SDS PAGE analysis under denaturing conditions (Tadepalli et al., 2008a), and that
some product fails to migrate into the gel (Tan et al., 1994a; Tan et al., 1994b). The Fnn strain was
expected to produce a higher concentration of leukotoxin than the Fnf strains, due to the findings
by Zhang et al. (2006) that showed the Fnn promoter activity was four-fold higher. The Bradford
assay results in Table 39 show the Fnn strain had the highest concentration. The promoter region
of the leukotoxin operon was not present in the sequence data and therefore these could not be
compared, but it is likely that the Fnf promoters were weaker, due to lower concentrations of
protein product in the high molecular weight fractions. Both the human and bovine strains were
cytotoxic to human white blood cells, as expected based on the findings of Tadepalli et al. (2008a;
2008b). Similarly the statement applies that strains of both subspecies were cytotoxic. The three
strains contained the full leukotoxin operon (/ktB, IktA and /ktC) within the genomes and a signal
peptide at the beginning of the IktA protein. The two bovine strains, JCM 3718 and JCM 3724 had
the most cytotoxic effect, compared to ARU 01, which had the highest cell viabilities following
leukotoxin treatment for both HL-60 and human donor blood data (Figures 30 — 33) and therefore
the least statistical significance. It was thought that this strain may be highly virulent as it was
isolated from a patient with Lemierre’s syndrome, however this was not the case and the bovine

strains were more cytotoxic when concentrations were standardised. Virulence is likely to be
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multifactorial, therefore additional factors such as coinfection with another bacteria or virus, or

health of the host may determine F. necrophorum progression to Lemierre’s syndrome.
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Chapter 6:

Ecotin: a serine protease inhibitor

6.1 Introduction

Serine proteases are a widespread class of proteolytic enzymes, of which chymotrypsin/trypsin-like
proteases are the most abundant type. They have functions involved with the immune response,
blood coagulation, fibrinolysis, digestion and reproduction. Serine proteases are characterised by a
nucleophilic serine residue at the active site of the enzyme (Hedstrom, 2002). Serine protease
inhibitors (serpins), which have a critical role of regulating proteolytic activity, such as in clotting,

thrombolytic and inflammatory pathways, are also widespread (Silverman et al., 2010).

Neutrophils are abundant in normal, healthy adults, accounting for more than half of circulating
white blood cells. They are the body’s core defence against purulent, inflammatory bacterial
infections (Bain et al., 2012). They are classified as granulocytes due to their granule content within
the cytoplasm and it is these granules that contain serine proteases: neutrophil elastase, proteinase
3 and cathepsin G, which are involved in the destruction of pathogens. The proteases digest
microorganisms that have been engulfed into phagosomes and are also released at inflammatory
sites in order to degrade microorganisms extracellular to the neutrophils (Korkmaz et al., 2010).
Human neutrophil elastase (HNE) is a 30 kDa trypsin-like serine protease that is able to degrade a
variety of proteins in addition to elastin, including bacterial virulence proteins (Thusberg and

Vihinen, 2006) such as outer membrane protein A (Belaaouaj et al., 2000).

Human plasma kallikrein is involved in blood clotting as part of the contact activation system,
otherwise known as the intrinsic pathway. Formed by the activation of prekallikrein, it is involved

in the cleavage of high molecular weight kininogen and Factor Xll, which also contribute to
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coagulation. Kallikrein and Factor Xlla additionally attract neutrophils by chemotaxis (Bain et al.,
2012). Kallikrein consists of a heavy chain (52 kDa) and two light chains (33 — 36 kDa), linked by

disulphide bonds (Colman et al., 1985).

Ecotinis a serine protease inhibitor that forms dimers with a molecular weight of 32 kDa (Gaboriaud
etal., 2013). It was first isolated from the periplasm of Escherichia coli and was found to be a strong
inhibitor of pancreatic chymotrypsin and elastase, rat mast cell chymase, and a less effective
inhibitor of human plasma urokinase; it did not inhibit kallikrein, plasmin or thrombin. Ecotin was
tested against all of the known E. coli proteases and was found to inhibit none of them, suggesting
that ecotin plays a role in protecting the cell against external proteases; its location in the periplasm
supports this (Chung et al., 1983). Studies by Ulmer et al. (1995) and Castro et al. (2006) have since

shown evidence that kallikrein and thrombin activity are affected by the presence of E. coli ecotin.

Ecotin forms homodimers via interactions at the C terminal and the ecotin dimer then forms a
heterotetramer complex with two proteases that it competitively inhibits. The crystal structure of
the tetramer reveals that each ecotin molecule forming the initial dimer interacts with one bound
enzyme via its primary binding site, and the other enzyme in the tetramer via its secondary binding

site, meaning that both ecotin monomers assist in the inhibition of both enzymes (Yang et al., 1998).

Ecotin has also been found in other Gram negative bacterial genomes such as Pseudomonas
aeruginosa and Yersinia pestis (Gillmor et al., 2000) and there are now many sequences available
in online databases. Using site directed mutagenesis it has been shown that the sequence of the
primary substrate binding site can be altered and still result in a functional inhibitor (Yang et al.,

1998; Pal et al., 1994).

E. coli ecotin has been shown by means of prothrombin time and activated partial thromboplastin
time tests to be a potent anticoagulant. It was found to be a potent inhibitor of Factors Xa and Xlla,
plasma kallikrein, human leukocyte elastase and bovine trypsin and chymotrypsin. It does not

inhibit thrombin, Vlla, Xia, activated protein C, plasmin and tissue plasminogen activator (Seymour
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et al., 1994; Ulmer et al., 1995). The anticoagulant effect seen in clotting time tests has been

explained as being due to the inhibition of Factor Xa, Factor Xlla and kallikrein (Ulmer et al., 1995).

Ecotin has been extensively studied in E. coli, but has not previously been studied in Fusobacterium
spp. F. necrophorum infections are known to spread via the bloodstream (Riordan, 2007), therefore
the ecotin protein could be an important protective measure for the bacteria as it is likely to
encounter neutrophils and their proteases while in the bloodstream. The aim of this chapter was
to investigate whether F. necrophorum produces a functional ecotin protein, and to test its activity

against host proteases.

It was hypothesised that F. necrophorum ecotin would be universal within the strain collection and
that protein model predictions would demonstrate a structure similar to that of E. coli, with both
primary and secondary binding sites present. PCR methods were used to determine the prevalence
of the ecotin gene within the strain collection and an analysis of the ecotin DNA and translated
protein sequences of the JCM 3718, JCM 3724 and ARU 01 strains was used to predict the protein

structure.

It was also hypothesised that a recombinant F. necrophorum ecotin protein would inhibit human
neutrophil elastase and human plasma kallikrein. This was tested using enzyme-substrate inhibition
tests. To assess the effect of the recombinant ecotin on clotting time in normal human donor
plasma, which could be affected due to the presence of serine proteases within the clotting
cascade, thrombin time, prothrombin time and activated partial thromboplastin time assays were

also measured.
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6.2 Results

6.2.1 Ecotin gene locations

The ecotin gene was located by manually mining the annotations of the three genomes. In each
genome annotation the ecotin gene appeared once, as part of the BLASTp manual annotation, and

the locations were recorded in Table 41.

Table 41: Locations of ecotin genes found within the BLAST search results.

Isolate Assembly contig Base location Strand

JCM 3718 Contig00021 8696..9100 Complement
JCM 3724 Contig00015 77..733 Complement
ARU 01 Contig00099 125..604 Complement

Using the DNA sequence from the assembly contigs, a pair of custom PCR primers were designed
to amplify the putative gene in the three strains. The forward primer was located upstream of the
predicted ecotin start codon and the reverse primer was located downstream of the stop codon

(see Table 42).

Table 42: PCR primers used to amplify the ecotin genes in the three F. necrophorum genomes.

Primer Oligonucleotide sequence (5’ - 3’)
Ecotin_F GGCAACCAAAGACATGTAGGG
Ecotin_R GTACCACGAAACATGCATACTT

The PCR primers in Table 42 were used to test for the presence of the ecotin gene within the clinical
strain collection (methods section 2.8.2). Twenty five clinical strains, alongside strains JCM 3718,
JCM 3724 and ARU 01, were tested with the ecotin primers. Of these, a product of approximately

700 bp was amplified in 100 % of strains. See Figure 34 for an example gel image.
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Figure 34: Analysis of PCR products from Ecotin primers on a 1% agarose gel. Lane 1: 100 bp marker; 2: F. necrophorum
1; 3: F. necrophorum 5; 4: F. necrophorum 11; 5: F. necrophorum 21; 6: F. necrophorum 24; 7: F. necrophorum 30; 8:

Negative control (molecular grade water).

6.2.2 Gene sequence analysis

6.2.2.1 Clustal alignments

Amplified ecotin PCR products from strains JCM 3718, JCM 3724 and ARU 01 wererunina 1l %
agarose gel (methods section 2.8.3), excised and purified (methods section 2.8.5) before being sent
for commercial Sanger sequencing (methods section 2.8.7). The resulting sequences were aligned
using Clustal Omega (Figure 35) and show the three sequences are very highly conserved. The
sequences from the two Fnf strains are 100 % identical, however the sequence from the Fnn strain
differs in two locations, resulting in a 99.58 % identity. At position 189 there is a cytosine in place

of a thymine, and in position 250 there is an adenine in place of a guanine.

The DNA sequences of the first 12 strains from the clinical collection were also determined by
Sanger sequencing method and a Clustal alighment was performed (Appendix 21). The sequences

were shown to have percentage identities of 98.96 % or above.
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JCM3718
JCMVB724
ARUO1

JCM3718
JCMVB724
ARUO1

JCMVB718
JCMB724
ARUO1

JCM3718
JCMVB724
ARUO1

JCMVB718
JCMB724
ARUO1

JCM3718
JCMVB724
ARUO1

JCM3718
JCMVB724
ARUO1

JCMVB718
JCMB724
ARUO1

ATGAAAAAATGTATTTATGCTATCGECTTACTGT TTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGT TTTCTTTTTCCGTCAGTGITTTTGCA

LR I O O

ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGCCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGGCCATGAAGAAG

Rk S R R S R I R Sk S R R kS S R R R S o I S O b o O R

GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT

LR O O

GGAAAAGACCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCT GGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG

R S R R R O b o S S S S R S S Sk S R R S o I R S S O R

AAAGATGTAAAAGGT TGEEGCTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGCGCA
AAAGATGTAGAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAGAAGGT TGEEGCTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGCCA

R O S O I O

CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA

LR I O

GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT

R S R R S Ok I R R S S R R Rk o ok S R R S o S R R O I S

GTGAAGGTAGAAGTATCTCTTTGGAAT CGAATGCAGGAAAT CAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA

LR O

Figure 35: Clustal Omega alignment of the DNA sequence results from Sanger sequencing the three ecotin genes. Locations

where sequences are homologous are marked with * ’. Locations where bases do not match are marked in red.

The sequences were translated into protein using ExPASy translate (methods section 2.10.3), with

the first frame of the 5’ to 3’ sequence representing an open reading frame. The predicted protein

sequences were aligned using Clustal Omega (Figure 36). The protein alignment shows that of the

two substitutions highlighted in Figure 35, only one resulted in an amino acid substitution. The

difference at base number 189 caused no amino acid substitution as GAC and GAU both code for

aspartic acid. However the difference at base 250 resulted in a prediction of a lysine (AAA) in the

Fnn gene, compared to a glutamic acid (GAA) in the two Fnf genes. The location of this amino acid

variation in relation to the active site of the protein is discussed in section 6.2.2.3.
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JCM3718 MKKCI YAl GLLFSFSVSVFAMQHPDWNLEI YPKAKQGVKKVVYL L EKKEKEEDYKLEI KF

JCMVB724 MKKCI YAI GLLFSFSVSVFAMOHPDMNLEI YPKAKQGVKKVVYL L EKKEKEEDYKLEI KF

ARUO1 MKKCI YAl GLLFSFSVSVFAMQHPDWNLEI YPKAKQGVWKKVVYL L EKKEKEEDYKLEI KF
LR I O O

JCM3718 GKDL VVDDNL HHFL GGKL EEKDVKGWGYPYY! FSGDSQVAQT L MAFPL GSEREKRVYYPT

JCMVB724 GKDL VVDDNL HHFL GGKL EEKDVEGWGYPYY! FSGDSQVAQT L VAFPL GSEREKRVYYPT

ARUO1 GKDL VVDDNL HHFL GGKL EEKDVEGWGYPYY! FSGDSQVAQT L MAFPL GSEREKRVYYPT
***********************: R S Sk O b S O R R Sk o S R Rk I b S

JCMVB718 ATKI LPYHSKLPLVL YVPEDVKVEVSLVWNRMQEI KEVSR

JCMB724 ATKI LPYHSKLPLVLYVPEDVKVEVSLVWARMEI KEVSR

ARUO1 ATKI LPYHSKLPLVL YVPEDVKVEVSLVWNRMQEI KEVSR

R I U S O O

Figure 36: Clustal Omega alignment of the predicted protein sequence results following the use of the ExPASy online
translation tool.

The ecotin gene sequences from strains JCM 3724 and ARU 01 were identical, therefore this Fnf
consensus sequence was used for the in vitro investigations as this subspecies is the one most

associated with humans and is therefore most relevant.

6.2.2.2 Signal peptide prediction

The Fnf ecotin protein sequence was entered into the web-based tool SignalP (Petersen et al., 2011)
using Gram negative settings to predict the presence and location of signal peptide cleavage sites
(Figure 37). The results showed a predicted cleavage site between amino acid positions 20 and 21,
as shown by the first red and blue peak, suggesting that the mature protein begins on the second
methionine of the sequence. The D value weighted average score (see figure legend for definition)
was 0.777 with the cutoff being 0.570. The second, smaller peak in the red and blue lines was not
considered significant by the algorithm. It is not uncommon for there to be multiple high peaking C

scores when only one cleavage site is truly present (Petersen et al., 2011).
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Figure 37: SignalP prediction of signal peptide cleavage site. C scores are high at the position immediately after the
cleavage site, S scores distinguish between regions within the signal peptide and regions within the mature protein, and
Y scores are a combination of the C score average and S score slopes. A D score is then used to make a weighted average

of the mean S scores and the maximum Y scores which then determines whether a signal peptide is present.

6.2.2.3 Pfam search for conserved domains

The sequence was searched for conserved protein domains using Pfam, resulting in a match for
ecotin with an E value of 1.3e-32. A Clustal Omega alignment was carried out between the hidden
Markov model (HMM) consensus sequence for ecotin used by Pfam and the Fnf ecotin sequence,
resulting in a 42.62 % identity. Putative conserved domains were then predicted by BLASTp search.
The results of this were overlaid onto the sequence alignment (Figure 38). The four amino acids
highlighted in green are those predicted to be the primary substrate binding site. Three of the four
amino acids are conserved exactly, while the remaining position has been substituted for an amino
acid with weakly similar properties. The two segments highlighted in yellow are predicted to make
up the secondary substrate binding site. In the first of the two, four out of the five positions are

conserved, and in the second, four out of the six are conserved. The L and M in the primary
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substrate binding site are also predicted to form an inhibition loop and match the ecotin profile
exactly. The single variation between the Fnn and Fnf sequences occurs in the amino acid
immediately before part of the secondary substrate binding site. This may impact on substrate

specificity or binding efficiency, but without laboratory analysis it is not known.

HW - DLAPYPAPEEGQKRHVI KLPKLEDEADYKVELI | GKTLEVDCN- KQRLSGELEE
Fnf I\/Q-|PDI\/NL El YPKAK(ZBNKKWYL LEKKEKEEDYKLEI KFGKDLVVDDNLHHFLGGKLEE
: * .- * * * * * k% * * **k * k% * * * * % %
HVW KTLEGAGYEYYEVEKASEAAST L MACPDDEKKKEKFVSL EEGEKL LLRYNSKLPVWWVYLP
Fnf KDVEGWGYPYYI FSGDSQVAQTLMAFPL GSEREKRVYY- - PTATKI LPYHSKLPLVLYVP
* :***** * % L. *: *.**** * . :* *.****:*:*:*
HVM KDVELRYRWK- - - - - = = - - -
Fnf EDVKVEVSLWNRMQEI KEVSR
sk koo - ko

Figure 38: Clustal Omega alignment of the hidden Markov model consensus sequence of ecotin and the sequence of ecotin

*

from the Fnf genomes. Dashes represent where there is no corresponding sequence, *’ represents an exact match,

. ‘represents amino acids with strongly similar properties and ‘. ’ represents those with weakly similar properties. The
green highlighted sequence corresponds to the predicted primary substrate binding site and the yellow highlighted
sequence corresponds to the predicted secondary binding site regions. The amino acid in red shows the position where the

Fnn sequence differs.

6.2.2.4 Model of F. necrophorum ecotin

SWISS-MODEL and PyMol were used to create and visualise a protein prediction model of F.
necrophorum ecotin (Figure 39) using an E.coli ecotin reference (Figure 40). The two regions of the
protein sequence that make up the secondary binding site (highlighted in Figure 38) appear as one
region in the 3 dimensional protein model prediction, which was as expected in order for it to form
a single binding site. The primary (B1) and secondary (B2) binding sites were predicted to be
exposed on opposite sides of the protein. A computer graphic model, based on a crystallised
structure of E. coli ecotin shows a similar structure, with two ecotin monomers linked in such a way
that when the ecotin dimer binds to two target proteases, both monomers bind to both proteases
(Yang et al., 1998). The prediction that an F. necrophorum ecotin monomer has a similar structure

to an E. coli ecotin monomer suggests that there is a possibility that F. necrophorum ecotin is also
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a functional inhibitor. Laboratory tests are needed to confirm this hypothesis (sections 6.2.3 —

6.2.5).

Figure 39: Predicted protein model structure of F. necrophorum ecotin highlighting the primary binding site (B1) and

secondary binding site (B2).

Figure 40: Protein model structure of E. coli ecotin highlighting the primary binding site (B1) and secondary binding site
(B2). This model, visualised in PyMol, was the SWISS-MODEL reference used to predict the structure of F. necrophorum
ecotin in Figure 39 and is based on crystallised structures. The structures of E. coli and F. necrophorum ecotin appear

similar to each other and both contain B1 and B2 exposed on opposite sides of the protein.
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6.2.3 Cloning, expression and purification of recombinant ecotin

6.2.3.1 Plasmid design

A recombinant ecotin gene was designed to be inserted into a plasmid vector to enable expression
within E. coli cells and purification of the protein. A Novagen pET-16b plasmid was provided by Dr
Anatoliy Markiv, University of Westminster. This plasmid was chosen for its histidine tag, T7
promoter and ampicillin resistance gene. A plasmid map and sequence of the multiple cloning site

are shown in Appendix 22.

The cloning/expression region of the pET-16b plasmid includes a region cleaved by Factor Xa. Ecotin
is thought to inhibit Factor Xa, therefore due to concerns with the Factor Xa cleavage site interfering
with the ecotin assays this site was exchanged for an enterokinase site, making the pET-16b vector

sequence match that of the pET-19b vector sequence (see Appendix 23).

The restriction sites chosen were Ncol and Xhol. A sequence was designed to be synthesised which
included, in order, an Ncol restriction site, deca-histidine tag, enterokinase cleavage site, Ndel
restriction site, the F. necrophorum ecotin sequence matching that of the two subspecies
funduliforme strains, including the stop codon, and a Xhol restriction site. This allowed for the
section between the Ncol and Xhol restriction sites to be removed from the pET-16b vector and be
replaced by the equivalent sequence from the pET-19b sequence, with the addition of the ecotin

sequence between the Ndel and Xhol restriction sites.

The F. necrophorum ecotin sequence contains some codons that are known to be rarely used in E.
coli strains, therefore the codons were optimised to suit the codon bias of E. coli in order to facilitate
high and stable expression rates while still producing the same translated protein sequence. This
was carried out as part of the commercial synthesis package. An alighment of the original sequence
designed for the plasmid and the final optimised sequence was produced to ensure the restriction
sites had been conserved (Figure 41). These sites are where the DNA is cleaved during the cloning
process and would be non-functional if altered. When translated into protein, the original and

optimised sequences were 100 % congruent.
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Optimsed  OCATGGGEOCATCATCATCACCATCACCACCATCATCATAGCAGOGGTCATGATGATGATG
Ori gi nal COCATGGGOCATCATCATCATCATCATCATCATCATCACAGCAGCCGCCAT GACGACGACG

khkkhkkkhkhkkhhkhkhkhkkhkhkhhkk k *kkhkk k% *khkkhkkhkkk *kkkhkkkkk *kkkk* **k **%x *

Opti m sed ATAAACATATGCAGCATCCGGATATGAACCT GGAAATTTATCCGAAAGCAAAACAGGGCA
Oigi nal ACAAGCATATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCA

* hk khkFhhkhkhkhkhkhAkhhkFhkhkhkhkAhhkdhkhkhk hAhkkhhkhkhk kkhkkhkk kk khkhkhkdhkkk Kkkkk

Opti m sed TGAAAAAAGT TGT TTATCTGCTGGAAAAAAAAGAAAAAGAAGAAGATTACAAACT GGAAA
Oigi nal TGAAGAAGGT TGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAA

kkk*k kk kkkkk Fkhkkkk * kk kkkkhkhkFhkhkhkhkkhkhkhkhkkhkhkkhkk kk kkk KAk kkkhkk

Optim sed TCAAATTTGGCAAAGATCTGGT GGTGGATGATAACCTGCATCATTTTCTGGGTGGTAAAC
Oigi nal TAAAATTTGGAAAAGATCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGC

* hkkkhkhkkhhkk Khkhkhkkhkhkkk kk *kk kkkxkkhkhkk kk khkkkhkk kkk Kk kk- kk. kk K

Opti m sed TGGAAGAAAAAGATGT TGAAGGT TGGGGCTATCCGTATTATATCT TTAGCGGTGATAGCC
Oigi nal TGGAAGAGAAAGATGTAGAAGGT TGGGEGCTATCCTTATTACATTTTTTCAGGAGATTCTC

khkkhkkhhk khkhkhhhkkh khdhddhdkhhFdhkhkhrdkhhd khxkkx K*k kxk- * k- kkk - *

Opti m sed AGATGGCACAGACCCT GATGGCATTTCCGCT GGGTAGCGAACGT GAAAAACGT GTTTATT
Oigi nal AAATGGCACAAACTTTAATGGECGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATT

* kkkkkkkk k% * Kkkhkkkhkk Kkhkkkk * kkkk kkkkk khkkkhkk k- kk- kkkhx

Opti m sed ATCCGACCGCAACCAAAATTCTGCCGTATCATAGCAAACTGCCCCTGGTTCTGTATGITC
Oigi nal ATCCCACAGCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGTTTTATATGITC

kkk*k kk kk-kk Khkkkk. kkkk hhkkkkk- *kkkk*x k% kkkkk *x K*hkkkkkx

Opti mi sed CCGAAGATGT TAAAGT TGAAGT TAGCCT GT GGAATCGCATGCAAGAAATTAAAGAAGT GA
Ori gi nal CGGAAGATGT GAAGGTAGAAGTATCTCTTTGGAATCGAAT GCAGGAAATCAAAGAAGTTT

kkkkkhkhkkhkk *k*k Kk kkkkk. %k kkhkkkkhkkkhk k*kkhkkk kkhkkhkkk *kkhkkkkkkx

Opti mi sed GCCGITAACTCGAG
Ori gi nal CTCGITAACTCGAG

kkkhkkkhkkkkhkkkx

Figure 41: Clustal Omega alignment showing the locations where DNA bases have been changed to suit the codon bias of
E. coli. Sequence highlighted in yellow shows the locations of restriction sites, which have the DNA sequence preserved in
order to retain the cleavage function. The section highlighted in green is the deca-histidine tag and the grey segment is

the enterokinase cleavage site. The sequence coding for the ecotin gene is between the second and third restriction sites.

The plasmid containing the ecotin insert was commercially synthesised (methods section 2.14.2)
and arrived as lyophilised DNA. After reconstitution (methods section 2.14.3), the plasmid was
transformed into chemically competent TOP10 E. coli cells (methods section 2.14.4) and grown
overnight at 37 °C on an LB agar plate with ampicillin. The next day, one colony was selected and
inoculated into LB broth with ampicillin and grown for 16 hours at 37 °C and 330 rpm. A plasmid
miniprep was carried out to extract plasmid DNA (methods section 2.14.5). Purified plasmid was
quantified using a Nanodrop (methods section 2.8.6) and then digested using restriction enzymes
to cleave the DNA at the Ncol and Xhol cloning sites (methods section 2.14.6). The pET-16b plasmid
was cleaved simultaneously using the same enzymes and all digestions were run in a 0.8 % agarose

gel. The resulting bands were excised and the DNA extracted using a DNA gel purification kit
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(methods section 2.8.5). The nucleic acid was quantified using a Nanodrop. The cut insert was
ligated into the pET-16b plasmid backbone (methods section 2.14.7) before being transformed into
chemically competent TOP10 E. coli cells and grown overnight at 37 °C. One colony was selected
and inoculated into LB broth with ampicillin and grown for 16 hours at 37 °Cand 330 rpm. A plasmid
miniprep was carried out to extract plasmid DNA. The digest was repeated and cut plasmids were
run on a 0.8 % agarose gel to check for the presence of the insert. Successfully ligated plasmid DNA
was transformed into chemically competent BL21(DE3) E. coli cells (methods section 2.14.8) for
expression. A colony was selected from the LB agar with ampicillin, grown overnight in LB broth
with ampicillin, and a plasmid miniprep was carried out to extract plasmid DNA. This was quantified
using a Nanodrop before being sent for commercial Sanger sequencing using primers targeting the

T7 promoter in order to verify that the final plasmid contained the correct sequence.

6.2.3.2 Protein expression induced with IPTG

E. coli BL21(DE3) expression strain transformed with pET-16b+ecotin was induced with IPTG to
express the recombinant ecotin protein (methods section 2.15.1). BL21(DE3) containing no plasmid
was grown in parallel to be used as a negative control. 1 ml samples were taken from each culture
at IPTG induction (0 hours) and 1, 2 and 3 hours post-induction for analysis by SDS PAGE using the

Tricine method and a denaturing buffer (Figure 42) (see methods 2.15.3).
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25 kDa

22 kDa

Figure 42: SDS PAGE analysis of expression strain with (BL21(DE3)+) and without (BL21(DE3)-) plasmid. Lane 1:
NEB marker (11-190 kDa), 2: BL21(DE3)- 0 hours, 3: BL21(DE3)+ 0 hours, 4: BL21(DE3)- 1 hour, 5: BL21(DE3)+
1 hour 6: BL21(DE3)- 2 hours, 7: BL21(DE3)+ 2 hours, 8: BL21(DE3)- 3 hours, 9: BL21(DE3)+ 3 hours. Presumed

ecotin band highlighted with red arrow.

E. coli produces its own ecotin protein, so a band was expected in the 20 kDa region with or without
the plasmid present. At zero hours, both the plasmid-containing strain and the negative control
appeared the same. At one, two and three hours post-induction with IPTG, the plasmid-containing
strain contained a more pronounced band of the size equivalent to the presumptive ecotin protein.

This suggests that the IPTG has successfully induced production of the recombinant ecotin protein.

6.2.3.3 Purification of histidine-tagged protein by immobilised metal ion chromatography

(IMAC) under native conditions

The histidine-tagged protein was purified under native conditions by immobilised metal affinity
chromatography over a cross-linked agarose matrix charged with nickel ions (see methods 2.15.2).
Samples were analysed using the Tricine-SDS PAGE method using denaturing loading buffer; Figure

43 shows samples of each step of the purification process. Lane 2 demonstrates that the protein of
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interest is present in the total lysate of the cell pellet, and has therefore not been secreted. Lane 3
demonstrates that the protein is present in the soluble fraction, as opposed to being maintained in
inclusion bodies, which would require purification under denaturing conditions. Lane 4 shows the
column flow through, containing proteins that have not bound to the column. Some protein of
interest did not bind to the column and can be seen in the flow through. Lanes 5 and 6 were samples
from the first and final wash fractions, respectively. The absence of any bands in lane 6 showed that
the column had been washed thoroughly enough to remove any protein not bound strongly to the
resin. Lanes 7 to 10 were samples of elution aliquots, and contained protein at the approximate
expected band size. There were also two high molecular weight bands faintly present, suggesting

the elution had not yielded a protein that was 100 % pure.
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Figure 43: SDS PAGE analysis of protein purification fractions. Lane 1: NEB marker (11-190 kDa), 2: Total lysate,
3: Soluble fraction, 4: Flow through, 5: Wash 1, 6: Wash 5, 7: Elution 1, 8: Elution 2, 9: Elution 3, 10: Elution 4.

Quantities loaded were: 5 ul of protein marker and 15 ul of each sample in 5 ul 4x Laemmli buffer.

6.2.3.4 Bradford assay to determine concentration of purified ecotin
A Bradford assay was carried out to measure the concentration of purified recombinant ecotin
protein (methods section 2.15.4). The standard curve generated fitted the linear equation y=0.029x

+ 0.0513 and had an R squared value of 0.995.

Table 43: Protein concentrations of eluted recombinant ecotin products, as measured by Bradford assay.

Elution fraction Concentration (mg/ml)
1 0.688
2 1.131
3 0.138
4 0.046

The above elution fractions were diluted as appropriate for use in enzyme inhibition and clotting
assays.
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6.2.4 Human plasma kallikrein and human neutrophil elastase inhibition assays

The inhibitory effect of F. necrophorum ecotin, which has not previously been investigated, may
play a role in the virulence of the organism. The recombinant ecotin protein was therefore tested
for inhibitory activity against human plasma kallikrein, part of the intrinsic clotting cascade and
human neutrophil elastase, which functions as part of the immune response. These serine
proteases have previously been shown to be inhibited by E. coli ecotin (Seymour et al., 1994; Ulmer

et al., 1995).

6.2.4.1 Human plasma kallikrein inhibition assay

Human plasma kallikrein (HPK) was tested with a range of kallikrein substrate concentrations to
establish normal, uninhibited enzyme kinetics (methods section 2.16). HPK concentration was kept
constant at 10 nM throughout the experiment. Each concentration of substrate was added to the
enzyme in triplicate and relative fluorescence units were measured every minute for 30 minutes
(Figure 44). The Kkallikrein substrate contained a 7-Amino-4-(trifluoromethyl)coumarin (AFC)
terminus, which is cleaved by HPK, resulting in fluorescence. In order to establish rate of product
formation, a calibration curve was constructed with a concentration range of 0 — 0.5 mM AFC. The

resulting line had an equation of y=244626x and an R squared value of 0.9978 (Appendix 24).
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Figure 44: XY plot of relative fluorescence units (RFU) measured over 30 minutes from human plasma kallikrein. Substrate

concentrations ranged from 0.015 mM to 0.5 mM and inhibitor was at 0 nM. The graph shows the mean of three replicate

values and standard error of the mean is represented by bars.

The change in fluorescence at 5 minutes was used to calculate the rate of reaction (umol min) for

each concentration of kallikrein substrate (see Table 44). The 5 minute time point was chosen for

the initial rate as this was within the initial linear section of the graph. [P] (concentration of product)

was calculated using the equation derived from the AFC calibration curve: y=244626x. Therefore

[P]=y/244626.
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Table 44: Calculations for the rate of reaction (umol min-1) of HPK with substrate.

[S] mM Change in [P] after 5 P Rate of reaction
relative minutes (mM) (nmol) (umol min?)
fluorescence

0 0.00 0.0000 0.0000 0.0000
0.015 169.61 0.0007 0.0693 0.0139
0.03 317.51 0.0013 0.1298 0.0260
0.06 649.48 0.0027 0.2655 0.0531
0.125 1136.03 0.0046 0.4644 0.0929
0.25 1949.89 0.0080 0.7971 0.1594
0.5 2303.78 0.0094 0.9418 0.1884

The values in Table 44 were used to make an XY plot of substrate concentration against rate of

reaction (Figure 45). Michaelis-Menten non-linear regression was applied to calculate the Vmax and

Km values (see Table 45).
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Figure 45: Michaelis-Menten HPK plot, showing the relationship between substrate concentration and rate of reaction.
The curve was fitted by nonlinear regression in GraphPad Prism using the Michaelis-Menten settings. R squared value =

0.9912.

Table 45: Results of nonlinear regression analysis of data in Table 44 and Figure 45.

Best fit values Standard error 95% Confidence
intervals
Vmax 0.293 0.026 0.226 to 0.360
Km 0.252 0.047 0.132t0 0.372

Using nonlinear regression analysis, the Ky, for kallikrein substrate with human plasma kallikrein

under the conditions specified (in methods section 2.16) was 252 uM. Viax Was 0.293 pmol min™,

In order to confirm that autolysis of the substrate was not responsible for the increase in
fluorescence, relative fluorescence for the substrate range 0.015 — 0.5 mM was monitored for 30
minutes with no enzyme present. The change in fluorescence for each substrate concentration was

equal to less than 1 % of the fluorescence of the respective substrate standard.
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HPK was then tested with the addition of ecotin (Figure 46), with fluorescence monitored as above.

See Appendix 25 for RFU readings.
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Figure 46: XY plots of RFUs monitored over 30 minutes in the presence of HPK (10 nM), substrate (0.015 — 0.5 mM) and
inhibitor (12.5 — 100 nM). Enzyme and inhibitor were incubated for an hour at room temperature to equilibrate before

addition of substrate.

In order to establish the type of inhibition caused by ecotin, a Lineweaver-Burk plot was produced
(see Appendix 26). The plot showed characteristics of competitive inhibition, such as increasing

slopes and Ky, for increasing inhibitor concentrations while Vmax remained stable.

Ecotin is thought to be a tight-binding inhibitor, so Morrison K; nonlinear regression was applied.
The ratio of inhibited to uninhibited rate of reaction was plotted against the inhibitor concentration

for each substrate concentration (Figure 47). The Morrison equation was used as part of the
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GraphPad Prism package to determine the estimated concentrations required to produce half

maximal inhibition, known as the inhibition constant (K;) (Table 46).
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Figure 47: Fractional activity of HPK derived using Morrison K; nonlinear regression.
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Table 46: K; values determined using Morrison tight binding kinetics within GraphPad Prism.

[S] pMm Ki SE 95 % Confidence R squared
Intervals
15 25.55 3.577 14.17 t0 36.94 0.9815
30 24.1 3.779 12.08 to 36.13 0.9766
60 23.71 5.239 7.043 to 40.38 0.9526
125 34.81 8.511 7.7331061.90 0.9348
250 29.99 8.247 3.754 t0 56.24 0.9073
500 34.55 13 -6.815t0 75.91 0.8054

The Morrison K; of F. necrophorum ecotin with human plasma kallikrein had the highest R squared

value and the best visual fit at 15 uM, and was determined to be 26 nM.

6.2.4.2 Human neutrophil elastase inhibition assay

Human neutrophil elastase (HNE) was tested with a range of elastase substrate (Methoxysucinyl-
Ala-Ala-Pro-Val-p-nitroanilide) concentrations to establish normal, uninhibited enzyme kinetics
(methods section 2.16). Each concentration was added to the enzyme in triplicate and absorbance
was measured every minute for 30 minutes (Figure 48). HNE concentration was kept constant at 17
nM throughout the experiment. The chromogenic elastase substrate contained a p-nitroanilide
(pNA) terminus, which is cleaved by elastase, resulting in a shift in absorption spectrum. pNA has a
molar extinction coefficient (&) of 8800 Mt cm™ at 410 nm, as stated in the product information
sheet provided by Merck, which when used with Beer-Lambert Law will establish concentration of

product (Equation 1 in methods section 2.16).
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Figure 48: XY plot of absorbance measured over 30 minutes from human neutrophil elastase and a range of substrate
concentrations (0.015 mM to 0.5 mM); no inhibitor was present. The graph shows the mean of three replicate values and

standard error of the mean is represented by bars.

The change in absorbance at 5 minutes was used to calculate the rate of reaction (umol min) for
each concentration of elastase substrate (see Table 47). Five minutes was chosen as the time point,
as this was within the linear section of the graph. The concentration of product was calculated using

Beer-Lambert Law, as discussed above.
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Table 47: Calculations for the rate of reaction (umol min-1) of HNE with substrate.

[S] mM Change in [P] after 5 P Rate of reaction
relative minutes (mM) (nmol) (umol min?)
absorbance

0 0 0.000 0.000 0.000
0.015 0.004 0.000 0.064 0.013
0.03 0.005 0.000 0.080 0.016
0.06 0.016 0.001 0.255 0.051
0.125 0.019 0.002 0.302 0.060
0.25 0.021 0.002 0.334 0.067
0.5 0.027 0.002 0.430 0.086

The values in Table 47 were used to make an XY plot of substrate concentration against rate of
reaction (Figure 49). Michaelis-Menten non-linear regression was applied to calculate the Vmax and

Km values (see Table 48).
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Figure 49: Michaelis-Menten HNE plot, showing the relationship between substrate concentration and rate of reaction.
The curve was fitted by nonlinear regression in GraphPad Prism using the Michaelis-Menten settings. R squared value =

0.9627.
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Table 48: Results of nonlinear regression analysis of data from Table 47 and Figure 49.

Best fit values Standard error 95% Confidence
intervals
Vmax 0.098 0.010 0.072t0 0.124
Km 0.089 0.026 0.019 to 0.151

Using nonlinear regression analysis, the Kn, for MeOSucc-AAPV-pNA with human neutrophil elastase

under the conditions specified (in methods section 2.16) was 89 uUM. Vimax was 0.098 umol min™,

In order to confirm that autolysis of the substrate was not responsible for the increase in
absorbance, absorbance for the substrate range 0.015 — 0.5 mM was monitored for 30 minutes
with no enzyme present. The change in absorbance for each substrate concentration was equal to

less than 1 % of the absorbance of the respective substrate standard.

HNE was then tested with the addition of ecotin (Figure 50), with absorbance monitored as before.

See Appendix 27 for absorbance readings.
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Figure 50: XY plots of absorbance monitored over 30 minutes in the presence of HNE (17 nM), substrate (0.015 — 0.5 mM)

and inhibitor (12.5—100 nM). Enzyme and inhibitor were incubated for an hour at room temperature to equilibrate before

addition of substrate.

Morrison Ki nonlinear regression was applied to the data. The ratio of inhibited to uninhibited rate

of reaction was plotted against the inhibitor concentration for each substrate concentration (Figure

51). The Morrison equation was used as part of the GraphPad Prism package to determine the

estimated inhibition constant (K;) (Table 49).
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Figure 51: Fractional activity of HNE derived using Morrison K; nonlinear regression.



Table 49: K; values determined using Morrison tight binding kinetics equation

[S] pMm Ki SE 95 % Confidence R squared
Intervals
15 4.404 2.619 -3.930to 12.74 0.9120
30 4.310 1.220 0.4290 to 8.192 0.9751
60 3.486 1.330 -0.7465 t0 7.718 0.9560
125 4.042 1.721 -1.434t09.518 0.9241
250 2.818 1.912 -3.267 to 8.903 0.8269
500 1.932 1.250 -2.047 to 5.911 0.8285

The Morrison K; of F. necrophorum ecotin with human neutrophil elastase had the highest R squared
value and the best visual fit at 30 uM, and was determined to be 4 nM. This demonstrates that the
recombinant F. necrophorum ecotin inhibits HNE to a greater extent than it inhibits HPK (Morrison

Ki of 4 nM compared to 26 nM, for HNE and HPK, respectively).

6.2.5 Plasma clotting assays

To test how the recombinant ecotin would affect the overall combination of clotting factors in
human blood, three assays were used to measure clotting times; ecotin final concentrations ranged
from 0 — 2 uM. Platelet-poor plasma was made from human donor blood (methods section 2.12.4).
Thrombin time (TT) assay was used to monitor the conversion of fibrinogen to fibrin. Prothrombin
time (PT) assay was used to monitor any abnormalities with the functioning of Factors Il, V, VII, X
and fibrinogen; it measures the extrinsic and common pathways. The activated partial
thromboplastin time (APTT) assay measures the intrinsic and common pathways, and is sensitive
to Factors II, V, VIII, IX, X, XI, Xl and fibrinogen. Using a combination of these tests can be very

suggestive to which factors are affected (Bain et al., 2012).

Blood was used from three different donors, with each experiment being carried out on a different
day. Platelet-poor plasma was separated and normal clotting times were established. The range of
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inhibitor concentrations were tested, with a follow up test of uninhibited clotting, to confirm that
the prolongation of clotting was not due to time bias. Each measurement was recorded in duplicate
and the mean taken. The results of the clotting prolongation are shown in Figure 52; points
represent the mean of the three sets of results. At 2 uM, ecotin caused a 1.1-fold increase in clotting
time for TT, 7-fold increase for PT and 40-fold increase for APTT. A process of elimination can be
used to determine the factors that may be inhibited, based on the factors measured in each test.

See Appendix 28 for full clotting prolongation results.

Fold prolongation

I
0.0 0.5 1.0 15 2.0
Ecotin (uUM)

Figure 52: Fold prolongation of human donor plasma clotting tested with a range of ecotin concentrations. The y axis is

shown as a log2 scale, however all data points have been unaltered.
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6.3 Discussion

Ecotin has not previously been described in F. necrophorum. Strains JCM 3718, JCM 3724 and ARU
01 were shown to contain the ecotin gene by mining the sequence data and by PCR. It was
hypothesised in section 6.1 that F. necrophorum ecotin would be universal within the strain
collection. When tested using PCR methods, there was amplification of the ecotin gene in the 25
strains in the clinical collection. The protein sequences of strains JCM 3718, JCM 3724 and ARU 01
were searched in the Pfam database and when compared to the ecotin consensus sequence they
had E values of 1.3e-32 and 2.3e-32 for Fnf and Fnn sequences, respectively, which indicate a very

small chance that the sequence matched that of ecotin by chance.

When the DNA sequences were aligned, the two Fnf strains had identical sequences, whereas the
Fnn sequence had two single point mutations. The predicted translated protein sequence resulted
in a single amino acid difference between the two subspecies. This single amino acid difference
occurs immediately before the region of the protein considered to be the secondary substrate
binding site. The Fnn gene contains a lysine in place of the glutamic acid present in the Fnf genes.
Lysine is a positively charged, basic amino acid, whereas glutamic acid is a negatively charged, acidic
amino acid. This could have an impact on the binding abilities of the two ecotin proteins, although
as demonstrated by Pal et al. (1994), the sequence can contain some variation and still be
functional. The hidden Markov model ecotin sequence used for the Pfam alignments contains a
glutamic acid in this position. As there was not sufficient funding to produce and test the activity of

two recombinant ecotins, only the activity of the Fnf ecotin was assessed.

The presence of the signal peptide at the start of the protein sequence is consistent with the
expectation that this gene is found in the periplasm of the bacteria, as opposed to the cytoplasm.
The location of the protein in the periplasm, as found with the E. coli ecotin by Chung et al. (1983),
is suggestive of the protein being a protective inhibitor. If the inhibitor was secreted then it would
appear more likely that the aim is to target clotting factors. It is therefore possible that the

inhibition of clotting is a coincidental by product of this serine protease inhibitor.
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It had been hypothesised that protein model predictions would demonstrate a structure similar to
that of E. coli, with both primary and secondary binding sites present. The Pfam domain results of
the protein locates the presence of the primary substrate binding site and the two secondary
substrate binding sites. While the substrate binding sites are not 100 % homologous, they are well
conserved. As discussed previously, the sequence of the primary binding site can include mutations
and still result in a functional inhibitor (Pal et al., 1994), therefore it is not essential that the
sequence is highly conserved and some sequence variation between species can be expected. The
protein model prediction shows the primary and secondary binding sites are located in the
expected positions, based on crystalised structures and in silico experiments. This therefore

satisfies the hypothesis.

Expression of the recombinant ecotin protein by E. coli BL21(DE3) cells was indicated by the
presence of a band at the expected molecular weight by Tricine-SDS PAGE analysis. At zero hours
post-induction with IPTG, the BL21(DE3) strain both with and without the plasmid appear the same
on the gel. At one, two and three hours post-induction there is a clear band for the strain containing
the plasmid that is lacking for the strain not transformed with the plasmid. The negative control
was chosen to be strain BL21(DE3) without the plasmid, as opposed to the strain with the plasmid
but without IPTG, since there is anecdotal evidence of the T7 promoter being ‘leaky’, and thus
inducing protein production in the absence of IPTG. As E. coli expresses an ecotin protein itself there
is already likely to be a band in the region, so the plasmid was not used in the negative control to
provide more clarity. The native E. coli ecotin does not contain a histidine tag, therefore was unlikely

to contaminate the final recombinant ecotin product during purification.

A Bradford assay was used for protein quantification, as opposed to Nanodrop technology, as the
Nanodrop is more reliable for proteins with a higher concentration. The Bradford assay works well
for lower concentrations of protein and appeared more reproducible during initial optimisation of
the assay. The Nanodrop was first used to provide an indication of the concentration before the

protein was diluted for use in the Bradford assay.
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The Tricine-SDS PAGE analysis of the purification steps (Figure 43) shows that native conditions
were suitable as opposed to denaturing conditions. Sample fractions were run on the gel to
demonstrate the location of the ecotin protein. If the protein had been present in the total fraction
but not in the soluble fraction, this would have indicated that the protein was present in inclusion
bodies within the cytoplasm, which would have required denaturing the protein and then refolding.
This often occurs if the protein is expressed in too high a concentration, or if it is toxic to the cell.
Under normal circumstances in E. coli, ecotin is expressed and the signal peptide causes the protein
to be transported to the periplasm. For the recombinant ecotin, the signal peptide was removed
and replaced with a histidine tag, therefore the protein would have remained in the cytoplasm.
Fortunately this was not problematic as the inhibitor is not toxic to E. coli, however, the protein

was not expressed in concentrations as high as had been anticipated.

A considerable amount of the recombinant protein appears to be present in the flow through
(Figure 43, lane 4). This unfortunately diminishes the final concentration. The tag was a deca-
histidine tag, as opposed to the frequently used hexa-histidine tag, and therefore should have
bound strongly. The tag may have been partially obscured by the folding of the protein, reducing
the strength of the interaction with the column, and this may be why some of the protein was lost

prior to elution.

The washing steps during the purification were continued until protein concentration within the
wash fraction was 0 mg/ml. The gel image supports this and the lane is clear for the final wash
fraction. Despite this there are two faint bands of a high molecular weight present within the elution
fractions, suggesting that the eluted protein isn’t completely pure. It is unlikely that the small
percentage of contaminating protein will inhibit serine proteases. It is likely, however, to have a
minimal effect on the measurement of the protein concentration, causing the Bradford assay to

measure a slightly higher concentration of inhibitor than is actually present.

The choice of methods used to assess the inhibitory properties of the F. necrophorum recombinant
ecotin were designed to include a variety of tests on a limited budget. Ecotin from E. coli has already

been shown to potently inhibit Factors Xa and Xlla, plasma kallikrein and human leukocyte elastase.
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Factors X and Xl and their respective substrates are very expensive and as kallikrein is part of the
clotting cascade and was considered a likely target for ecotin, it was chosen due to the lower cost.
Human neutrophil elastase, a protease that degrades bacteria, was chosen as it was anticipated
that ecotin may act as a defence mechanism against this type of immune system protease released
at inflammation sites. It is not part of the clotting cascade. The thrombin time, prothrombin time
and activated partial thromboplastin time tests are standardised methods for testing clotting

pathways.

For the enzyme assays, Michaelis-Menten kinetics were established to assess the activity of the
enzymes under uninhibited conditions, to confirm appropriate concentrations of enzyme and
substrate had been chosen and to allow for different types of data analysis in the event that the
Morrison K; for tight binding inhibitors had not been appropriate. Alternative options included non-
linear regression for competitive inhibition, or reciprocal plots, which tend to amplify any errors in

the data.

It had been hypothesised that the recombinant F. necrophorum ecotin protein would inhibit human
neutrophil elastase and human plasma kallikrein. The data in section 6.2.4 demonstrates this to be
the case. The set of four inhibition plots showing absorbance against time for HNE (Figure 50) shows
stronger inhibition than for the equivalent HPK graphs plotting RFU against time (Figure 46). This is
supported by the Morrison K; values obtained for each enzyme, with 4 nM for HNE and 26 nM for
kallikrein. For comparison, E. coli ecotin was reported as having Morrison K; values of 54 pM for
Factor Xa, 55 pM for human leukocyte elastase, 89 pM for Factor Xlla and 163 pM for plasma
kallikrein (Ulmer et al., 1995). This does appear to show E. coli ecotin as considerably more active
against these serine proteases (73X more active against HNE and 160X more active against HPK),
however without having performed the tests in the same laboratory under the same conditions it
is difficult to speculate. Differences in the accuracy of measuring the concentration of ecotin as well
as differences in the activity of the enzymes purchased could have an effect on the results. For
example, the K. values reported for kallikrein and human leukocyte elastase with their

corresponding substrates were 165 UM and 150uM, respectively (Ulmer et al., 1995), whereas
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under the conditions used in this work, they were 252 uM and 89 uM for kallikrein and HNE,
respectively. Variations in the results from this work compared to that of Ulmer et al. (1995) may
also be due to the use of different substrates. Ideally, E. coli ecotin would have been tested

alongside as a comparator, but due to the associated cost this was not possible.

The Morrison K; data for the HPK assay (Figure 47) shows that the curve is flatter with more
substrate present, which suggests that with a high enough concentration of substrate the inhibition
can be overcome; this is typical of competitive inhibition. This supports the previous assumption
that ecotin is a competitive inhibitor and was further supported by a Lineweaver Burk plot

(Appendix 26) as discussed in section 6.2.4.1.

The Morrison K; plots for the HNE data did not fit as closely as for the HPK data. This was reflected
in the lower R squared values of the curves. The HNE fractional activity ratios rapidly dropped to
zero, requiring a steep curve; a lower ecotin concentration range may have resolved this. The K;
value with the best fit (as measured by the Rsquared value) was reported, however the mean of all

the K results were shown for comparison. The results did not vary greatly.

At the highest ecotin concentration tested (2 uM), the thrombin time clotting assay was prolonged
only 1.1-fold, suggesting that ecotin had very little effect on the conversion of fibrinogen to fibrin.
Prothrombin time was prolonged 7-fold, suggesting ecotin inhibited some of Factors Il, V, VIl and
X. APTT was prolonged up to 40-fold, suggesting that ecotin potently inhibited some or all of Factors
I, V, VIII, IX, X, Xl and XIl. Both PT and APTT are also measures of the conversion of fibrinogen to
fibrin as part of the common pathway, but as the TT was not prolonged this can be ruled out as

being a target for ecotin.

E. coli ecotin is known to be a potent inhibitor of Factors Xa, Xlla, kallikrein, human leukocyte
elastase, and bovine trypsin and chymotrypsin, but not thrombin, Factors Vlla and Xla, activated
protein C, plasmin, or tissue plasminogen activator (Seymour et al., 1994; Ulmer et al., 1995). E. coli
ecotin and F. necrophorum ecotin are likely to have similar binding sites, as suggested by the protein

model prediction in Figure 39, therefore information about E. coli ecotin inhibition can be used to
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hypothesise which factors are inhibited by F. necrophorum ecotin. Firstly, as Factors Il and V are
present in both PT and APTT tests, these are not targets of potent inhibition by F. necrophorum
ecotin, due to the variation in prolongation times between the tests. Factor Vlla was found not to
be inhibited by E. coli ecotin, as discussed above, and no results were found regarding inhibition of
Factor VIII or IX. Factors Xa and Xlla have been shown to be potently inhibited by E. coli ecotin, as
also discussed above, while Factor Xla was not effectively inhibited. Consequently, it is likely that
PT was prolonged by F. necrophorum ecotin due to the potent inhibition of Factor X, while APTT
was prolonged to a much greater extent due to the combination of potent inhibition of Factor X,
Factor Xl and kallikrein, which is also part of the intrinsic pathway and was inhibited in enzyme
assays. It is conceivable that F. necrophorum ecotin may also interfere with other factors in the

intrinsic pathway that were not the focus of investigation.

The role, if any, that F. necrophorum ecotin plays in disseminated intravascular coagulation during
cases of bacteraemia and Lemierre’s syndrome remains unclear. E. coli is present in the gut of
humans and is therefore highly likely to encounter many proteases against which it will need to
protect itself. The need for F. necrophorum to inhibit serine proteases is less obvious. While the
organism is present in the blood stream and at inflammatory sites it is likely to encounter
neutrophils and the elastases they secrete to degrade pathogens. Having ecotin present in the
periplasm may help protect the bacterial cell. It may also be released from dying F. necrophorum
cells and subsequently inhibit factors of the intrinsic clotting system, thereby inhibiting chemotaxis

of further neutrophils and blood clotting.
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Chapter 7:

Discussion, conclusions and future work

7.1 Discussion

The aim of this project was to use next generation sequencing and subsequent bioinformatic
analysis, and in vitro work to investigate the F. necrophorum genome and the virulence
determinants that it contains. The type strains of the two subspecies, along with a clinical strain
known to have caused Lemierre’s syndrome in a patient, were collected and commercially
sequenced and assembled. Draft genome sequences of JCM 3718 (Fnn), JCM 3724 (Fnf) and ARU
01 (Fnf) were found to have sizes of 2.3 Mb, 2.13 Mb, and 2.06 Mb, respectively. This is closely
aligned with the findings of Calcutt et al. (2014), who published the draft genome of Fnf strain B35
with a reported size of 2.09 Mb. The genome of F. nucleatum, the most closely-related completed

genome, was found to be 2.17 Mb (Kapatral et al., 2002).

At the start of this project, in 2011, there was no available F. necrophorum genome sequence,
therefore many of the genes the organism contained were unknown. With an increasing emphasis
on the use of genomic data, it was clear that F. necrophorum needed to be sequenced. Since then,
genome sequencing has dramatically increased in popularity and accessibility and the draft
genomes of eleven F. necrophorum strains have been deposited in the NCBI database. The tools
used for associated data analysis have also been rapidly changing over recent years. More extensive
genome sequencing projects are being carried out, such as the Human Microbiome Project and the
Genomics England 100,000 human genomes project. The increase in investment associated with
these projects leads to more cost effective technologies and more advanced data analysis. The
number of bacterial and archaeal genomes sequenced and submitted to the NCBI in 2011 was fewer

than 2000. In 2014, more than 14,000 genomes were sequenced and submitted. Not only are the
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number of genomes increasing, but also the diversity, due to projects such as the Genomic
Encyclopedia of Bacteria and Archaea, which aims to sequence organisms from diverse branches of

bacteria and archaea (Land et al., 2015).

The genomic data contributed by this project represents the most complete assembly for strain
JCM 3724/ATCC 51357 and the first genome sequence for strain JCM 3718/ATCC 25286. These
strains are important as they are the type strains for F. necrophorum subsp. funduliforme and F.
necrophorum subsp. necrophorum, respectively (Shinjo et al., 1991). These type strains are used as
references during various types of characterisation experiments and provide a method of external
quality control. Strain ARU 01, also sequenced as part of this project is the first to be recognised as
originating from human disease. This is important as there may be differences within genes that
lead to increased virulence in some strains. Comparison tools were used to investigate this. If the
genome is to be studied for virulence factors associated with disease, then isolates should therefore
be used from disease sources. It would be beneficial for the study of F. necrophorum infections in

humans if a type strain of Fnfisolated from human disease origin could be assigned as a type strain.

The F. necrophorum genome sequence data produced as part of this project provides a great deal
of information for researchers to investigate F. necrophorum further and make comparisons to
other organisms. With a greater availability of genomic data, more extensive phylogenetic analysis

can be carried out.

The genomes of strains JCM 3718, JCM 3724 and ARU 01 were annotated using a semi-automatic
approach. The use of the xBASE pipeline allowed for integration of various annotation packages, so
that open reading frames, tRNAs and rRNAs were all annotated. BLASTp was used to manually
investigate any ORFs that had not been assigned a function. This uncovered several interesting
genes, such as the leukotoxin, which was expected, and ecotin, which was not previously known to
be present in F. necrophorum. This appears to be the first F. necrophorum genome annotation to

have been thoroughly manually curated.
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The number of ORFs predicted in each draft genome in Table 28 ranges from 1,942 — 2,599. The
average contig size was plotted against the estimated number of genes and non-linear regression
was applied to demonstrate the trend of decreasing gene numbers with increasing average contig
size (Figure 8). The curve was estimated to plateau at 1,950, suggesting this could be a more

accurate prediction of the number of ORFs in the F. necrophorum genome.

The majority of the F. necrophorum genomes submitted to the NCBI database do not contain
information regarding the subspecies identification. This therefore means that the data cannot be
used for any subspecies comparisons. The use of a phylogenetic tree comprised of gyraseB
sequences in Figure 9 provided an effective tool for subspeciation where in vitro work was not
possible. The subspecies of the three strains sequenced during this project and two from the online
database were known. Strain JCM 3724/ATCC 51357 was included only once. The subspecies
identification of the remaining eight strains was deduced by the distinct grouping of the strains.
When the subspecies identification result was paired with the origin of the strain, the results
appeared to support the understanding that Fnn causes animal infections and that Fnf can be found

in both animals and humans.

While 454 sequencing was an appropriate choice for de novo genome sequencing in 2012, now a
more appropriate choice would be Pacific Biosciences for high quality de novo sequencing, or
Illumina for resequencing. There is still not a complete genome for F. necrophorum, however, the
sequence data for strain JCM 3724/ATCC 51357 contains only 35 contigs, which is a feasible number

of gaps to bridge by PCR and Sanger sequencing.

To build on the genomics work carried out in this project, future work would involve additional
bioinformatic analysis of the three genomes sequenced during this project as well as the sequence
data from the F. necrophorum genomes in Table 28. A pangenomic analysis would be carried out to
investigate the range of genes that are present within F. necrophorum genomes. The minimum core
genome would also be analysed to determine which genes are shared by all the isolates. These two
types of analyses would show which genes are shared and which are unique within F. necrophorum

strains. The sequence output from the minimum core genome analysis would also be used to
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produce a phylogenetic tree to reveal the diversity between the strains. This data set would also
allow for the investigation of single nucleotide polymorphisms. A comparison of F. necrophorum
core and accessory genes to those of related commensals and pathogens would be of great value,

and may reveal pathogenic mechanisms utilised by F. necrophorum.

As discussed above, the number of contigs for strain JCM 3724/ATCC 51357 has been reduced to
35, following the merging of data sets in section 4.2.4. The additional genomes available are likely
to contain information that may indicate the order of the contigs and the size of the gaps that need

to be sequenced by Sanger method.

An additional use for the genomic data available from online databases is that these sequences can
be used to design PCR primers for virulence determinants where the sequence wasn’t available in
the sequence data generated as part of this project. For example, the FadA gene, which is briefly

mentioned below.

Genes found within the genomes of strains JCM 3718, JCM 3724 and ARU 01 that are thought to be
associated with virulence potential include a leukotoxin, haemolysin, haemagglutinin, haemin
receptors and a serine protease inhibitor known as ecotin. The leukotoxin was expected to be
present due to the understanding that it is the organism’s primary virulence factor (Tan et al.,
1994a). Ecotin has not previously been described in F. necrophorum and was therefore a novel and
interesting find. It was unknown whether the FadA adhesin would be present, as this has been
found to be present in several Fusobacterium species (Han et al., 2005). It was not initially found
within the F. necrophorum genome data, and was not amplified by PCR targeting the gene. The
FadA adhesin gene was later found in Fnn genomes and would therefore be worth investigating as
part of future work as this could contribute to the varying levels of pathogenicity between Fnn and

Fnf strains.

The haemolysin and an adhesin that were annotated in the genomes contained motifs and domains
associated with type V secretion systems. These systems are known to be associated with

transporting large virulence proteins across the outer membrane of the bacterium, such as
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haemagglutinins (Hodak and Jacob-Dubuisson, 2007). Strains JCM 3718 and JCM 3724 contain
conserved motifs within the haemolysin gene that suggest the protein is secreted via a two-partner
secretion system (Figure 13). These TPS motifs have not previously been described in F.
necrophorum. Strain ARU 01 contains TPS motifs that are less well conserved and are in the reverse
order. Not all TPS proteins need both motifs (Jacob-Dubuisson et al., 2001), so secretion by this
system may be unaffected. The YadA-like adhesin that was also found within the annotation data
has head, stalk and anchor regions that strongly suggest it acts as an autotransporter. Future work
on these secretion systems would include cloning the YadA adhesin gene and carrying out an
adhesion assay. Also, cloning the haemolysin gene, both with and without the TPS domain, would

be of interest, before carrying out a haemolysis assay with either human or animal whole blood.

There are limitations on what may be concluded by using bioinformatic tools alone, therefore to
investigate the leukotoxin and ecotin further, in vitro techniques were used. For the leukotoxin
chapter the aim was to investigate the leukotoxin sequence in strains JCM 3718, JCM 3724 and ARU
01 and also confirm cytotoxic activity of the strains. The HL-60 cell line was investigated to
determine whether it would be an appropriate substitute for human white blood cells. The
prevalence of the leukotoxin gene within the clinical strain collection was also tested using a range

of PCR primers.

One copy of the leukotoxin operon, containing genes /ktB, IktA and IktC, was found in each of strains
JCM 3718, JCM 3724 and ARU 01. In order to ensure the sequence data was of a high quality, the
next generation sequence data for the genes was resequenced by Sanger sequencing to remove
the frameshift errors in the sequence that were causing the predicted protein sequence to

terminate prematurely.

The IktB protein sequences were found to be highly conserved between the Fnf strains, which had
a similarity of 99.8 %. The Fnn JCM 3718 IktB lacked this high level of similarity due to being shorter
than the Fnf strains. The protein is 336 amino acids long compared to 447 due to a later start codon
in the sequence. The IktB protein sequence contained several putative conserved domains,

including a polypeptide transport associated (POTRA) domain and a haemolysin
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activation/secretion protein. The POTRA domain was truncated at the N terminus in strains JCM
3724 and ARU 01 and was missing completely from strain JCM 3718. This domain has previously
been described by Tadepalli et al. (2008b) in relation to leukotoxin secretion, however the
haemolysin activation/secretion protein domain is present in all three strains and has a more
significant E value. The secretion mechanism of the leukotoxin remains unknown, however with
several domains within the |ktB protein linked to secretion, it seems likely that this protein is

involved, although potentially not via the POTRA domain, which had been expected.

The IktA protein sequences of the bovine JCM strains were shown to have a greater level of
similarity than between the Fnf strains by using an Artemis Comparison Tool alignment (Figure 19).
This was unexpected as it was thought that the two Fnf strains would share the most homology. It
therefore seems that the leukotoxin sequence may be dependent on the source of the isolate more
so than the subspecies identification. Each sequence may have evolved to be more effective against
its host. The work by Narayanan et al. (2001b) discussed in section 5.1 implies that the active toxin
region is within the first 3.5 kb of the /ktA gene. The ACT alignment demonstrates that this region
is well conserved between the two bovine strains, with similarities of 94 % between 1,000 bp and
4,000 bp. This not so well conserved between the two Fnf strains, which show several short regions
of similarity within this window of the coding sequences with similarities of approximately 80 — 90

%.

A phylogenetic tree of the three IktA gene sequences with a further nine /ktA gene sequences
downloaded from the NCBI database (Figure 20) demonstrated how the sequences clustered with
those from the same origin more than with those of the same subspecies. For example, strains JCM
3724 and B35, both Fnf strains of bovine origin, clustered more closely with the remaining bovine
strains that were Fnn rather than with the human Fnf strains. The only animal strain to group with
the human isolates is one isolated from a rumen microbiome, rather than a disease source. This
suggests that this strain may be less virulent than the other animal strains, due to its grouping with

the human isolates and it being present as a commensal rather than a pathogen.
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The |ktC protein sequences of the three sequenced strains were highly conserved. The top BLASTp
result for the IktC of each strain was Fusobacterium necrophorum histidine kinase for JCM 3718 and
JCM 3724, with E values of 2e-99 and 3e-94, respectively. For ARU 01 the top result was a sensory
transduction regulator, with an E value of 4e-96. Given that histidine kinases are signal transduction
enzymes (Wolanin et al., 2002), and that the result of the Pfam search also resulted in a putative

bacterial sensory transduction regulator domain, it seems that IktC has a signalling function.

The prevalence of the lktA gene within the clinical strain collection was shown to be 100 % by using
five sets of PCR primers targeting the gene. Two sets of primers, lkt1 and Ikt2, custom designed for
this project, and Ludlam_LT1 (Ludlam et al., 2009a) all had a 100 % amplification rate. Ludlam_LT2
(Ludlam et al., 2009a) had amplification in 89 % of strains and IktA (Tadepalli et al., 2008b) amplified
product in 43 % of strains. The prevalence of the leukotoxin has been disputed in the literature
based on the results Ludlam et al. (2009a) found using their primers. Bennett et al. (2010) claimed
the leukotoxin was likely to be present in these cases but had been undetected. The reasons for the
low amplification rate found by Ludlam et al. (2009a) are difficult to speculate on, given that the
same primers amplified a product in all strains in this project. The sequences may have been more
varied than those included in this project and the genes simply weren’t detected, or the strain
identification was incorrect and the strains were not F. necrophorum. It seems unlikely that the
gene was absent in the strains. For future testing of leukotoxin prevalence, primer sets Ludlam_LT1,

Ikt1 and Ikt2 would be considered appropriate for use.

High molecular weight culture supernatant fractions, expected to contain the leukotoxin, from
strains JCM 3718, JCM 3724 and ARU 01 all demonstrated a cytotoxic effect against both the HL-60
cell line and human white blood cells (Figures 30 — 33), as measured by flow cytometry. For the HL-
60 cytotoxicity assay, a dose-dependent response was demonstrated with high statistical
significance between the negative control and the lowest concentration treatment group, as well

as varying levels of significance with higher treatment concentrations.

It was anticipated that JCM 3724 would have the weakest cytotoxic effect, due to the understanding

that the funduliforme subspecies is less virulent. However, this has been explained as being due to
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Fnf having a less efficient leukotoxin promoter (Tadepalli et al., 2008b). JCM 3718 and ARU 01 were
expected to have a stronger cytotoxic effect, as JCM 3718 is a Fnn strain, and ARU 01 exhibited high
virulence in a patient. The results showed that when the concentrations of the leukotoxin fraction
were standardised, JCM 3724 had the greatest cytotoxic effect, followed by that of JCM 3718, the
other bovine strain. Strain ARU 01, known to cause Lemierre’s syndrome in a patient, had the
weakest cytotoxic effect. However, the variations in promoter efficiency may change the order of
cytotoxicity. For example, the concentration of high molecular weight protein measured by
Bradford assay was higher for strain ARU 01 than for JCM 3724. The increase in production of
leukotoxin may therefore result in a greater cytotoxic effect for ARU 01 than for JCM 3724, despite
the differences in the standardised results. Given the lack of availability of an antibody for
immunoaffinity purification, it cannot be confirmed that the protein fractions contained pure
leukotoxin. Future work on the F. necrophorum leukotoxin would include carrying out gPCR on the
promoter region of these three strains, in order to characterise them more fully. This has been
carried out by Tadepalli et al. (2008b) on other strains in order to confirm that Fnn has a higher

transcript level of IktA than Fnf, although this has not been carried out on the type strains.

It was concluded that the HL-60 cell line was an appropriate choice to use in place of human donor
blood due the validation test using human donor blood as a comparison. For the concentration
tested (150 pg/ml), the HL-60 cells had a slightly lower percentage viability compared to the human
white blood cells, although there was no statistical significance (P>0.05). Using this cell line instead
of human WBCs provided more uniform cell samples, and would therefore be considered for use

again.

Increasing the understanding of the leukotoxin is an important aspect of studying F. necrophorum.
It is the primary virulence factor of the organism (Tan et al., 1994a) and has been used in an inactive
form as a vaccine for livestock (Saginala et al., 1997). The mode of action and secretion of the
leukotoxin are not yet understood. The POTRA and haemolysin activation/secretion protein domain
within the IktB protein and the signal peptide found at the start of the IktA protein are strong

indicators that this protein is secreted, rather than released upon cell death. The collection of a
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leukotoxic supernatant fraction from fresh cultures is further evidence of this. The protein

sequence was analysed for type V secretion systems, although none were found.

The leukotoxin work carried out on the JCM reference strains provides high quality sequence data
of the leukotoxins of both F. necrophorum type strains along with cytotoxicity data. These strains
have been well characterised in many other ways but have so far been lacking this data. This work
also provides characterisation of the leukotoxin of a clinically important strain of human origin. It
suggests that there is no mutation in the sequence that results in enhanced pathogenicity and that
if the leukotoxin is responsible for greater virulence, then the promoter region is likely to be

responsible, causing a greater rate of transcription.

The aim of the ecotin chapter was to determine the prevalence of the ecotin gene within the strain
collection, analyse the sequence using bioinformatic tools, and assess the function of a recombinant
ecotin against host serine proteases and the clotting cascade to assess the role of F. necrophorum

ecotin in the host.

The ecotin gene, which has not previously been described in F. necrophorum, was found in 100 %
of the strains. This was established by mining the BLASTp data of the three sequenced genomes
and by PCR of these strains and the 25 isolates in the clinical collection. The sequences obtained
from the genome data and by Sanger sequencing the first 12 strains of the clinical collection
demonstrate that the gene is highly conserved, with percentage identities of 98.96 % or above

between strains.

The sequence was searched for conserved domains by BLASTp and primary and secondary binding
sites of ecotin were located. A protein model (Figure 39) of the F. necrophorum ecotin monomer
predicted the primary and secondary binding sites were exposed on opposite sides of the protein.
The two conserved domains of the secondary binding site in the protein sequence were separated
by 36 amino acid residues, however the predicted folding of the protein results in those regions
forming one binding pocket. E. coli ecotin has previously been shown to dimerise in such a way that

when the ecotin dimer binds to two target proteases, both monomers bind to both proteases (Yang
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et al., 1998). This was not tested for F. necrophorum ecotin, however, the 3-dimensional models of
the F. necrophorum and E. coli ecotin monomers are similar, suggesting that the dimerised structure
would be similar also, and that the binding sites would be arranged in such a way that each ecotin

monomer would bind to each target protease.

The purified recombinant ecotin protein produced in section 6.2.3 acted as a potent inhibitor of
human neutrophil elastase during enzyme inhibition assays. Non-linear regression was used to
determine the inhibitor constants of ecotin, with a Morrison K; of 4 nM for HNE. The inhibition was
less potent against human plasma kallikrein, with a Morrison K; of 26 nM. This is consistent with the
findings of Ulmer et al. (1995), who reported that E. coli ecotin was a potent inhibitor of human
leukocyte elastase and human plasma kallikrein, with human leukocyte elastase inhibited more

strongly.

HNE is involved in bacterial degradation in phagosomes and at inflammatory sites (Korkmaz et al.,
2010). The ability for F. necrophorum to evade this enzyme would be advantageous for its survival.
As this enzyme was inhibited the most potently in this study and in the work by Ulmer et al. (1995),
it suggests that the primary function of ecotin may be as a defence mechanism. E. coli ecotin is
known to be located in the periplasm which also supports this idea. If the primary target was the
clotting cascade then the inhibitor would likely be secreted, however it is well placed in the
periplasm to protect the organism from host proteases. It was established by Chung et al. (1983)

that E. coli ecotin does not inhibit any of its own proteases.

HPK is part of the intrinsic pathway and therefore contributes to coagulation of blood plasma. Along
with Factor Xlla, it also attracts neutrophils by chemotaxis (Bain et al., 2012). While this serine
protease was not affected as strongly as HNE, it still was susceptible to inhibition by the
recombinant F. necrophorum ecotin. By inhibiting this enzyme, F. necrophorum may be able to
reduce the number of neutrophils attracted to the infection site and also have an effect on blood
clotting. It is unclear what the benefit of this may be as septic emboli are a mechanism the organism

uses to transport around the body of the host (Riordan, 2007). Mild disseminated intravascular
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coagulation has also been reported as a complication of Lemierre’s syndrome (Hagelskjaer

Kristensen and Prag, 2000), which again contradicts the inhibition of coagulation.

Human donor plasma treated with a range of ecotin concentrations was tested for clotting
prolongation using tests: thrombin time, prothrombin time and activated partial thromboplastin
time. At 2 uM, ecotin caused a 1.1-fold increase in clotting time for TT, 7-fold increase for PT and
40-fold increase for APTT. The thrombin time assay measures the effect of the conversion of
fibrinogen to fibrin. The prolongation of 1.1-fold suggests that ecotin had very little effect on this
reaction. Prothrombin time, which measures the effect on the extrinsic and common pathways was
prolonged 7-fold, suggesting that ecotin inhibits some of Factors Il, V, VIl and X, but not all. APTT,
which measures the effect on the intrinsic and common pathways, including kallikrein, high
molecular weight kininogen, and Factors II, V, VIII, IX, X, XI and XIl was prolonged 40-fold, suggesting
that ecotin potently inhibits some or all of these factors. E. coli ecotin has been shown to be a
potent inhibitor of Factors Xa, Xlla, kallikrein, human leukocyte elastase, and bovine trypsin and
chymotrypsin, but not an effective inhibitor of thrombin, Factors Vlla and Xla, activated protein C,
plasmin, or tissue plasminogen activator (Seymour et al., 1994; Ulmer et al., 1995). E. coli ecotin
and F. necrophorum ecotin are likely to have similar binding sites, therefore information about E.
coli ecotin inhibition can be applied to F. necrophorum ecotin to hypothesise which individual
factors are inhibited in each test. Factors Il and V are present in the both PT and APTT tests as part
of the common pathway. These are unlikely to be targets of potent inhibition, due to the variation
in prolongation times between the tests. Factor Vlla was found not to be inhibited by E. coli ecotin,
as discussed above. No results were found regarding inhibition of Factor VIl or IX. Factor Xla was
not effectively inhibited by E. coli ecotin, while Factors Xa and Xlla were potently inhibited, as also
discussed above. It is therefore likely that PT was prolonged due to the inhibition of Factor X, while

APTT was prolonged to a much greater extent due to inhibition of Factors X and XII and kallikrein.

While F. necrophorum ecotin is present in the host blood stream it is likely to encounter neutrophils

and the elastases they secrete to degrade pathogens. Having ecotin present in the periplasm can
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help protect the cell. It may possibly also be released from dying F. necrophorum cells and

subsequently inhibit factors of the clotting cascade.

This work has resulted in the production of a functional recombinant ecotin protein that can be
purified without the need to denature the protein. Future work on the F. necrophorum ecotin would
involve testing additional clotting factors, and using E.coli ecotin as a comparator. It would also be
of interest to determine the concentration of the F. necrophorum native inhibitor, to investigate

the levels of ecotin that occur naturally and the effect it has on plasma clotting time.

7.2 Conclusions

Projects such as this aim to decrease the bias in studies of microorganisms, and focus on researching
organisms that are not considered model strains. The leukotoxin and ecotin findings can be used to
build up an understanding of how the organism behaves during infection. The organism has been
reported to be increasing in incidence, thereby becoming more clinically relevant and important to
study. The genome sequence data will be added to the F. necrophorum data available online, and
enable further comparative study between strains. The data also provides genome sequence data
for the type strain of both subspecies of F. necrophorum. A greater understanding of the genome
of an organism can lead to more advanced diagnostic tests being introduced. Also, if human
microbiome testing is to be incorporated into the field of personalised medicine in order to treat
patients, then the genomes of organisms being tested for must be well understood. The major

findings of this project are as follows:

1. The F. necrophorum genome was found to be approximately 2.1 — 2.3 Mb in size, with an
estimated 1,950 ORFs and includes genes for a leukotoxin, ecotin, haemolysin,

haemagglutinin, haemin receptor, adhesin and type Vb and Vc secretion systems.
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The genomic data contributed by this project represents the most complete assembly for
strain JCM 3724/ATCC 51357, the first genome sequence for strain JCM 3718/ATCC 25286
and the first F. necrophorum genome of a strain recognised as originating from human
disease.

The subspeciation of the available F. necrophorum genomes online enables more
meaningful comparisons and conclusions to be made with the data and supports the
understanding that Fnn strains cause animal infections and that Fnf can be found in both
animals and humans.

The leukotoxin operon was found to be universal within the F. necrophorum strain
collection. Analysis of the sequence data found the IktB protein is highly conserved and
contains domains associated with secretion. The IktA protein, containing a signal peptide,
appears to be the most conserved among strains of the same host origin, and the IktC
protein may have a signalling function.

Strains JCM 3718, JCM 3724 and ARU 01 were cytotoxic to HL-60 cells in a dose-dependent
manner, and were shown to have a similar cytotoxic effect on human donor white blood
cells. The results suggest that variations in virulence are likely to be due to bovine origin
strains having a more efficient promoter for the leukotoxin. This hypothesis is based on the
findings of a Bradford assay and the cytotoxicity results being inconsistent with the
understanding that Fnn strains are more virulent.

The ecotin gene was found to be present in 100 % of the strain collection and had a highly
conserved sequence. A protein prediction model of the F. necrophorum ecotin resulted in
a structure very similar to that of E. coli ecotin.

A purified recombinant F. necrophorum ecotin protein inhibited human neutrophil elastase
and human plasma kallikrein in enzyme inhibition studies and prolonged human plasma

clotting times in both the intrinsic and extrinsic pathways.
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Appendices

Appendix 1: Preparation of reagents and solutions

A1.1 Ethylenediaminetetraacetic acid (EDTA)

0.5 M ETDA was made by dissolving 73 g EDTA in 350 ml deionised water. A magnetic stir bar was
used for stirring while the pH was adjusted to 8.0 with 10 M NaCl. The volume was then made up

to 500 ml using deionised water.

A1.2 50X Tris base, acetic acid and EDTA (TAE) buffer

50X TAE buffer was made by adding 121 g Tris base in 250 ml deionised water while stirring. 28.6
ml, acetic acid was added and 50 ml 0.5 M EDTA solution, pH 8.0. Deionised water was added to

bring the volume up to 500 ml. TAE buffer was diluted 50X in deionised water before use.

A1.3 6X Gel electrophoresis loading dye

6X Glycerol and bromophenol blue loading dye was made by adding 3 ml glycerol and 2.5 mg
bromophenol blue to a 20 ml container and adding deionised water to bring the volume up to 10
ml. The loading dye was diluted to 1X by mixing in a ratio of 1 part loading dye to 5 parts DNA

sample before samples were loaded into agarose gels.

Al.4 Laemmli buffer

6X Laemmli buffer was made as per Appendix Table for preparing and loading protein samples for
SDS PAGE analysis. Non-reducing Laemmli buffer was also separately made by replacing the
reducing agent B-mercaptoethanol with 1 ml of deionised water. Laemmli buffer was diluted to 1X
by mixing in a ratio of 1 part buffer to 5 parts protein sample before samples were boiled for 5

minutes and loaded into the gel.
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Appendix Table 1: Laemmli loading buffer components.

Component Quantity
1 M Tris-HCI pH 6.8 2.4 ml
SDS 08g
Glycerol 4 mi
Deionised water 2.8ml
Bromophenol blue Trace
B-mercaptoethanol 1ml

A1.5 10X Tris-Glycine buffer

10X Tris-Glycine buffer was made by dissolving 30.29 g Tris base and 144.12 g glycine in 750 ml
deionised water. 100 ml 10 % (w/v) Sodium dodecyl sulfate was added and the pH adjusted to 8.3.
The volume was then brought up to 1 L with deionised water. The 10X buffer was diluted to 1X in

deionised water before use.

A1.6 Bradford reagent

1X Bradford reagent was made by dissolving 100 mg of Coomassie Brilliant Blue in 47 ml 100 %
methanol and stirring for an hour. 100 ml 85 % phosphoric acid was added and the volume was
brought up to 1 L with deionised water. The solution was filtered twice with Whatman paper filters

(Sigma, Gillingham) and stored at 4 °C in the dark.

A1.7 Phosphate buffered saline (PBS)

1X PBS was made by dissolving one PBS tablet (Sigma, Gillingham) in 200 ml deionised water and
sterilising the solution by autoclaving. Final concentrations of 1X PBS are: 0.01 M phosphate buffer,

0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4.
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Appendix 2: Preparation of media and antibiotics

A2.1 LB agar and broth

LB agar and LB broth were obtained in powdered form from Fisher Scientific, Loughborough. LB
agar was made by suspending 40 g in 1 L deionised water before autoclaving, and LB broth was
made by suspending 25 g in 1 L deionised water before autoclaving, as per the manufacturer’s

instructions.

A2.2 Fastidious anaerobe agar (FAA) and fastidious anaerobe broth (FAB)

FAA and FAB were purchased from LabM, Heywood. FAA was made by suspending 46 g in 950 ml
deionised water before autoclaving. Following sterilisation, the agar was cooled to 50 °C and 50 ml
defibrinated horse blood (TCS Biosciences, Buckingham) was added asceptically. FAB was made by

suspending 29.7 gin 1 L of deionised water and autoclaving, as per the manufacturer’s instructions.
A2.3 Brain heart infusion (BHI) broth

BHI broth was purchased from Merck, Feltham and was made by suspending 37 g in 1 L deionised
water before autoclaving, as per the manufacturer’s instructions.

A2.4 Complete cell culture medium

IMDM with 2 mM L-glutamine and Foetal Bovine Serum (FBS) were purchased from Life
Technologies, Paisley. IMDM medium was supplemented with 20 % FBS. Complete cell culture

medium was stored at 4 °C for up to 4 weeks.

A2.5 SOC media

SOC media was made by adding the components from Appendix Table 2 to 90 ml deionised water.
The volume was then made up to 100 ml. All solutions were first filter sterilised with 0.2 um syringe
filters (Millipore, Hertfordshire) and the final solution was autoclaved at 110 °C for 10 minutes.

Media was stored at -20 °Cin 1 ml aliquots.
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Appendix Table 2: SOC media components.

Component Quantity

Tryptone 2g

Yeast extract 05g

5 M NacCl 0.2 ml

1 MKCI 0.25 ml

1 M MgCl; 1ml

1 M MgS04 1ml

1 M glucose 2ml
A2.6 Ampicillin

Ampicillin was obtained from Sigma, Gillingham and a stock solution of 100 mg/ml was prepared
by dissolving 1 g of ampicillin powder in 10 ml of deionised water. The solution was filter sterilised
with 0.2 um syringe filters (Millipore, Hertfordshire) and stored at -20 °C in 500 pul aliquots.

A2.7 100X Penicillin-Streptomycin solution

100X Penicillin-Streptomycin solution was purchased from Sigma, Gillingham and stored at -20 °C

in 1 ml aliquots.
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Appendix 3: Methods for strain identification using biochemical tests

A3.1 Gram stain

1 or 2 colonies were smeared into a drop of deionised water on a glass slide and left to dry, then
heat fixed by passing through the flame upside down several times. The slide was covered with
crystal violet for 30 seconds, followed by iodine for 30 seconds before a brief rinse with tap water.
The slide was then quickly washed with acetone, followed immediately by a quick rinse with tap
water. The slide was then covered with safranin for 30 seconds, washed with tap water and blotted
dry. F. necrophorum should appear as a Gram negative pleomorphic rod, often with some long

filaments present.

A3.2 Oxidase test

A 1 % (w/v) solution of oxidase reagent (Sigma, Gillingham) was made in sterile deionised water.
This was poured onto filter paper in a petri dish until saturated. A cocktail stick was used to smear
several colonies onto the filter paper. Colonies changed to purple if positive for cytochrome

oxidase, or displayed no colour change if negative. F. necrophorum strains are oxidase negative.

A3.3 Catalase test

A drop of hydrogen peroxide (Sigma, Gillingham) was placed onto glass slide. A cocktail stick was
used to mix several colonies into the drop. Bubbles were produced if positive for catalase or
peroxidase. There was no bubble production if negative. F. necrophorum strains are catalase

negative.

A3.4 Indole production

A vial of Bactidrop Spot Indole test (Remel, Dartford) was broken open and poured onto filter paper
in a petri dish. A cocktail stick was used to smear several colonies onto the filter paper. Colonies
changed to green if positive for the production of indole from tryptophan. There was no colour

change if negative. F. necrophorum strains are indole positive.
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Appendix 4: Method for gel extraction of nucleic acid product

The GenElute Gel extraction kit was used for purification of DNA fragments from agarose gels
according to the manufacturer’s instructions. The DNA fragment was excised from the gel with a
clean, sharp scalpel under UV light and weighed in a microfuge tube. Three gel volumes of gel
solubilisation solution were added to the tube and the mixture was incubated at 55 °C for 10
minutes with occasional vortexing. One gel volume of 100 % isopropanol was added and the
solution was inverted several times. The binding column was then prepared by placing it into a 2 ml
collection tube and adding 500 ul column preparation solution before centrifuging at 12,000 x g in
an Eppendorf 5415 D benchtop centrifuge for 1 minute and discarding the flow through. The
solubilised gel solution was added to the binding column in 700 ul portions and centrifuged at
12,000 x g for 1 minute. The column was then washed with 700 ul wash solution, and centrifuged
again at 12,000 x g for 1 minute and the flow through discarded, followed by an additional spin at
12,000 x g for 1 minute. The binding column was transferred to a fresh collection tube and the DNA
was eluted by adding 30 pul elution solution, incubating for 1 minute and then centrifuging at 12,000

x g for 1 minute.
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Appendix 5: Methods for cell line culture, counting and storage

All sterile work involving the HL-60 cell line was carried out in a Bioair Safeflow microbiological

safety cabinet.

A5.1 Propagation from frozen

A vial of HL-60 cells, purchased from Sigma, Gillingham, was thawed in a 37 °C incubator and
decontaminated by spraying with ethanol. Thawed cells were added to a 15 ml conical based
centrifuge tube containing 9 ml of pre-warmed complete culture medium (IMDM with 2 mM L-
glutamine and 20 % foetal bovine serum). The cell suspension was centrifuged at 300 x g for 5
minutes. Culture medium was removed and the cells were resuspended in 5 ml of fresh medium. A
100 ul sample of the cell suspension was taken and the cells were counted and the concentration
calculated (see section A5.2). The cell suspension was added to a 75 cm? cell culture flask and extra
medium was added to make the cell density 3 x 10° cells/ml. The flask was incubated horizontally

at 37 °Cin 5% CO..

A5.2 Cell counting

Under sterile conditions 100 pl of cell suspension was removed and an equal volume of 0.4 % trypan
Blue was added and mixed by gentle pipetting. Approximately 5 — 10 ul of the mixture was added
to a clean haemocytometer under a coverslip and viewed under an inverted phase contrast
microscope using a x20 magnification lense. The number of viable cells, excluding the vital dye, in

0.1 mm?3 were counted and the concentration of viable cells was calculated using Appendix Equation

Appendix Equation 1: Equation to calculate the concentration of viable HL-60 cells after addition of trypan blue in a 1:1

ratio.
C=N x DF x 10*

Where C = Concentration of viable cells, N= Number of viable cells counted and DF = Dilution factor.
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A5.3 Serial passage

Cell line cultures were maintained between 1 — 9 x 10° cells/ml at 5 % CO, in 37 °C by passaging
every 2 —3 days in complete culture medium (IMDM with 2 mM L-glutamine and 20 % foetal bovine
serum). Cultures were not passaged more than 20 times without thawing a new vial from the liquid

nitrogen storage bank.

To passage, the cell suspension was decanted into a centrifuge tube and centrifuged at 300 x g for
5 minutes at room temperature to form a pellet. The media was removed and the cells gently
resuspended in 5 ml warm fresh medium. Cells were counted, as described in section A5.2 and the

concentration of viable cells calculated.

Cell suspension and pre-warmed medium were added into 75 ml cell culture flasks to provide a cell

density of 1 X 10° cells/ml.

A5.4 Storage

After three weeks of propagating the cells, a portion of them were stored in a liquid nitrogen
storage bank. Freezing medium was prepared by supplementing complete growth medium (IMDM
with 2 mM L-glutamine and 20 % foetal bovine serum) with 5 % (v/v) DMSO. 50 ml of cell suspension
was transferred to each of two 50 ml centrifuge tubes and were centrifuged at 300 x g for 5 minutes
and the supernatant was discarded. 2.5 ml of freezing medium was added to each 50 ml centrifuge
tube and the cell pellets were gently resuspended and pooled into one tube. Cells were added to
cryovials in 1 ml aliquots in freezing medium before being put into a Mr. Frosty™ Freezing Container
in a -80 °C freezer overnight. This ensured a cooling rate of approximately 1 °C per minute. The
following day, when freezing was completed, the cryovials were transferred to a liquid nitrogen

storage system.
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Appendix 6: Leukotoxin ethics approval and associated participant

information sheet and consent form

PARTICIPATION INFORMATION SHEET

Cytotoxic effects of Fusobacterium necrophorum leukotoxin on human white blood cells
Researcher: Katie Wright

Staff Supervisor: Dr Patrick Kimmitt and Dr Pamela Greenwell

What is the study about?

You are being invited to take part in a research study on the effects of a leukotoxin on human white
blood cells which involves taking a blood sample from you. Fusobacterium necrophorum is an
anaerobic bacterium with the ability to cause infections in humans. We are specifically investigating
the effects of the leukotoxin it produces on human white blood cells. There is evidence from other
studies that it causes cell death to bovine white blood cells and minimal research showing that this
happens to human white blood cells also. The aim of the research is to test a larger number of
Fusobacterium necrophorum strains, isolated from previous human infections, than has been

tested before to investigate the effect of this toxin on human white blood cells.

What is involved?
The study will involve you giving a small blood sample for us to extract your white blood cells from.

Blood samples will be taken by people experienced in the technique. Standard practice commonly
used in medical environments with be followed. A needle will be inserted into your arm and up to

40ml of blood will be taken, or about 3 tablespoons per collection.

With your consent, we may wish to use photographs of your sample material in academic
publications. This is most likely to be an image of a white blood cell before or after exposure to

leukotoxin.

Will | get paid?

No, there is no cash payment for participation in this research project.
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Please note:

Participation is entirely voluntary.

You have the right to withdraw at any time without giving a reason.

You have the right to ask for your data to be withdrawn as long as this is practical, and for
personal information to be destroyed.

Your data will be confidential. No individuals will be identifiable from any collated data,
written report of the research, or any publications arising from it.

All personal data will be kept in a locked cupboard on University premises.

Please notify us if any adverse symptoms arise during or after the research.

If you wish you can receive information on the results of the research.

The researcher can be contacted after participation by email

(Katie.wright@my.westminster.ac.uk) or by telephone (0207 911 5000 ext 64404).

CONSENT FORM

Title of Study: Cytotoxic effects of Fusobacterium necrophorum leukotoxin on human white blood

cells

Lead researcher: Katie Wright

| have read the information in the Participation Information Sheet, and | am willing to act as a

participant in the above research study.

| also consent to the use of photographs of my sample material in academic publications.

Name:

Signature: Date:

This consent form will be stored separately from any data you provide so that your responses

remain anonymous.

| have provided an appropriate explanation of the study to the participant

Researcher Signature
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UNIVERSITY OF
WESTMINSTERF

PRIVATE AND CONFIDENTIAL

Katie Wright

14 December 2012

Dear Philip

App. No. 12_13_04

Katie Wright: School of Life Sciences
Mode: MPhil/PhD

Supervisor:

Cytotoxic effects of Fusobacterium necrophorum leukotoxin on human white blood cells

| am writing to inform you that your application was considered by the Research Ethics
Sub Committee (RESC) at its meeting of 22 November 2012, and the proposal was
approved.

However, you must provide confirmation that your Supervisor supports this application.
Please ask your Supervisor to contact me by email and provide confirmation in electronic
format (a signature is not necessary).

Also you will need to provide me with the name of your Supervisor, this was missing from
the Form.

Please forward this letter to your Supervisor.
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If your protocol changes significantly in the meantime, please contact me immediately, in case of

further ethical requirements.

Yours sincerely

Huzma Kelly

Secretary, Research Ethics Sub Committee

cc. Dr. John Colwell (Chair, Research Ethics sub Committee)

Mike Fisher (Research Degrees Manager)

| am advised by the Committee to remind you of the following points:

1. Your responsibility to notify the Research Ethics sub Committee immediately of any information
received by you, or of which you become aware, which would cast doubt upon, or alter, any
information contained in the original application, or a later amendment, submitted to the Research
Ethics sub Committee and/or which would raise questions about the safety and/or continued

conduct of the research.

2. The need to comply with the Data Protection Act 1998

3. The need to comply, throughout the conduct of the study, with good research practice

standards
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4. The need to refer proposed amendments to the protocol to the Research Ethics sub Committee
for further review and to obtain Research Ethics sub Committee approval thereto prior to

implementation (except only in cases of emergency when the welfare of the subject is paramount).

5. You are authorised to present this University of Westminster Ethics Committee letter of
approval to outside bodies, e.g. NHS Research Ethics Committees, in support of any application for

further research clearance.

6. The requirement to furnish the Research Ethics sub Committee with details of the conclusion
and outcome of the project, and to inform the Research Ethics sub Committee should the research
be discontinued. The Committee would prefer a concise summary of the conclusion and outcome

of the project, which would fit no more than one side of A4 paper, please.

7. The desirability of including full details of the consent form in an appendix to your research,

and of addressing specifically ethical issues in your methodological discussion.

Academic Services Department

101 New Cavendish Street

Cavendish House, University of Westminster
London, W1W 6XH

T: +44 (0) 20 7911 5051

E: H.Kelly01l@westminster.ac.uk
westminster.ac.uk/research
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Appendix 7: Ecotin ethics approval and associated participant

information sheet and consent form

PARTICIPANT INFORMATION SHEET

The anticoagulant effect of ecotin, a Fusobacterium necrophorum serine protease inhibitor
Researcher: Katie Wright

Staff Supervisor: Dr Patrick Kimmitt and Dr Pamela Greenwell

What is the study about?

You are being invited to take part in a research study on the effects of a serine protease inhibitor,
known as ecotin, on human blood plasma which involves taking a blood sample from you.
Fusobacterium necrophorum is an anaerobic bacterium with the ability to cause infections in
humans. We are specifically investigating the effects of the serine protease inhibitor it produces on
human blood clotting. There is evidence from other studies that a similar protein in E. coli binds to
and potently inhibits factors required for blood clotting. The aim of the research is to test the
activity of ecotin from Fusobacterium necrophorum in order to establish whether it has the

potential to cause an anticoagulant effect.

What is involved?

The study will involve you giving a small blood sample for us to extract your plasma from.

Blood samples will be taken by people experienced in the technique. Standard practice commonly
used in medical environments will be followed. A needle will be inserted into your arm and about

20-40ml of blood will be taken.

Will | get paid?

No, there is no cash payment for participation in this research project.
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Please note:

Participation is entirely voluntary.

You have the right to withdraw at any time without giving a reason.

You have the right to ask for your data to be withdrawn as long as this is practical, and for
personal information to be destroyed.

Your data will be confidential. No individuals will be identifiable from any collated data,
written report of the research, or any publications arising from it.

All personal data will be kept in a locked cupboard on University premises.

Please notify us if any adverse symptoms arise during or after the research.

If you wish you can receive information on the results of the research.

The researcher can be contacted after participation by email

(Katie.wright@my.westminster.ac.uk) or by telephone (0207 911 5000 ext 64404).

CONSENT FORM

Title of Study: The anticoagulant effect of ecotin, a Fusobacterium necrophorum serine protease

inhibitor

Lead researcher: Katie Wright

| have read the information in the Participation Information Sheet, and | am willing to act as a

participant in the above research study.

Name:

Signature: Date:

This consent form will be stored separately from any data you provide so that your responses

remain anonymous.

| have provided an appropriate explanation of the study to the participant

Researcher Signature
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UNIVERSITY OF
WESTMINSTERF

18 November 2014

Dear Katie,

Ethics Application: VRE1314-1070
Project title: Doctoral research project
Applicant: Miss Katie Wright

Thank you for providing the Committee with additional changes to protocol and a request for further
approval.

The revision to the protocol was considered by correspondence and approved by Chair's Action on
18 November 2014.

Once again, if your protocol changes significantly in the meantime, please contact me immediately,
in case of further ethical requirements.

Yours sincerely

Ms Mandy Walton

S&T Research Ethics Committee

| am advised by the Committee to remind you of the following points:

1. Your responsibility to notify the Research Ethics Committee immediately of any information
received by you, or of which you become aware, which would cast doubt upon, or alter, any
information contained in the original application, or a later amendment, submitted to the Research
Ethics Committee and/or which would raise questions about the safety and/or continued conduct of
the research.

2. The need to comply with the Data Protection Act 1998.

3. The need to comply, throughout the conduct of the study, with good research practice standards.
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4. The need to refer proposed amendments to the protocol to the Research Ethics Committee for
further review and to obtain Research Ethics Committee approval thereto prior to implementation
(except only in cases of emergency when the welfare of the subject is paramount).

5. The requirement to furnish the Research Ethics Committee with details of the conclusion and
outcome of the project, and to inform the Research Ethics Committee should the research be
discontinued. The Committee would prefer a concise summary of the conclusion and outcome of the
project, which would fit no more than one side of A4 paper, please.

6. The desirability of including full details of the consent form in an appendix to your research, and
of addressing specifically ethical issues in your methodological discussion.

27 October 2014

Dear Katie,

Ethics Application: VRE1314-1070

Project title: Doctoral research project

Applicant: Miss Katie Wright

I am writing to inform you that your application was considered by the S&T Research Ethics
Committee at its meeting of 21 October 2014. The proposal was approved subject to the following:

1. The application omits to cite any specific source of ecotin for use in the proposed project. This
omission is further compounded by the attached (and unsigned) COSHH form entitled “Venous Blood
Sampling” that lists human blood as a culture type. The committee seeks clarification of the source
of ecotin to resolve any uncertainty regarding the potential of harm to the investigators through the
culture of pathogens, namely Fusobacterium necrophorum.

2. » Consent forms cannot be destroyed at the end of the study. The length of time that they must be
kept depends on the discipline, but the University directive is for at least two years after completion.

Please submit the above documentation or clarifications via the VRE no later than 27 November
2014 or at your earliest convenience.

Yours sincerely

Ms Mandy Walton
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S&T Research Ethics Committee

| am advised by the Committee to remind you of the following points:

1. Your responsibility to notify the Research Ethics Committee immediately of any information
received by you, or of which you become aware, which would cast doubt upon, or alter, any
information contained in the original application, or a later amendment, submitted to the Research
Ethics Committee and/or which would raise questions about the safety and/or continued conduct of
the research.

2. The need to comply with the Data Protection Act 1998.

3. The need to comply, throughout the conduct of the study, with good research practice standards.

4. The need to refer proposed amendments to the protocol to the Research Ethics Committee for
further review and to obtain Research Ethics Committee approval thereto prior to implementation
(except only in cases of emergency when the welfare of the subject is paramount).

5. The requirement to furnish the Research Ethics Committee with details of the conclusion and
outcome of the project, and to inform the Research Ethics Committee should the research be
discontinued. The Committee would prefer a concise summary of the conclusion and outcome of the
project, which would fit no more than one side of A4 paper, please.

6. The desirability of including full details of the consent form in an appendix to your research, and
of addressing specifically ethical issues in your methodological discussion.

Academic Services Department

101 New Cavendish Street

Cavendish House, University of Westminster
London, W1W 6XH

T: +44 (0) 20 7911 5051

E: H.Kelly01l@westminster.ac.uk
westminster.ac.uk/research
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Appendix 8: Clustal alignments of gyrB sequences aligned to Fnf and

Fnn-specific TagMan probe sequences
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AGGATTGCATGGAGTAGGAATTTCCGT TGTAAATGCCCTTTCAGAGT GGACCGAAGT TAA
AGGATTGCATGCGAGTAGGAATTTCCGT TGTAAATGCCCTTTCAGAGT GGACTGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT TGTAAATGCCCTTTCAGAGTGGACT GAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT TGTAAATGCCCTTTCAGAGT GGACTGAAGTI TAA
AGGATTGCATGGAGTAGGAATTTCCGT TGTAAATGCCCTTTCAGAGT GGACCGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT TGTAAATGCCCTTTCAGAGT GGACCGAAGT TAA
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AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGATAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGATAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGATAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGATAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGATAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGATAGAAGA

R I R Rk S Sk S kR R R Sk S R R S kR Sk R S

TGTGAAAATAATTTCCGCT T TAGAGGCT GGAGAAACGACAGGAACCATTGITACTTTTAA
TGTGAAAATAATTTCCGCT TTAGAGGCT GGAGAAACGACAGGAACCATTGITACTTTTAA
TGTGAAAATAATTTCCGCT T TAGAGGCT GGAGAAACGACAGGAACCATTGITACTTTTAA
TGTGAAAATAATTTCCCCT T TAGAGGCT GGAGAAACGACAGGAACCATTGITACTTTTAA
TGTGAAAATAATTTCCGCT T TAGAGGCT GGAGAAACGACAGGAACCATTGI TACTTTTAA
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ACCGGATATAGAGATTTTTGAAACCGT TATTTTTGAATACGAGGT TTTACAACATCGTTT
ACCCGATATAGAGATTTTTGAAACCGT TATTTTTGAATACGAGGT TTTACAACATCGITT
ACCGGATATAGAGATTTTTGAAACCGT TATTTTTGAATACGAGGT TTTACAACATCGTTT
ACCCGATATAGAGATTTTTGAAACCGT TATTTTTGAATATGAGGT TTTACAACATCGITT
ACCGGATATAGAGATTTTTGAAACCATTATTTTTGAATACGAGGT TTTACAACATCGTTT
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AAAAGAATTGCCATATTTAAATCGT GGACTGGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAATTGGCATATTTAAATCGT GGACT GGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAATTGCCATATTTAAATCGT GGACTGGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAATTGGCATATTTAAATCGTGGACT GGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAATTGCCATATTTAAATCGT GGACTGGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAATTGGCATATTTAAATCGT GGACT GGAAATTAATTTATTGGATTGT CGAAATGA

R S S O S

AATAGG
AATAGG
AATAGG
AATAGG
AATAGG
AATAGG

* Kk kkkkx

Appendix Figure 1: Fnf probe sequence alignment. All strains in the alignment were homologous to the Fnf probe sequence

region, highlighted in yellow.
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JCM3718
BL

DAB
BFTR-1
BFTR- 2
DJ-1
DJ-2

JCM3718

DAB
BFTR-1
BFTR- 2
DJ-1
DJ-2

AGGATTGCATGCGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGT GGACTGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGTGGACTGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGT GGACTGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGT GGACTGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGTGGACTGAAGT TAA
AGGATTGCATGCGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGT GGACTGAAGT TAA
AGGATTGCATGGAGTAGGAATTTCCGT CGTGAATGCTCTTTCAGAGTGGACT GAAGT TAA

R R S S S O

AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGTAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGTAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGTAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGTAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGTAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGTAGAAGA
AGTAAAACGAGAAGGAAATGTATACTATCAAAAATATTTAAGAGGAAAACCGGT AGAAGA

R R S R S Sk S kR R R R R S kA R S R R S S

TGTGAAAATAATTt CTACTTTGGAGGT TGGAGAAACAACAGGAACCATTGITACTTTTAA
TGTGAAAATAATTTCTACT TTGGAGGT TGGAGAAACAACAGGAACCATTGI TACTTTTAA
TGTGAAAATAATTTCTACT TTGGAGGT TGGAGAAACAACAGGAACCATTGITACTTTTAA
TGTGAAAATAATTTCTACT TTGGAGGT TGGAGAAACAACAGGAACCATTGI TACTTTTAA
TGTGAAAATAATTTCTACT TTGGAGGT TGGAGAAACAACAGGAACCATTGI TACTTTTAA
TGTGAAAATAATTTCTACT TTGGAGGT TGGAGAAACAACAGGAACCATTGI TACTTTTAA
TGTGAAAATAATTTCTACT TTGGAGGT TGGAGAAACAACAGGAACCATTGITACTTTTAA

R S S S O

ACCCGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGT TTTACAGCATCGITT
ACCCGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGT TTTACAGCATCGITT
ACCGGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGI TTTACAGCATCGTTT
ACCCGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGT TTTACAGCATCGITT
ACCGGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGI TTTACAGCATCGTTT
ACCCGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGT TTTACAGCATCGITT
ACCGGATATAGAGATTTTTGAAACTGT TATTTTTGAATATGAAGI TTTACAGCATCGTTT

R S S O O

AAAAGAACTGCCATATTTAAATCGTGGACTCGAAATTAATTTATTGGATTGTCGAAATGA
AAAAGAACT GGCATATTTAAATCGT GGACT CGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAACTGCCATATTTAAATCGTGGACTCGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAACT GGCATATTTAAATCGTGGACT CGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAACTGCCATATTTAAATCGTGGACTCGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAACT GGCATATTTAAATCGTGGACT CGAAATTAATTTATTGGATTGT CGAAATGA
AAAAGAACTGCCATATTTAAATCGTGGACTCGAAATTAATTTATTGGATTGT CGAAATGA

R R S R Sk S kR Sk R R S S R A S R S R

AATAGG
AATAGG
AATAGG
AATAGG
AATAGG
AATAGG
AATAGG

kkkk Kk

Appendix Figure 2: Fnn probe sequence alignment. All strains in the alignment were homologous to the Fnn probe

sequence region, highlighted in yellow.
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Appendix 9: Additional BASys statistics

A 0.16
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Appendix Figure 3: Gene lengths predicted by BASys in A) JCM 3718 genome data, and B) ARU 01 genome data.
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Appendix 10: PCR primers for gap closing leukotoxin sequence

Appendix Table 3: Custom PCR primers for gap closing leukotoxin sequence.

Primer

5’ — 3’ primer sequence

JCM_3718 gapl_F
JCM_3718 gapl_R
JCM_3718 gap2_F
JCM_3718 gap2 R
JCM_3724 gapl F
JCM_3724 gapl R
JCM_3724 gap2 F
JCM_3724 gap2 R
JCM_3724_gap3_F
JCM_3724_gap3_R
JCM_3724_gap4_F
JCM_3724_gap4_R
ARU_01 gapl F

ARU_01 gapl R

AGCGGGAATTGGAATAAGCC

TCCGTGTTCAGCTCCCATAA

GGGGAAAAGAATAGTACGGGG

CCGATGCCTTCAACAGCATT

TTTTTGTTGGAAGCGAGTATACAA

AAATAACAGCCATTATCAAAATAACA

ATTCATGCGGGATTAACTGG

GCGAACCTGTAACAAAGCTG

TTTCGGTTCTGGATTAGGAAA

CCGCTTTGCTGCTTCTTTTA

GGAACAGCTGTAGAAGATAGAAAAA

CAATAATATCAGAAGTCTTCACAATGG

TGGGATTGGAATAGTTCATCCTG

TCCTCTTCCGTGTCCTCCTA
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Appendix 11: PCR primers for Sanger sequencing the leukotoxin

operons of JCM 3718, JCM 3724 and ARU 01

Appendix Table 4: Custom PCR primers for Sanger sequencing the leukotoxin operons.

Primer 5’ — 3’ primer sequence Primer 5’ — 3’ primer sequence
opl F&® ACAAGAAATGGAAAGGATTTGGG op20 F® GGGGATGCCAATGTGAAGAG
opl R*® TCGGTAACAGTCCTTTGCCT op20_R"® CAAGAAACAGCCCCTCCAAC
op2_Fabe¢ TGGGATTGGAATAGTTCATCCTG op21 F® GCTTGGCTTTTACAGGAGTAGG
op2_R*®°¢  TCCGATATCCTCTTCCGTGTC op21 R*® ATCCCGTCTTCTGTTCCGTT
op3_F? GGGTAAGACAAAATGAGTGGCA op22_F°® GAAAGCGATGGAACGGGAAT
op3_R? AGTTGAATTTTCTCCCACAGCT op22_R" GCTTCCACGTCATTGTCGAT
op4_F? TCATGCGGGATTAACTGGAGA op23_FP® CAACAACTCAGGTGACGGC
op4_R? TCCTTCCGTCACCAATACTGA op23_RP TCCTCCGATTCCAACTTGCT
op5_F? TGATGCTTCTGTTTCTGTTGGA op24_F°® GCCGGTTCTCTTTCTACTGC
op5_R? CCCTCTGAAGTCAACTCTGC op24_RP® AACCGCTAACTCCAACTCCA
op6_F*°¢ GGCTGCACGAAAGGAAGAAA op25_F® TAGGAGCCGGAGTAGCAGTT
op6_R>°¢ TCCGGATGTACTGCTTCTCG op25_R"® CGCCAACACCAAAGGAAGAA
op7_F¥° AGGAGCTAAACTTGCTGCAA op26_F® CGGAGCATTAAACGCAGGAA
op7_R?>¢ CCTTTATCGGGAGTGTGGGA op26_RP® ATTCGCTCCAACAGAAACGC
op8_F*°¢ CCGAAATCAGAAGAAAGGCCA op27_F°® GCAAGTGGAGTGGTTTCTGT
op8_R>°¢ CCTTTGATTGCCCTGCTTGT op27_R" CCCACAGAAGCTCCTTGAGA
op9_F? TCTGAAGATAAGAGAGCGGATGT op28_F¢ CGTAAGGATTTGGGAGCCC
op9_R? TTTTGACTGACAGCAAGCCC op28_R° GGCTTATTCCAATTCCCGCT
opl0_F? AGCGGAAGTAATTGGTGAGGA op29_F¢ GCTGTTGAAGGCATCGGTTT
opl0_R? CTTGCACAGAAGCCCCTTTT op29_R°® GCAGAAATATATCCCGCTCCG
opll_F? AGCAACAGTCGCTCATACAA op30_F¢ GCCAAAGTCGAAGCAACAGA
opll_R? TCGGTTTCTTCTTTGGCTTCT op30_R° CCAATTCAGCATGATCGGCA
opl2_F? GAAGTCATGCAGGGGTAGGA op31_F¢ GAGCAGGTTTGGAAGCAGTT
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opl2_R*®
opl3_F*¢
opl3_R*¢
opl4_F*°
opl4_R*¢
opl5_Fb:e
opl5_R ¢
opl6_F *b:c
opl6é Rb¢
opl7_F?
opl7_R?
opl8 F®
opl8 RP®
opl9 F®

opl9 RP®

ATTCCAGCTCCTTTTGCAGC

TCAATTTGCAGGAAAGACGGA

TCCTTCTCCCTGAGTATCTCCT

TCTGAAGGAAAAGGAACGGAAG

TACCGCCCCTACAGAAACTC

ATCGGAATTGACAGCGGAAG

GCTCCTCCAGTTCCTTTTACA

TCAACTTCGTGCAAAAGCTTT

TCCCTTCCAATCTTGCCAGA

ATGCCAAAAGTCATGCTGCA

TCTTCTGCAATTGAGGTTATGCA

TCATGGAGAGAGTGCTTGGC

TCCGCTTCAATACTTCCCGA

GCAAAGGTAGAGGAAGCAGG

CCCTGCTCCGTTATCACTCA

op31_R¢
op32_F¢
op32_R¢
op33_F°¢
op33_R¢
op34_F¢
op34_R¢
op35_F¢
op35_R¢
op36_F¢
op36_R°¢
op37_F®

op37_R®

CCACCTTTGCAATCGTGTCA

GGAAGCAATAAGGAAGCCGG

CTCCTACTGCAGCTTGTCCA

ATAGCAGTCGGAGTTGGAGG

CCACCAACACCAACAGAACC

TGGAGAAACAGAAGCTCTTGT

CTCGTGTTTGATTCATCTTTGGT

CGGATGCCAAAAGTCATGCT

TCTGCAATGGAGGTTACACAAC

TCGGATGCTGGAATGCTACT

GCACGACAAACCAAATAGCC

GAAGCAAAGGGTGTAGGAGC

ACAAACATCTGCATCCTCTGTC

a=Used for JCM 3724, b=Used for ARU 01, c=Used for JCM 3718
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Appendix 12: Clustal Omega DNA alignment of Sanger sequence data

from JCM 3718, JCM 3724 and ARU 01 leukotoxin operons

Contains genes of /ktB, IktA and partial /ktC:

3718 | kt
3724 | kt
ARWOT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWOT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

ATCGTAAGGat TTGGGAGCCCTATATAGAAAAAGAAGT TACCGTTGCAGATCTTTATACT
ATGGAAAGGATTTGGGAATCCTATATAGAAAAAGAGATTACTATTACAGAGCTTTATACC
ATGGAAAGGATTTGGGAATCCTATATAGAAAAAGAGATTACTATTACAGAGCTTTATACC

Kk Kk KkEAKkEKREKREKAK KAkKkAKAKAK AR AR KKK *ok kK Kk kKkkKk KEAKEKEAKK

ATAGTTCAAAAAAT CAAT GAATTATAT CAGGAAAAAGGCTATTTGGT TTGTCGTGCCGTA
ATAGTTCAAAAAAT CAAT GAATTATAT CAGGAAAAAGGCTATTTGGT TTGTCGTGCCGTA
ATAGTTCAAAAAAT CAAT GAATTATAT CAGGAAAAAGGCTATTTGGT TTGTCGTGCCGTA

B R x]

TTACCTGCACAAAAAATTCAAAAT GGACTTGTGAATATTTTATTGATAGAAGGAAAAACA
TTGCCTGCACAAAAAATTCAAAACGGCATCGTAAATATTTTATTGATAGAAGGAAAAACA
TTGCCTGCACAAAAAATTCAAAACGGCATCGTAAATATTTTATTGATAGAAGGAAAAACA

kk khkkkkhkkhkkhkkhkkhkkhkkkk* K**k Kk kk kkkkkkkk Rk Rk kkkkkhkkkkhkkkk*

GGAGATATTATAATTCAAGGAAAT CATTCCACTCGAGAAAAATATATCAGAGAAAGAATT
GGAGATATTACAATTCAAGGAAAT CATTCCACTCGAGAAAAATACATCAAAGAAAGAATT
GGAGATATTACAATTCAAGGAAAT CATTCCACTCGAGAAAAATACATCAAAGAAAGAATT

kkhkkhkkhkkhkk Khkhhhhhhhhhkhkhkkhkkhkkhkkhkkhkkhkkhkkhk *kkhk* H*hkhkhkhkk*k

CCTTTAGAAAAAGACAGAGT TTCGAATTTTAAAGAATTAGATCGAAGT TTAACACGTTTT
CCCTTAGAAAAAGGTAAAATTTCAAATTTTAAAGAATTGGATCGAAGT TTAACACGTTTT
CCCTTAGAAAAAGGTAAAATTTCAAATTTTAAAGAATTGGATCGAAGT TTAACACGTTTT

kk kkkkkk Kk Kk k ok kkkk KhkkkkkkhkAhkAhkkk kA hk KAk KA KAk kA Ak Ak Ak Kk k*

AATCTTACAAATGACAGT CCTATACAGATCAATATGGCT TCCGGAAAAGT TCCGGGAACG
AATCTTACAAATGACAGT CCTATACAGGT TAATAT GACT TCCGGAAAAGT TCTCGGAACG
AATCTTACAAATGACAGT CCTATACAGGT TAATATGACT TCCGGAAAAGT TCTCGGAACG

KAKAKAK AR AR AR AR AR AR AR AR AKRAKR Kk KAk hkk Ak A IR I A KA KA IR KK *ok ok ok koK

ACCGATTATTTTGTGCAAATCTATGAACCAAAAAGACAGCAGT TTTTTGTTTTTGCAGAT
ACGGATTATTTTCTGCAAATCTACGAGCCAAAAAGGCAGCAATTTTTTACTTTTGCAGAT
ACGGATTATTTTCTGCAAATCTACGAGCCAAAAAGGCAGCAATTTTTTACTTTTGCAGAT

Kk Ak AKAKEAKE AKAKAKAKAK *k Ahkhhkkhkk khkkk Kk kKk*k Kk kkkkk Kk Kkk

AATTTAGGACAAAAAAAT ACAGGAGAAT TACGAT GGGGCCTAAATTATATTAATAATAGT
AATTTGGGACAAAAAAAT ACGGGAGAAT TGCGAT GGGGAATAAGT TATATCAATAATAGT
AATTTGGGACAAAAAAAT ACGGGAGAAT TGCGAT GGGGAATAAGT TATATCAATAATAGT

kkkkk khkhkkhkkhkkhkhhkkhkk Khkkhkkhkkk *kkkkkk*x kkk kkkkkk Kkkkkkkkk

GTTACAGGAAACAGAGATCAACTGTCTCTTACCTCTTTAGTAACAGAAGGAACGGECTTCT
GTCACAGGAAATAGAGATCAGCTATCTCTGACTTCTTTATTAACGGAAGGAACGGECTTCT
GTCACAGGAAATAGAGATCAGT TATCTCTGACTTCTTTAGTAACGGAAGGAACGGCTTCT

kk kkkkkkkk kkkkkkkk Kk kkkkk kk kkkkkk Kkhkkk KkkkkkkkkkkkkKk*k

CTATCTTCTTTTTATACTTTTCCTGTTTCTAAAAAAGGAACCAAAATATCACTACAACAT
CTATCTTCTATTTATACTTTTCCTGT TTCTAAAAAAGGAACCAAAGT GTCATTACAACAT
CTATCTTCTATTTATACTTTTCCTGT TTCTAAAAAAGGAACCAAAGT GTCATTACAACAT

kkkkhkkhkkk hhkhkkhkhkhkhkhkhkhkkhkkhkkhkhkkhkkhkkhkhk* * * k% *kkkkkk*

TCTGTAGGAAAGT TGAAACATATACAAGGGGCT TTAAAGCATAAAATAACT GGAAACTCT
TCTCTAGGAAAGT TGAAACATATACAAGGAGCT TTGAAACATAAAATAACCGGAAACTCT
TCTCTAGGAAAGT TGAAACATATACAAGGAGCT TTGAAACATAAAATAACCGGAAACTCT

KAk KAKAKRAKRAKRAKRAKR AR AR AR AR AR AR Kk kkk kk Ak AKAKAIAKIK Ah A IR F R KKk

TATAGT TATGGGGT TGGAATAGT TCATCCTATTCTGGT TCATGAAAAAAATAAAGTAGAA
TATAGT TATGGGATTGGAATAGT TCATCCTGT TTTGGT TGATGAAAAAAACAAAATAGAA
TATAGT TATGGGATTGGAATAGT TCATCCTGT TTTGGT TGATGAAAAAAACAAAATAGAA

KAKKKAKAKRAKE AKAKAKAKRAKRAKRAKRAKRE Ak Kk kkk KAk khkhhkd *kk *hkkk%

CTTTCCTTGGATTGGGT AAAACAAAGGACT GT TACAGATCTATTGAAATTGAAATGGGTA
CTTTCCCTGGATTGGGGAAGGCAAAGGACT GT TACCGATTTATTGAAATTGAATTGGGTA
CTTTCCCTGGATTGGGGAAGGCAAAGGACT GT TACCGATTTATTGAAATTGAATTGGGTA

kkkkkk Khkkkkkkkk Kk kkkkkkkkhkhhkkhhkk Kkk Khkkhkkhkkhkkhkkhx *Khkkkk*

AATAATAGACTTTCTAAGTATACAGCGGGAAT TGGAATAAGCCAT TATGAGGAAGATAGT
AATAATAGACT CTCTAAATATACAGCGGGAAT TGGAATAAGT CATTATGAGGAAGACAGT
AATAATAGACT CTCTAAATATACAGCGGGAAT TGGAATAAGT CATTATGAGGAAGACAGT

kkkkhkkhkkhkhkk hhkhkk hhhkhkhkhkhhhkhhhkkhkhk* *hkhkhhkhkhkhhkhk *kk*x

GITTTTCTATACAAAGCAAAATAT TACAAAGGGAAAATTTATTCCAATTTCGGGAGATGCA
ATTTTCTATACAAAACAAAATAT TACAAAGGGAAAATTTATTCCTATCTCAGGAGATGAA
ATTTTCTATACAAAACAAAATAT TACAAAGGGAAAATTTATTCCTATCTCAGGAGATGAA

khkhk Rk Rk khkhkh HRARARIRKRKRKRKR KR KR KR KR KR KKK Kk **k *hkkkkk*x *

60
60
60

120
120
120

180
180
180

240

240

300

300

360
360
360

420
420
420

480
480
480

540

540

600

600

660
660
660

720
720
720

780
780
780

840
840
840

900
900
900
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3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724 kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724 kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWOT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

AGAAATTATACAAAGTATGATATGT TTCTAATATATCAGAAAAACT TGAAATATAACACT
AAAAAGTATACAAAGTATGATATGT TTCTAATGT AT CAGAAAAACT TGAAATACCATACC
AAAAAGTATACAAAGTATGATATGT TTCTAATGTATCAGAAAAACT TGAAATACCATACC

KOk AKk KAKAKRAKRAKRAKAKR AR AR AR AKAK KL AR AR AR AR AR AR AR AR AR kK * kK

TTAGTAACACTAAAGAT GGCAGGGCAATAT TCTCTGAGTAAAAAATTACCCTCTGTCGAG
TTGGCAACACTAAGCGATGACAGGGCAGTATTCTTTGAGTAAAAAATTGCCCTCTGTAGAA
TTGGCAACACTAAGCGATGACAGGGCAGTATTCTTTGAGTAAAAAATTGCCCTCTGTAGAA

Kk ok AkAKkAKAK KAKk AKAKAKE AhAKhhKk KAKAKAKAKAKAK FAKAKAKX KK

CAAATTTATGCAGGAGGAGCCTATAATGT TCGT GGTTATCCGGAAAATTTTATGGGAGCT
CAAATTTATGCGGGAGGAGCT TATAATGT TCGCGGT TATCCGGAAAGT TTTATGGGAGCT
CAAATTTATGCGGGAGGAGCT TATAATGT TCGCGGT TATCCGGAAAGT TTTATGGGAGCT

kkkkhkkhkkhhkk hhkhkkhkkhkk Khkhkkkhhkkhkk Kkhkkkhkkhhkhhkdhk khkhhkhkhkhkk*

GAACACGGAGT TTTTTTCAATGCTGAATTATCAAAATTAGTAGAGAATAAAGGAGAATTT
GAACATGGAATCTTTTTTAATATTGAATTATCAAAATTAGTAGAGAATAAAGGAGAATTT
GAACATGGAATCTTTTTTAATATTGAATTATCAAAATTAGTAGAGAATAAAGGAGAATTT

kkkkk kkk Kk kkkkk Kkk* e

TTTGITTTTTTAGATGGGGCT TCTCTTCATGGAGAGAGT GCTTGGCAGGAAAATAGAATT
TTTGITTTTCTGGATGGAGCT TCTCTTCATGGAGAGAGT GCTTGGCAGGAAAATAGAATC
TTTGITTTTCTGGATGGAGCTTCTCTTCATGGAGAGAGT GCTTGGCAGGAAAATAGAATC

KAKAKAKEKR * KAKEK KAK AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR AR Ak kK

TTTAGCTCAGGT TTTGGATATAAAATAAGGT TTTTAGAAAAAAATAATATTGCTGTTAGC
TTCAGTTCAGGT TTTGGATATAGACTGAGGT TTTTAGAAAAGAATAATATTGCTGTTAGC
TTCAGTTCAGGT TTTGGATATAGACTGAGGT TTTTAGAAAAGAATAATATTGCTGT TAGC

Kk Ak KAKAKAKAKAKRAKAKE kK AhAKAKAKAKAKIAKF KA KA K A IR IR IR IR IR KK

ATGGCATTTCCATGGAAGAAAAAAATAAATAGTATTTCAGTAGATTCTAATCGAATCTAT
ATGGCATTTCCATGGAAGAAAACAATAAATAGTATTTCAGTAGAT TCCAATCGAATCTAT
ATGGCATTTCCATGGAAGAAAACAATAAATAGTATTTCAGTAGATTCCAATCGAATCTAT

B I I LR

ATTACAATAAATCATGAATTTTAAAGGGGGT AAGACAAAAT GAGCGGCATCAAAAATAAC
ATTACAATAAATCATGAATTTTAAAGGGGGT AAGACAAAAT GAGT GGCATCAAAAATAAT
ATTACAATAAAT CATGAATTTTAAAGGGGGTAAGACAAAAT GAGT GGCATCAAAAATAAT

Kk khkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkhkhkk Khkhkhkhkhk* k%

GTTCAGAGGACAAGGAAGAGGATATCAGATTCTAAAAAAGT TTTAATGATTTTGGGATTG
GTTAGGAGGACACGGAAGAGGATATCGGATTCCAAAAAAGTGTTAATGATTCTGGGATTG
GTTAGGAGGACACGGAAGAGGATATCGGATTCCAAAAAAGTGTTAATGATTCTGGGATTG

* Kk khkhkkkkkh KRAKKKRKKRKKRKKK* Hhhhkk *hkhkkhkhk Khkhkhkhk *khkhkkkx

TTGATTAACACTATGACGGT GAGGGCTAATGATACAATCACCGCGACTGAGAATTTTGGA
TTGATTAATACTATGACGGCAGT TGCCGACGATAGTATTAAAGAAACGCAAGGT TTTGGA
TTGATTAATACTATGACGGCAGT TGCCGACGATAGT. ATTAAAGAAACC{‘AAGGT TTTGGA

KAKkAKAKE AhkAKAK A KKK * % * ok ok ok ok * kK * * koK ok ok kK Kk

ACAAAAATAGAAAAAAAGGATAATGT TTATGACATTACTACAAACAAGATTCAAGGGGAG
ACAAAAGT AGAAAAGCAGGGAAATGTTTATGATATTACTACAAATAAGATTAAAGATAAG
ACAAAAGT AGAAAAGCAGGGAAATGTTTATGATATTACTACAAATAAGATTAAAGATAAG

KAKkAKK KKAKA KK * K Kk KAKAKKKAKAK KAKAKAKAKEKR KAKA*k XA Kh*k * K

AACGCTTTTAACAGT TTTAATAGATTTGCT TTAACAGAAAATAATATAGCAAATCTATAT
AATGCCTTTAATAGCTTTGATAAGT TTCATTTGGAACAAAATAATATAGCAAACATGCAC
AATGCCTTTAATAGCTTTGATAAGT TTCATTTGGAACAAAATAATATAGCAAACATGCAC

Kk kk kkKkkKk Kk kkk KKk*k * %k * Kk K kKK AKEAKRAKAK A KA KA * *

TTTGCCGAAAAGAATAGT ACGCGEGTAAATAATCTTTTTAACT TTGT CAATGGAAAAATT
TTTGGAAGT AAAGGT GGGAAAGAGGCAGAAAATCTTTTTAACT TTGT TAAAGGGAAAATT
TTTGGAAGT AAAGGT GGGAAAGAGGCAGAAAATCTTTTTAACT TTGT TAAAGGGAAAATT

* ok k Kk * % * ok ok k kk Kk Kk KkkkkkkkkkAkkAkkKAkKk Kk kK Khkkkk*

GAAGTAGATGGGATTATCAACGGAATTCGAGAAAATAAAATTGGAGGAAATTTATATTTC
GAAGTAAATGGAGT TATCAATGGAAT CCGTGACAATAAAATAGGAGGAAATTTGTATTTC
GAAGTAAATGGAGT TATCAATGGAAT CCGTGACAATAAAATAGGAGGAAATTTGTATTTC

kkkkkk Kk Kk kkkkkkk Khkhkk Kk Kk Khkkhkhkkk khkkhkkhkkhkkk *kkk**

TTAAGCT CGGAAGGGAT GGCAGT AGGAAAAAATGGAGT TATCAATGCTGGT TCTTTTCAT
CTAAGT TCTGAAGGATTGCT TGT CGGAAAAACCGGGGT TATCAATGCCGGGACTTTCCAT
CTAAGITCT! GAAGGATTGCT TGT CGGAAAAACCGGGGT TATCAATGCCGGGACT TTCCGT

kkkk Kk KkKkkK Kk Kk KK KKK Kk KkkKkAKkEAKREAKE KK Kk kK K K

TCTATTATTCCAAAACAAGAT GATTTTAAGAAGGCT TTGGAAGAAGCCAAACATGGTAAA
GCTATTAGT CCGAAAAAGGAGGAATAT GAAAAAGCT TTTAAAGACGCT CAAAATAGCAAA
GCTATTAGT CCGAAAAAGGAGGAATAT GAAAAAGCT TTTAAAGACGCT CAAAATAGCAAA

khkkkk kkk Kkk kK kk Kk kK kK kK Kk Khkkkk kkkk Kk *k KKk ok kkk

GTTTTTAATGGAATCATTCCAGT - - - AGATGGAAAAGTAAAAATTCCATTGAATCCGAAT
GTTTTTGATGGAAT TGT TCCACAACAGGAT GGGAGT AT CAAGAT TCCGT TGAATCCAAAT
GTTTTTGATGGAAT TGT TCCACAACAGGAT GGGAGT AT CAAGAT TCCGT TGAATCCAAAT

KAKkAKK KKAKK KK * ok kK Kk EEEE I kokk kkkKkk KkkKAkKAkK KhkK

GGAAGCATTACGGTAGAAGGAAAAAT CAATGCTGT TGAAGGCATCGGT TTATATGCGGCG
GGAAGTATTACGGTAGAAGGAAAAAT CAATGCTGT TGAAGATATCGGT TTATATGCCGCA
GGAAGTATTACGGTAGAAGGAAAAAT CAATGCGGTGGATGAAATTGGT TTGTATGCAGCA

kkkkk kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkx k% **k * kk kkkkk kkkkk Kk
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GATATTAGATTGAAAGATACT GCAATACTAAAGACAGGAATTACAGATTTTAAAAATTTA
GATATTAGATTGAAGGATACT GCAAGACT AAAGACAGGAATTACAGAATTTAAAAATTTA
GATATTAAACT GCCTGAAACAGGAGCT TTGAAAACCGGGGTAACAGATTTTCATCAATTG

KAk EKEK Kk Kk *k Kk kK Kk kk kk kK Kk okkkkk kkk K * kK

GTCAATATTAGTGATC- - - GAATAAATTCTGGT CTGACCGGAGAT TTAAAAGCTACCAAG
GTAAATATTAATGAAA- - - CTATTCATGCGGGATTAACTGGAGATTTAACAGCTGTTAAA
GTAAATATAAAAGATTCTAATGT AAAT GCAGGAT TGT CTGGGGACCT GAAAGCTACTAAG

Kk KKK KK K * % * *k K kK * * kK kK * ok kkkk * %

ACAAAATCTGGAGATATTATTCTTTCAGCTCACATAGATTCTCCTCAAAAAGCTATGGGA
ACAAAGT CGGGAGATATTATTCTTTCAGCT CATGTAGATTCTCCTCAAAAAGCT GTGGGA
ACCGGAACGGGAGATATTATTCTTTCT GCAAAGGT AGAGGAAGCAGGACATGAATTGGAA

* % Kk okkkkkkkkkkkkkhkkkK KKk * * Kk K * * * ok *KkKk Kk

AAAAATTCAACT GT TGGAAAGAGAATAGAAGAATAT GTAAAAGGAAATACCAAAGCAAAT
GAAAATTCAACT GT TGGAAAGAGAATAGAAGAATAT GTAAAAGGAAATACCAAAGCAAAT
AGTTCTACCATTT- - - ATGAACAGATAGGGCGT AACT TCAAAGGAAAAATTAAGGCAAAC

* ok Kk * * * Kk ok * * kkkkkkkk K *k Kk Kk K

ATTGAATCTGATGCTGTATTGGAAGCAGATGGAAATATAAAAATTAGT GCGAAAGCTACA
ATTGAATCCGATGCCGT GT TGGAAGCAGAT GGAAATATAAAAAT TAGT GCGAGAGCTACA
ATTGAAACCT CG(IEAAGT ATTGAAGCGGAAGGGCATGCAAAAATTCATGCAGAAGCAAGC

kkk Kk Kk K * kkkkk kK Kk * % *ok ok ok ok kK * ko *kk ok

AATGGGAGATTTATAAAGAAAGAAGGGGAAAAAGAAACT TATAACACTCCTTTAAGT TTA
AATGGCGACATTTGTAAAGAAAGAAGGGGAAAAAGAAATTTACAATACTCCTTTAAGT TTA
AATGGAAAGT TGACT AAAAAAGACGGAGAAAAAGAAGTATACGCTCCGGAATTCAGT TTG

KAk KK Kk * % Kk kkkkk Kk KAKAKAKAK * % * *k kKKK K

TCAGAT GTGGAAGCT TCCGTAAGAGT AAATAAAGGAAAAGT CATAGGAAAGAATGT TGAC
TCAGATGTAGAAGCT TCCGTAAGAGT AAAT AAAGGAAAAGT CATAGGAAAGAATGTTAGT
GCAGAGGT AGAGGCTAGCGT CAAAGT GAATAAAGGAAAGAT CAAAGGAAAAAAGGT AGAT

kkkk Kk Kk KKKk Kkk ok kkKk KAKAKKKKK KK KkKk kkkkKkk KKk Kk

ATTACAGCTGAAGCAAAGAATTTCTATGATGCAACT TTAGT TACTAAGCTTGCAAAGCAC
ATTACAGCTGAAGCAAAGAATTTCTATGATGCAACT TTAGT TACTAAGCTTGCAAAGCAC
ATCAGT GOAGAAGC‘AAAAAATTATTATGACACCCCCATCCT TACAAAAGTTGGAAAAATA

* kK kk khkkkkkkk kkkk * Kk ok ok * * kkkk Kk *kKk Kk kk

TCTTTTAGCTTTGITACAGGT TCTATTTCTCCTATCAATTTAAATGGATTTTTAGGITTA
TCTTTCAGCTTTGITACAGGT TCGCTTTCTCCTATCAATTTAAATGGATTTTTAGGTTTA
GCTTTTTCTGTCGGGACAGGCTCTTTATCTCCTATCAATATGAACGGGGCCTTAGGTTTA

* ok kk * ok kKkkKkKk kK * kkkkkkkkkkkk K Kk Kk*k kkkkkkk kK

TTGACAAGTAAGT CCAGT GT CGT TATTGGAAAAGAT GCCAAAGT CGAAGCAACAGAAGGA
TTGACAAGTAAATCCAGT GT CGT TATTGGAAAAGAT GCCAAAGT GGAGGCAAGGGAAGGA
TTAAAAAGT AAGGCGAGT GT TTTTATTGGAAAAGAT GCAACAGT AGAGT CAACGGAGGGA

*k Kk KkKkk Kk * kkk kK kkkkkkkkkkkkkkkk *x kkk k* * ko *k kK Kk

AAGGCAAATATTCATTCT TACAGT GGAGT AAGAGCAACTATGGGAGCAGCTACTTCTCCA
AGTGCAAATATTCATTCTTATAGT GGAGT AAGAGCGACTATGGGAGCAGCTACT TCTCCA
GAAGCGAATATTCGT TCTTATAGCGGAGT AAGAGCT TCAATGGGAGCCTCTACTTCTCCT

Kk kkkKkKkKkk KkKKhkKk Kk KKK KKAKK KKK ko ok kk KKk KKk Kk kkkkk ok kK

TTAAAAATTACCAATTTATAT TTGGAGAAAGCCAAT GGAAAACT TCCTAGTATCGGAGCG
TTAAAAATTACTAATTTATAT TTGGAGAAT GCTGAT GGAAAACT TCCCAGCATCGGAGCA
ATAAAACTTACTGACCTTTATTTGAAAACAT TGGAGGGAAAAT TACCTAGCGT TGGAGCT

Kk kkKk Kk KkKk * Kk kkKkkKkk K K Kk okkkkkk kK KKk KKk * Kk kk kK

GGATATATTTCTGCAAAAAGT AATTCCAATGTAACTATTGAAGGAGAAGT AAAATCGAAG
GGGTATATTTCTGCAAAAAGT GACTCCAATGTAACCATTGAAGGAGAAGTAAAATCGAAG
GCATATATTTCTACT TCCAGT GAGT CTGATGT CACT GT GGAAGGAAAGGT GAGCTCAAAA

* kkkkkkkk* K *kk Kk k*k kkkk Kk * kkkkkk K Kk ok *k k*

GGAAGAGCAGATATTACTTCAAAATCTGAAAATACTATTGATGCTTCTGTTTCTGT TGGA
GAAAGAGCAGATATTACTTCAAAATCTGAAAATACTATTGATGCTTCTGTTTCTGTTGGA
GAAAAGGCAAATATTACTTCTAAATCAGAAAATACGATTGATGCTTCTGTTTCAGTCGGA

* Kk x kkk kkkkhkkkkkk Khkkk Khkkkkkkk hhkkkkkkhkhkhkhkhk* *k *k*k*k

ACGATGAGAGATTCCAATAAAGTAGCTCTTTCAGTATTGGT GACGGAAGGAGAAAATAAA
ACGATGAGAGATTCCAATAAAGTAGCTCTTTCAGTATTGGT GACGGAAGGAGAAAATAAA
ACTATAAGAGATTCAAATAAAGTAGGAATTTCTGI TTTGGT TACAGAGGGAAAAAAT CAT

kk kk kkkkkkkk Khkkkkkkkkk kkkk Kk kkkkk kk kk Kkkk Kkkkkk ok

TCTTCCGTCAAGAT TGCTAAAGGAGCAAAAGTAGAAT CAGAAACGGATGATGTAAATGT G
TCTTCCGT CAAGAT TGCTAAAGGAGCAAAAGTAGAAT CAGAAACGGATGATGTAAATGT G
TCTTCTGTCAAAAT CGCT GAGGGAGCCAAAGT GGAATCAGACGGGG:- - - ATGCCAATGTG

Kkkkk kkkkk Kk Akk K KkkKkk KkkKkk Kk Kk KKk kK * % * KKk *ok ok ok kK

AGAAGT GAAGCGATTAAT TCCATTCGAGCT GCTGTAAAAGGT GGAT TGGGGGATAGT GGT
AGAAGT GAAGCGATTAACT CCGT TCGAGCTACT GTAAAAGGT GGAT TGGGGGATAGCGGT
AAGAGT GAAGCCGT TAACT CTATTCGAGCAGCT GT TAAAAGCGGT TTGAGT GATAACGGA

* kok ok ok ok ok Kk k Kk k Kk KK * ok kK ok ok Kk Kkkk Kkk K KKk kkKk Kk kkKk*k * %

AATGCGGT TGTGGCTGCAAATATTTCTAACTATAATGCTTCCTCCCGTATAGATGTAGAT
AATGCGCGGT TGTGGCTGCAAATATTTCTAATTATAATGCT TCCTCCCGT GTAGATGTAGAT
GCAGGGGT TGT TGCAGCCAATATCTCCAATTATAACAGT TCTTCAAAGGT TGTAGT GGAT

kkkkkkkk Kk Kk Kkkkkk Kk Kk kkkk*k *kk Kk k * *k kK Kk
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GGATATCTACATGCCAAGAAGCGACTAAAT GT GGAGGCTCATAACATTACTAAAAATAGT
GGATATCTACATGCCAAGAAGCGACT AAAT GT GGAGGCTCATAACATTACTAAAAATAGT
GGAGAAGT CCATGCAAAGAAGAGACT AAACACGGAAGCATATAATAT TACGAAGCAAAAT

* kK Kk kokkkkk KhkKhkKKk KKKk KKkKK *kKk Kk KkKkk KkkKkk Kk * ok

GTTCTGCAAACAGGATCTGATTTGGGAACTTCCAAGT TTATGAATGATCACGT TTATGAA
GTTCTACAAACAGGAACTAATTTGGGAACTTCCAAGT TTATGAATGATCACGT TTATGAA
GTTTTACAAACGGGAACGAAAACAGGGACT TCGAAACTGATGAATGAACTTGTTTTTGAA

KkKk ok kkKkkKk kkk Kk * kk kkkKkk Kk * kAR EKEKE K KkKk Kk KKk kK

TCAGGTCATCTAAAATCAATTTTAGATGCAATAAAACAGCGGT TTGGAGGAGACAGTGTC
TCAGGTCATCTAAAATCAATTTTAGATGCAATAAAACAGCGGT TTGGAGGGGACAGTGTC
TCCAGTCATACCAAAGCT TTGATAGATGCTTTACAATATCGATTTGGCGGAG: - - - - - - -

* % * Kk Kk *kk ok * koK ok ok ok ok ok kk Kk ok kk Kkkkkk Kk *

AATGAGGAAATAAAGAATAAGCTAACAGACT TATTTAGT GTCGGT GT GT CTGCAACCATA
AATGAGGAAATAAAGAATAAGCTAACAGACT TATTTAGT GTCGGT GT GT CTGCAACCATA
- ATGAAAAAATCAAATCTAAGT TGACTGATTTATTCAGT GT TGGAGCTTCTGCAACCGTA

*kk ok *kkk Kk kkkk Kk Kk kk Kkkkkk Kkkkk Kk * kkkkkkkkKk KKk

GCAAATCATAATAATTCTGCTTCTGT GGCAATAGGAGAGAGT GGAAGACTTTCTTcaGGA
GCAAATCATAATAATTCTGCTTCTGT GGCAATAGGAGAGAGT GGAAGACTTTCTTCAGGA
GCAAATCACAATAATACTTCTTCTGT TAGCCT GG}XZAAAAATCOAAGT TAGT TTCCGGA

kkkkkkkk Khkkhkkk *k Khkkkkkk * % * *Kkk kkk

GTGGAAGGGAGT AAT GT AAGGGCATTAAAT GAAGCT CAAAATCTTCGAGCGACE acGTca
GT GGAAGGGAGTAATGT AAGGGCATTAAAT GAAGT TCAAAAT CTTCGAGCGACTACGT CA
GTCGAAGGAACGAATATAAAAGCT TTGACAGAAACCCAACAACT TCGT TCTACCACAACA

Kk KKkKKK K *kKk kKK Kk KKk Kx * kK kkk Kk kkkkk * kK kK * K

aGT GGAAGT GT GGCTGT ACGAAAGGAAGAAAAAAAGAAACT TAT TGGAAATGCAGCAGT T
AGT GGAAGT GTGGCT GCACGAAAGGAAGAAAAAAAGAAAT TTATTGGAAAT GCAGCAGT T
AGT GGAAGCT TGGCAACAAGAGGAGAAGAAAAGAAAAAGT TGGT TGGAAATGCAGCTGT T

Kok kKK kKK *k kK * kK kkkkkkKkk KKk Kk * KAk KK AR AR AR AR KAk

TTTTATGGAAACTATAAAAATAATGCTTCTGTGACAATTGCCGATCATGCTGAATTGGTA
TTTTATGGAAACTATAAAAATAACGCT TCTGTAACTATCGCAGAT CAAGCAGAGT TGACT
TTCTATGGAAACTATAAAAATGATGCTTCCGT, AACAATTGCGGACGAT(IIT CAAGT CGTA

kk khkkkkkkhkkhkkhkkhkkhkk Kk kkkkk kk k*k Kkk k* k% *

TCGGAAGGAAAAATTGATATCAACAGT GAAAATAAAATTGAATATAAAAATCCTTCAAAA
TCAGAGGGTAAAATTGATACAAT CAGT GAAAATAAAACT GAATATAAAAAT CCTTCAAAA
TCGGAAGGAAAGAT TGATACGAT CAGT GAAAATAAGCT CGAGT ACAAAAAT CCGT CGAAA

kk Kk kk Kk kkkkkkk * kkkkkKkk Kk Kk kK kk kk Kkkkkkkk Kk Kk*

ATGGCAAAGT CTGTTATTGATAAATTAGAACT TTTAAAGAGAGCT TTTGGAAAAGAAACG
ATGGCAAAGT CTGTTATTGAAAAATTAGAACT TTTAAAGAGAGCT TTTGGAAAAGAAACG
ATGGCGGAAGAAGT TGT GGAAAAATTAGAAAT TTTAAAAAGAGCCT TTGAAAAAGAGAAG

*kk Kk * kkk Kk kk kkkkkkkkk kkkkkkk kkkkk kkkk Kkkkkk *k *

AAAAC- - - TCCAGAATATGATCCGAAAGATATTGAATCTATTGAAAAATTATTGAATGCA
AAAAC- - - TCCAGAATATGATCCGAAAGATATTGAATCTATTGAAAAATTATTGAATGCA
AAAGATGAAACGACATTTGATCCGAAAGACATTGATTCIDATGQAAAAATTATTGACAGAA

* KKk Kk kkkkkkkkkkkk kkkkk Kk Kk KAKEK KKK KA KK * ok

TTTTCAGAAAAATTGGAT GGAAAACCGGAGCT TTTACTAAAT GGT GAAAGAATGACAATT
TTTTCAGAAAAAT TGGAT GGAAAACCGGAGCT TTTACTAAAT GGT GAAAGAATGACAATT
TTTTCTAAAAAATTGGATGATAAGCCT GAAATTTTATTGAACGGAGAAAAAATAACGATT

koK kK Kk KKK KKK KKK KK Kk KKk Kk KkkkKk kK kK kKk kkKkk kKkk KKk kkk

ATTCTTCCGGATGGAACT TCAAAAACAGGAACT GCTATAGAAATTGCAAACTATGTI TCAG
ATTCTTCCGGATGGAACT TCAAAAACAGGAACT GCTATAGAAATTGCAAACTATGTI TCAG
GTTCTTCCAGATGGAACTTCTAAAACAGGAACGGT TCCGGAACTTGCAGAATATGTGAAA

kkkkkkk Khkhkkkhkkhkkhkk Fhkkhkkhkkhkkk* * * kkk Khkkkk K KKKk K *

GGAGAAATGAAAAAATTAGAGGAAAAATTACCGAAAGGATTTAAAGCTTTTTCAGAAGGA
GGAGAAATGAAAAAAT TAGAGGAAAAATTACCGAAAGGATTTAAAGCTTTTTCAGAAGGA
GAGGAAATGAAAAAACT GGAAGCAAAATTACCGACAGGATTTAAAGCTTTTTCTGAAGGA

* khkhkkkkkkhkkhk *k Kk K KRAKAKAhkhhk* HhAhkhhkhhhhhhhhhhkhk *kkkxx

TTGAGTGGACTGATTAAAGAAACT TTGAATTTTACAGGAGTAGGAAATTATGCAAATTTT
TTGAGTGGACTGATTAAAGAAACT TTGAATTTTACAGGAGTAGGAAATTATGCAAATTTT
TTAAGCGGATTGT TAAAAGAAAGCT TGGCT TTTACAGGAGTAGGAAATTATGCAAATTTC

kk Kk kkk kk Kk Kkkkkk*k * ko kkkkkkhkkhkkhkkhkhhkhkhkhkhkhkkkk k%

CACACTTTTACCTCTTCCGGAGCTAATGCAGAAAGAGATGT TTCTTCT GT GGGAGGAGCT
CACACTTTTACCTCTTCCGGAGCTAAT GGAGAAAGAGATGT CTCT TCT GT GGGAGGAGCT
CATACATTTACCT CGGCAGGAACCAAT GCAAAAAGAGATACT TCTTCTGT TGGAGGGECT

Kk kKk KkEAKEKKKK ko okkk ok kkkk K KkKKK KKK Khkkkkkhk Khkkkk KKKk

GTTTCGTGGGTAGAACAGGAGAATTATagc aaGGTATCCGT TGGAAAAGGAGCTAAACTT
GTTTCGT GGGTAGAACAGGAGAAT TATAGCAAGGT ATCCAT TGGAAAAGGAGCTAAACT T
GTTTCTTGGGTAGAAAT GGATAATCACAGTAAGGT TTCTATTGGAAGAGGAAGCAAAATT

KkkkKk KEKEKEK KK kkk kkk kK Kk Kkkkk KKk KkK KKK KKKk *k Kk kK

GCTGCAAAAAAAGAT TTAAATATAAAAGCTATCAATAAAGCAGAAACAGT GAATTTAGT T
GCTGCAAAAAAAGATTTAAATATAAAAGCTATCAATAAAGCAGAAACAGTGAATTTAGT T
ACTGCAAAGGGAGATTTGAATGTAAAGGCAAT CAATAAAACGGAAACTGTAAATCTGGT T

*okkkok kK khkkkkk Kkkhkk Kkkkk Kk Kkkkkkkkkk *k kkkkk *k*k Kkkk K* Kk*
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GGAAATAT TGGACT TGCGAGAAGCAGT ACAT CCGGAAGT GCAGT CGGAGGAAGATTAAAT
GGAAATAT TGGACT TGCGAGAAGCAGT ACAT CCGGAAGT GCAGT CGGAGGAAGATTAAAT
GGAAAATTAGGT CTTTCAAAGAGT AGT GAT TCGGCAACCGCAGT CGGT GGAGGATTGAAT

koK kK Kk * kk kkk Kk Kk *k KKk kK Kk Kk KAkKkkkkkk Kkk KkkKk Kkk

GTTCAAAGAT CGAAAAAT TCAGCTAT CGTAGAAGCTAAAGAAAAAGCT GAATTATCAGGA
GTTCAAAGAACGAAAAATTCTGCTAT TGTAGAAGCT AAAGAAAAAGCT GAATTATCAGGA
GTTCAAAAATCAAATACT TCCTCTAT TGTAGT GACAAAAGAGAAAGCCGAGT TATCCGGG

KkkkkkKk kK kK Kk K KKk*k Kk kK Kk kK kokkkkk kkKkkk Kk KkkKkk kK

GAAAATATTAATGCAGATGCATTGAACAGACT TTTTCATGTAGCGGGATCTTTTAATGGT
GAAAATATTAATGCAGATGCATTGAACAGTCTTTTTCATGTAGCAGGATCTTTTAATGGT
GAAAATATTCATACAAATGCTTTCAATAATGT CTTCCATGTAGCGGCTTCTTTGAATGCC

kkkkkkkkk kk Kk kkkk k*k Kkk * * kk kkkkkkk*k K kkkkk kkkk

GGCTCAGGT GGGAAT GCAAT CAAT GGAAT GGGAAGT TATAGT GGAGGTATCAGTAAGGCA
GGCTCAGGT GGGAAT GCAAT CAAT GGAAT GGGAAGT TATAGT GGAGGTATCAGTAAGGCA
GGAACGGGT GGAAACGGT AT CAAT GGAAT GGGAAGCTATAGCGGAGGAAGCAGT AAGT CG

* % * kkkkk Kk K kkkkkkkkkkhkhkhkk K*hkkhkkk *kkk* * Fkkkkk*x *

AGAGT TTCCATTGATGACGAAGCATATTTGAAAGCTAATAAAAAAATTGCTTTAAACAGT
AGAGT TTCCATTGATGACGAAACATATTTGACAGCTAATAAAAAAATTGCTTTAAACAGT
AGAGT TTCCATTGATGATGAAACACACT TAAAGGCGAAGAAAAAAATATATTTAGACAGT

kkkkhkkhkkhkkhkkhkkkkk K*kk *k *k k* * kk Kk kkkkk Kk K *kkk KkkKkKk

AAGAATGATACTTCTGT TTGGAATGCTGCCGGT TCAGCGGGAAT CGGAACGAAAAAT GCG
AAGAATGATACTTCTGT TTGGAATGT TGCCGGT TCAGCGGGAATCGGAACGAAAAAT GCG
GAAAATAATACCTCTGT AACCAAT GT TGCCGGAGCCGT AGCAAT CGGAAGCAAAAAT GCA

kokkk kkKkk KKKk Kkkk KkAKk kK * ok Kk kKK AR KKK kok ok kk ok k ok

GCGGTCGGGGT TGCTGT TGCGGTAAATGATTATGATATTTCAAACAAAGCT TCCATTGAA
GCAGTCGGGGT TGCTGT TGCGGTAAATGATTATGATAT TTCAAACAAAGCTTCCATTGAA
GCAGT GGGAGCTGCTGT GGCAATCAATGATTACGATAT TTCAAACAAAGT TTCTATCGAA

Kk kKk kK Kk KkkKkkKk Kk kokkKkAKAKE AKAKAKRAKAK AR AR AK* *kKk kk kKk*k

GATAATGACGAAG: - - - - - - - - GACAAAGTAAATATGATAAGAATAAAGATGAAGTAACA
GATAATGACGAAG: - - - - - - - - GACAAAGTAAATATGATAAGAATAAAGATGAAGTAACA
GACAATGATACCGAAGATGGAGGT AAAAGT AAGT ACGATAAAAAT AAAGAGGAAGT AACC

*k Kk Kk K * kkkkkkk Kk Khkkkk Khkkhkkkkk *kkkkkkx

GTAACTGCGGAATCTTTAGAAGT AGATGCAAAAACGACCGGAACAATCAACAGTATTTCT
GTAACTGCGGAATCTTTAGAAGT AGATGCAAAAACGACCGGAACAATCAACAGTATTTCT
GTTACAGCAGAGGATTTACATGCAAATGCAAAAACGACAGGAACCATTAATGCTGITTCC

kK Kk kK Kk kkkk Kk Kk Kk kkkkkkkkkkkkk kkkkk k*k k% * kkkk

GTTGOCGGAGGAATTAATAAGGT TGGAAGT AAACCGAGT GAAGAAAAACCGAAAT CAGAA
GTTGOCGGAGGAAT CAATAAGGT TGGAAGT AAACCAAGT GAAGAAAAACCGAAAT CAGAA
GTTGOCGGT GGAATTAGCAAGGT TGGAGAAGCGGAAAGCGA- - - - - = == =< === == == -

kkkkkkkk Khkkkk K kkokkokkokk ok *k kk

GAAAGACCAGAGGGATTTTTTGGCAAAAT CGGAAACAAAGT GGACT CTGTAAAAAATAAA
GAAAGGCCAGAGGGATTTTTTGACAAAAT CGGAAATAAAGT GGATTCTGTAAAAAATAAA
————— TGGAACGGGAATTTTTAGTAAAAT TGGGAACAAGGT GGAT TCT GT CAAAGGGAAA

* KhkKkk KKkkKkKk KkkkKk Kk KKk kk AkkKkk KkkKkk KKk*k * ok k

ATTACGGATAGTATGGATTCATTAACAGAAAAAATTACaAAL TACATTTCTGAAGGAGTA
ATTACGGATAGTATGGAT TCACTAACAGAAAAAATTACAAAT TACATTTCTGAAGGAGTA
ATTACAGATGCT. ATCGGGTTTGT TACAGATCAAGT GACAAATTATGTCTATAGAGGAAGT

KAk kK KAk Kk k Kk * ok ok ok ok ok Kk Kk Kk EAKEAKAK * ok * * Kk K

AAAAAAGCGGGCGAATCTTCCTTCGAACGT TTCTCATACTCCCGATAAAGGACCGTCTTTC
AAAAAAGCGGGAAATCTTCCTTCGAACGT TTCCCACACT CCCGATAAAGGACCGTCTTTC
AACGEAAOAGAAGAOGGGATTCCAAATATTTCGAAAGAATCT TCTAAATTGCCTTCTTTC

* % * Kk ok * ok ok * Kk k * * ok kk *k Kk Kk Kk

AGTTTGGGAGCTTCTGGAAGT GT TTCTTTCAATAATATTAAAAAGGAAACATCTGCTGTIC
AGTTTAGGGECTGCCGGCAGT GT TTCTGT TAATAATATAAAGAAAGAAACT TCCGCAGT G
AGTTTAGGAGCT TCCGGAAGT GT TTCCGTGAATAATATTAAAAAGGAAACTTCTGCTGI T

kkkkk kk Kkk Kk Kk kkkkkkk*k k kkkkkkkk kk Kkk kkkkk Kk Kk k%

GTAGATGGAGTAAAGATAAAT TTGAAGGGAGCAAATAAAAAGGTAGAGGTGACTTCTTCT
GTTGACGGAGT GAAAGT AAACT TAAAAGGAGATAATAAAAAGGCGGAAGTTATTGCTTCA
ATGGATGGAGT GAAGATAAGT CT AAGCGGGGOQAATAAAGAGBT AGGAGTGACTTCTTCC

* kk kkkkk Kk * ko * Kk K kkkkkk KKKk * kk ok ok kkkk

GATTCTACTTTTGI TGGAGCATGGGGCGGATCTGCTGCACT TCAGTGGAATCATATTGGA
GATTCAGCTTTTATTGGT GCTTGGAGT GGAGCAGCAGCACT TCAATGGAATCATGT CGGA
GACTCCACTTTCGT TGGAGCATGGAGT GGATCTGCCGCACT TCAATGGAAT CATATCGGA

*k kK * ok Kk ok Kkkk Kk kkk kK kkKk kK Kk AKkAKEAKEAK KAKAKAKAK Kk Kk K

AGTGGAAATAGCAACATCAGT GCTGGT TTAGCT GGAGCGGCT GCTGTAAATAATATTCAA
AGTGGAGAGAGT AATACGACGGT TGGAT TGGCT GGAGCGGCAGCT GTAAATAATGT TCAA
AGCGGAAATAGTAATTTCAGT GCTAGT TTAGCCGGAGCGGECT GCTGCAAATAACATTCAA

Kk kkk Kk KKk Kk * * k ok kk KKk KkAKAKEAKE AKkEAKk KAKAKK * Kk KKk

AGTAAAACAAGT GCTTTGGTTAAAAATAGT GATATTCGAAATGCCAATAAATTTAAAGTA
AGTAAAACAAAGGCTTTTGT GAAAGACAGT AGTATTACCAATGCCAATAAGT TTAAGGTA
AGTAAAACAAAT GCGGT GGT TAAAAATAGT AGTATTCAAAATGCCAATAAATTTAAAGTA

kkk Kk KKk KKk K * % * kK kkk Kk kk*k * ok kk kkkkkkkkhkkk kkkkk kkk
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AATGCTTTCGAGT GGAGGAACT CAAGT AGCAGCAGGAGCAGGT TTGGAAGCAGT TAAAGAA
AATGCAGT GAGT GGAGGAACACAGGT AGCAGCCGGT ATGGGAT TAGAAGCT GTTAAAGAA
AATGCTTTGAGT GGAGGAACT CAAGT AGCGGCGGGAGCAGGT TTGGAAGCAGCCAAAGAA

koK kK Kk KhkKKAK R KK hK* Kk KkkKkk kK k% Kk Kk kkkkKk Kx * ok k ok kK

AGT GGAGGACAAGGAAAAAGT TATCTATTGGGAACT TCTGCTTCTATCAACT TAGTGAAC
AGTGGAGGACAAGGAAGAAGT TATTTATTAGGAACT TCAGCT TCTATGAACT TTATTGAT
AGT GGAGGT CAAGGAAAAAGT TATCTATTGGGAACATCCGCTTCTATCAACTTAGTGGAC

KAKAKAKE AhAKAhE AhkAhhhkk kkkk Khkkkk *k Kkkkkkhkk Khkkkx * *

AATGAAGT TTCTGCAAAAT CAGAAAAT AATACAGT AGCAGGAGAAT CTGAAAGCCAAAAA
AATGAAGT GTCTTCAGAATCTGAAAACAATATTATCACCGGAGAAT CTGAAGATAAGAGA
AATGAAGT TTCTGCAAAATCAGAAAAT AATATAGTAGAAGGT GAATCT GAAAACAAAAAA

kkkkkkkk Khkk Kk Kkkkk kkkkk kkk* * kk Kkkk Kk KKk K * ok

ATGGATGI TGATGT CACTGCTTATCAAGCGGACACCCAAGT GACAGGAGCTTTAAATTTA
GCGGATGTAGATGT TACAGCT TATGAAAGT GATACTCAAGT GACGGGAGGATTCAATTTA
ATGAATGT TGATGT CACTGCTTATGAAGCAGATACT CAAGT GACAGGAGCCTTGGATTTA

k kkkk Kkhkkkk kk kkkkkk Kk kk kk kkkkkkkk Kkk* * % * Kk Kk

CAAGCTGGAAAGT CAAAT GGAACT GTAGGGGCTACT GTGACTGT TGCCAAATTAAACAAC
CAAGCAGGGCAAT CAAAGGGAACAGT AGGAGCCGCCGT TACGGT TGCGAAATTAAATAAT
CAAGCCGGAAAAT CATCAGGAACT GCAGGAGCTGCTATCACTGT TGCTAAGT TAAACAAC

kkk Kk kK * kK ok kkkkk Kk kkk Kk*k * * kk kkkkk Kk Khkkkk Kk

AAAGTAAATGCTTCTATTAGT GGT GGGAGATATACTAACGT TAAT CGAGCGGACGCAAAA
AAGGTAAAAGCAGGT ATTAAAGGAGGAAAT TATACAAACATAAAT CGGGCAGACACAAAA
AAGGTAAATGCTTCTATTAGT GGAGGAAAATATACCAAGGT CAATCGAGCGCGATGCAAAA

Kk KkkKkk KK * Kk kK Kk KKk Kx kkkkKk  Kkk Kk okkkkk Kk Kk * ok kK Kk

GCTCTTTTAGCAACCACT CAAGT GACT GCTGCAGT GACGACGGGAGGGACAATTAGT TCT
GCACTTTTGGCGACAACACAAGT GACTTCTGCTTTATCTGT GGGAGGGACTAATAGTTTC
GCTCTTTTAGCAACAACT CAGGT GACGGCTGCTGT! GGZAACAG?AGGAACAATTAGTTCC

Kk kkkKkk KKk kk KKk Kk KkkKk*k * ok kK * KhkkkKk Kk kK KkkKkKk

GGAGCGGGATTAGGAAATTATCAAGGGGCTGT TTCTGT CAATAAGAT TGACAATGACGT G
GGTTCTGGATTAGGAAATTATCAGGGAGCTGT TTCTGT CAATAACATCAATAATGATGTA
GGAGCGGGATTAGGAAATTATCAAGGAGT TGT TTCCGT CAATAAGAT CGACAATGACGT G

* % k kkkkkkkkkkkkkkkkk kk Kk kkkkkk Kkhkkkkkkk k* * kkkkk k*k

GAAGCTAGCGT TGATAAATCTTCCATCGAAGGAGCTAATGAAAT CAATGT CATTGCCAAA
TCAGCCACTGTAGATAAGT CTTCGATTAAAAATGCAAAAGAATTGAATGTAATTGCGAAA
GAAGCCGGCATTGATAAGT CTTCCATCGAAGGAGCTGATGAAGT TAATGTCATTGCAAAA

* Kk k kkkkk kkkkk Kk*k * % * % * kkk Kk Kkkkk Khkkkk Kk*

GATGTCAAAGGAAGT TCTGATCTAGCAAAAGAATATCAGGCTTTACTAAATGGAAAAGAT
GATATCAAAGGGAGT TCTGAATTAGCAAAAGAATATCAATCCTTATTAAACGGGAAAGAT
GATGT CAAAGGAAGT TCTAATCTGGCAAAAGAGTATCAAGCTTTACTGAACGGAAAAGAT

kkk kkkkkkk kkkkkk ok k kkkkkkkk kkkkk Kk kkk Kk Kkk Kk KhkkkKkKk

AAAAAATATTTAGAAGAT CGT GGTATTAATACGACT GGAAAT GGT TATTATACGAAGGAA
AGAGAATACT TGGAAGCACAT GGTATTGATACTACAGGAAAAAATTACTATACT GAAGAA
GAAAAATATTTAAAAGAT CGT GGAAT TGATACGACCGGAAAT GGT TATTATACAAAAGAA

* kKKK kK * Kk Kk okkk kkk kkkk KKk kkKkkk kkk Kk Kkk K * kKK

CAACTAGAAAAAGCAAAGAAAAAAGAAGCGAGCGGT CATTGTAAATGCTGCTTTATCGGT T
CAATTAAAAGAAGCAGCAAAGCGGGAT GGAGCT GTAAT TGT CAATGCGGCAGCATCTATA
CAATTGGAAGAAGCAAAGAAAAAAGAAGGAGCGGT CATTGTAAATGCTGCTTTATCGGT T

* kK Kk *k kKkkKk Kk * % kk kkkkk kk kkKkkk KhkkkKk K%k * ok Kk *

GCTGGAACGGATAAAT CCGCTGGAGGAGT AGCTATTGCAGT CAATACTGT TAAAAATAAA
GCGGGAAGT GATAAAT CTTCCGGAGGAGCCGGAGT TGCGGTGAATCTTGTAAAAAATAAA
GCCGGAACGGATAAAT CCGCCGGAGGAGTAGCTATTGCAGT CAATACTGT TAAAAATAAA

*k Kk kK khkkkKkkKkKk * kkkKkk KKk * kkkk Kk kkk kkk kkkKkk Kk kK

TTTAAAGCAGAAT TGAGT GGAAGCAAT AAGGAAGCCGGAGAGGATAAAATTCATGCGAAA
TTTAAAGCGGAAGT AATTGGT GAGGATAAGGT TGATAAAACAAAGGATATTGCTGCAGAA
TTTAAAGCGGAATTGAAT GGAAAAGATAAGGAAGT TGAAGACXBGT AAAATTCGT CX:GAAG

kkkkkkkk Kkk Kk Kk Kk* * ok kK k K * * Kk kk * ko

CATGTAAATGT GGAGGCAAAATCATCTACTGT TGT TGTGAATGCGGCTTCTGGACTTGCT
AAAATAAAT GT GGATGCAAAAT CATCTACAGT TATTGTAAACACAGCT GCAGGGCTTGCT
CATGTAAATGT CGAAGCTAAAT CGT CCACTGT CGT TGTAAATGCGGCTTCCGGACTTGCT

* kkkkkkk kk kk kkkkk kk k*k Kk*k kkkk Kk * kkk Kk kK Kkkkkk

ATCAGCAAAGATGCTTTTTCAGGAATGGGAT CTGGAGCAT GGCAAGACT TATCAAATGAC
GTCAGTCAAAATAGT TTTGCAGGATTGGGT TCTTTCGCATGGCAAGAGT TGAACAATGAA
GTCAGCAAAGACGCT TTTTCAGGAAT GGGATCCGGAGCATGGCAAGAT TTATCGAATGAA

* ok Kk ok *k Kk Kkkk Kkkkk Kkkk Kk*k Kkk KKK KKK KK Kk ko koK k

ACGATTGCAAAGGT GGATAAAGGAAGAATTTCTGCTGATTCCT TAAAT GTGAACGCAAAT
GTAAGTACAAAGGT AGAGAATATAAAAGCGGAAACCGATCGGT TAAATGT CGT TGCTAGA
ACCGT TGCAAAGGT CAATAAAGGAAGAATTTCTACCGATTCCTTGAATGTGACT GCAAAT

*okkkkk kK * ok k * Kk K * kKK * ok kkkKkk * kK

AATTCCATTCT TGGGGT GAATGT TGCGGGAACCATTGCCGGT TCTCTTTCTACGGCGGTA
AACAATACTTTAGGAGT TAATATAGCAGGAAATAT TGCCGGAACAGGT TCTGCTGCAGT G
AATTCCGT TCTTGGAGTGAATGT TGCTGGAACCATTGCCGGT TCTCTTTCTACTGCAGTA

* ok kK kk kkk Kk kk kkk* kkkkkkk ok * kkkk K Kk Kk*k
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GGAGCTGCTTTTGCGAATAATACT CTTCATAATAAAACCTCTGCTTTGATTACAGGAACG
GGAGCTGCTTTAGCTCATAATTCTCTGAAAAATAAAGCATCATCTTCTGTGACCGCTTCT
GGAGCTGCTTTTGCGAATAATACT CTTCATAATAAAACCTCTGCTTTGATTACGGAAACA

KAKEKAKEK AR Kk Kk kkKk Kk Kkk Kk okkkkkk Kk Kk * KKk * kK K *

AAGGTAAATCCTTTTAGTGGAAAG: - - - - - AATACAAAAGTCAATGTACAAGCTTTGAAT
AATTTTAAGCCTTTTTCAAAAACAAAT GCTAAGAT GGGTATCAATGTACAGGCATTGAAT
AAGGTAAATTCT TTTAGTGGAAAG— ————— GATACAAAAATCAATG.‘ACAAGZT TTGAAT
* * kK * ok ok ok ok kkhkkkkk kkk kk kkkkkk

GATTCTCATATTACAAACGT TTCTGCTGGAGGCGCTGCAAGTATTAAGCAGGCTGGAATC
GATTCTCATATCACGAATGT GTCTGCGGGAGT TGT TGCCAGT GCAAAAGCTTCCGGAATT
GATTCTCATATTACAAATGT TTCTGCCGGAGT CGCTGCAAGT GTTAAGCAAGT TGGAATC

kkkkkkkkhkkk kk kk kk kkkkk Kk k* * kkk Kk* * % * ok kK Kk

GGAGGAATGGTATCTGT CAATCGT GGT TCTGATGAAACGGAAGCTTTAGTTAGTGATTCT
TCCGGAATGGCATCTATTAATCGAGGT TCTGATGAAACGGAAGCTTTAGTCAGTGATTCT
GGAGGAATGGTATCTGT CAATCGCGGT TCTGATGAAACAGAAGCTTTGGTCAGTGATTCT

kkkkkkk Khkkhkk Kk Kkkkk Khkkkhhkhhkhhkhhkk *hkhhkkhhkkhk **% *hkkhkkkkk*

GAGITTGAAGGAGTAAGT TCTTTCAATGTAGATGCAAAAGATCAAAAAACAATAAATACA
GAATTTGAAGGAGTAAATTCTTTCAATGTAGATGCAAAAGATCAAAAAATAGTAAATACA
GAGTTTGATGGAGTAAATTCTGT CGATGTAAGAGCTGAAGATAAAAAAGTATTGAATACC

kk kkkkk Khkkkkkk Kkhkkk kk kkkk*k * % kkkkk kKkKk Kk * Kk kkKkk*

ATTGCCGGAAAT GCAAAT GGAGGAAAAGCGGECT GGAGT TGGAGCAACAGT TGCTCATACA
ATTGCCGGGAACATAAAT GGAGGAAAAGCAGCCGGAGT TGGAGCAACAGT CGCTCATACA
ATTGCCGGAAATAT CAAT GGAGGGCAAGCAGCCGGAGT TGGAGCGACAGT TGCTCATACC

KAKKK KKK KK Kok kkkok kK Khkkk Kk KAKAKAKAKRAK KAKEAK* KAKAK A KK

AATATTGGAAAACAATCAGT TATAGCTATTGTAAAAAACAGT AAAATTACAACGGCGAAT
AATATTGGAAAACAAT CTGT TACAGCTATTGTAAAAAATAGT AAAATTAAAACAGCAAAT
AATATCGGAAAGCAAT CTGT TACAGCT GCTATAAAAAATAGT AAAATTACAACGGCTAAG

Khkkkk KkkkKk Kkkkkk Kkkkk KKkkK kokkkkkhkk KhkKAkKKKKKK KAk Kk KKk

GATCAAGATAGAAAAAATAT CAATGT GACT GCAAAAGATTATACTATGACTAATACTATA
AATCAAGATAAAAAAATATCCATGT TACTGCGAAAGATAGT GTTATTATGAATACAGTG
AATCAAGACAAGAAAAATATAAAT GTTACT GCAAAAGACAGT GTTGTTATGAATACAGT G

kkkkKkkKk K kkkkkkkk kkkk kkkkk kkkkk * * ok * * Kk Kk *

GCAGT CGGAGT TGGAGGAGCAAAAGGAGCCTCTGT GCAAGGAGCT TCTGCAAGTACTACC
GCAGCCGGAGT TGGAGGAGCAAAAGGGGCT TCTGT GCAAGGAGCT TCTGCAAGTACCGCT
GCAGCCGGAGT CGGAGGGGECAAAAGGAGCT TCTGT GCAAGGAT CTTCTGCAAGTACCACT

kkkk Khkkhkkk khkhkkk hhkhkkkkkk Kk hhkkkkkkhkkhkkkhk Khkkhkhkhkhk**k *

TTGAATAAGACAGT TTCTTCTCATGI TGATCAAACTGATATTGaCAAAGATTTAGAGGAA
TTCAATAAAACAGT TGCTTCTCATGT CGAGCATACT GATATTGACAAAGATTTAGAAAAA
TTGAATAAAACGGT TTCCGCTCATGT TGAGAAAACTGATATTGATAA- - - - - - - - - - - - A

kk kkkkk Kk kkk ok kkkKkkkk kK * kkkkkkkkkkk Kkk *

GAAAATAAT GGAAAT AAGGAAAAGGCAAAT GT TAATGT TCTAGCTGAAAATACGAGT CAA
GAAAAT GATGAAAATAAAGAAAAAGCAAAT TTCAATAT TCTGGCTGAGAACACAAGT CAA
GAAAAT CATGAAAGT AAAGAAAAAGCAGAT TTCAACGT TCTGGCTGAAAATACAAGT CAA

Kkkkkk Kkk kKk kkk kkkkk kkk *kk Kk Kk Kkkk Kkkkk Kk kk AkAkkK

GTGGTCACAAAT GCGACAGT GCTTTCCGGAGCAAGT GGACAAGCT GCAGTAGGAGCTGGA
GTAGTCACAAAT GCGACAGT GCT TTCCGGAGCGAGT GGACAAGCCGCAGT AGGAGCCGGA
GTAGTAACAAAT GCGACAGT ACT TGCCGGAGCGAGCGGACAAGCT GCGGT AGGAGCCGGA

Kk kk KAKAKAKAKRAKAKE Akk AhkAhhhkk kk KAKAKAK* KKk KAKAKAK* KKKk

GTAGCAGT TAATAAAATTACACAAAATACT TCTGCACATATAAAAAATAGT ACTCAAAAT
GTAGCAGTTAATAAAATTACACAAAATACTTCTGCACATATAAAAAACAGTACTCAAAAT
GTAGCAGTTAATAAAATTACACAAAATACT TCTGCACATATAAAAAATAGTACCCAAAAT

kkkkhkkhkkhkkhkkhkhkhkhkhkhkhkkkkkkkkkkkhkkhkkhkkhkkh k% H*hkkhk* H*kkkkk

GTACGAAATGCTTTGGTAAAAAGCAAATCTCATTCATCTATTAAAACAATTGGAATTGGA
GTACGAAATGCTTTAGTAAAAAGT AAAGCGAAT TCCTCTATTAAAACGATCGGAATTGGA
GTACGAAATGCTTTGCTAAAAAGTAAAGCTAATTCTTCCATTAAAACAATTGGAATTGGA

kkkkhkkhkkkkkkkk kkkkkkk kkk ok kkkk Kk kkkkkkkk Kk kkkkkkkkk

GCTGGAGT TGGAGCT GGAGGAGCT GGAGT GACAGGT TCTGTAGCAGTGAATAAGATTGTA
GCGGGAAT TGGAGCT GGAGGAGT TGGATCCAGCGGT TCTGTAGCTGTGAATAAAATTACA
GCAGGAGT CGGAGTAGGT GGAGT TGGAGT TAGCGGT TCTGTAGCTGT, AAATAAAATC‘AC‘A

kK kkk K Kkk* kKk Kkkk kKkKkK * kkkkkkkkhk*k K*k Kkkkk k%

AATAATACGATAGCAGAAT TAAAT CAT GCAAAAAT CACT GCGAAGGGAAAT GTCGGAGT T
AATAATAATACAGCTTCTGTTGAACATTCTAATATTTTTGCAAGAGGAAATGTAGGAGT T
AATAATAACACAGCTGTTGTTGAACATTCTGATATTTTTGCAAAAGGAAATATAGGAGTA

ko k ok koK Kk * kk ok * * kkk ok * kK *kk K KkKAKK K KKKk

ATTACAGAGT CTGATGCGGTAATTGCTAAT TATGCAGGAACAGT GT CT GGAGGGGECCCGT
ATTACAGAATCTGATGCGGT CATTGCTAAT TATGCCGGAACAGT TTCCGGAGGAAGT CAT
ATTGCAGAATCCGATGCAGT CATTGCTAAT TATGCCGGAACAGT TTCCGGAGGAGGT CAT

Kkk kkkk Ak KEAKEAK Kk AKkAKAKAKAKAKAK KKk hkk *k Kk kkk * ok

GCAGCAATAGGAGCCT CAACCAGT GTGAATGAAATTACAGGATCTACAAAAGCATATGTA
GCAGGGGTAGGAGGATCCACCAGT GTCAATGAAAT CCAAGGAGATACGATTGCTTCTGT T
GTAGGGGTAGGAGGAT CTACCGGT GTCAATGAAAT CGAAGGAGATACGATTGCTTCCGT T

* Kk x *kkk Kk k kKk Kkkk Khkkk kkkkkkKkk *k ok k *kKk K **k ok * %
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AAAGATTCTACAGT GATTGCTAAAGAAGAAACAGATGATTATATTACTACT CAAGGGCAA
AAACAT TCAAAAAT AGAAGCCAAAGAAGAAACCGAAGAT GTCATTGAAACACAGGGGAAA
AAAAAAT CAAAACT GGAGGCAAAAGAAGAAACGGAAGAT GTTATTGAAACGCAAGGGAAA

KkKk ok kK K Kk K Kk KkAKkEAKAKREKE KKk Kk K * % Kk kk kk kkk Kkk

GTAGATAAAGT GGTAGATAAAGTATTCAAAAATCTTAATATTAACGAAGACTTATCACAA
GTAAAAGAAGT TGTAGAAAAGGTATTTCAAGATATAGGAAT TAATGAGGAT TTGAGCAAG
GTAAAAGAAGT TGTAGAAAACGT ACT TCAAGATATAGGAATCAATGATGATTTGAGTAAG

* kK Kk Khkk Kkkkk Kk Kkk K *k kk K Kk KKk kK KKk Kk *

AAAAGAAAaat Aagt AATAAAAAAGGATTTGT TaccAATAGT TCAGCTACTCATACTTTA
AAAAGAGAAAAAT CAAAGAAAAGAGGATTTGT TGTAAACAGCTCCTCTACTCATACTTTA
AAAAGAGAAAAAT CAAAT AAAAAAGGATTTGT TGTAAACAGCTCTTCCACTCACACGATA

kkkkkk Khkk K kKk Kkkkk kkkkkkk Ak K *k kk Kkk * kkkkk KKk * %

AAATCTTTATTGGCAAATGCCGCTGGT TCaggAc aa GCCGGAGT GGCAGGAACTGL t aAT
AAATCCTTATTGGCAAAT GCAGCCGGT TCAGGACAAGCCGGAGT GGCAGGAACT GTCAAT
AAATCATTGT TGGCAAAT GCT GCAGGAGCAGGT AAAGCT GCAGT GGCAGGAACT GTAAAT

kkkkk kk Khkkkkkkkkkk Kk Kk*k * Kk k kkkk kK kkkkkkkkkkkkkkk Kk

ATCAacaaGGT TTat g GAGAAac AGAAGCT CTTGTAGAAAATTCTATATTAAATGCAAAA
ATCAACAAGGT TTATGGAGCAACAGAAGCT CTTGTAGAAGATTCCATATTGAATGCAAAA
GTAAATAAAATTACAGGAGAAACAAAAGCCCTTGTAGAAAGT TCCGTATTAAATGTAAAA

* kk Kk * % kkkk Khkkk Kkkk KhkkkkkKkk* * Kk kkkk kkkk kkkk

CATTATTCTGTAAAATCAGGAGATTACACGAAT TCAAT CGGAGTAGTAGGT TCTGT TGGT
CATTACTCTGT GAAAT CGGGAGAT TACACAAACT CGAT CGGAGCAGTAGGCTCTGT TGGT
AATTCTTCGATACAT GCAGGAGAT TATACTAACAGTATTGGAGCGGTAGGATCCGCTTCC

* kK * % * * Kk kkkkKkkKkk KKk Kk kk Kok kK KkKkKkK Kk K K

GTTGGTGGAAATGTAGGAGT AGGAGCT TCTTCTGATACCAATAT TATAAAAAGAAATACC
GT TGGTGGAAAT GTAGGAGCAGGAGCT TCTTCTGATACCAATAT TATAAAAAGAAATACC
GGAGCATTAAACGCAGGAATAGGAGCT TCTTCCAATACAAATCTTTTCAGTAGAAATACA

* KkKk ok Kk Kkk Kk kkkkkkkkkk kkkk Kkk Kk Kk K kok ok ok kK kK

AAGACAAGAGT TGGAAAAACT ACAATGT CTGAT GAAGGT TTCGGAGAAGAAGCTGAAATT
AAGACAAGAGT TGGAAAAACTACAATGT CTGATGAAGGT TTCGGAGAAGAAGCTGAAATT
AAAACAATAGT GCACGATACGAAAATAT CTACAGAAAAAGAAGGACAATCTTCAGAAATT

*k kkkk kkk * kk Kk kkk kk*k * Kk *kk  kk * kkKk kK Kk

ACAGCAGATTCTAAGCAAGGAATTTCCTCTTTTGGAGT CGGAGT CGCAGCAGCCGGGGTA
ACAGCAGATTCTAAGCAAGGAATTTCCTCTTTTGGAGT CGGAGT CGCAGCAGCCGGGGTA
ACAGCGGATTCTAAACAAGGAATTTCTTCCTTTGGT GT TGGCGT TGGAGCT GGAGT., AGT C

kkkkk kkkkhkkkk Khkkhkkkkkkkk Kk kkkkk *k k*k *k * kkk * *

GGAGCCGGAGT GGCAGGAACCGT TTCCGTAAAT CAAT TTGCAGGAAAGACGGAAGTAGAT
GGAGCCGGAGT GGCAGGAACCGT TTCCGTAAAT CAAT TTGCAGGAAAGACGGAAGTAGAT
GGAGCCGGAGT GGCAGGAACGGT TTCTGTCAATAAATTATCTGGAAAAACCGAAGTAGAT

kkkkhkkhkkhkkhkkhkkhkkhkkhkk khkkkkx **k *k*k K*kk*k Kk kkkkk Kk KkkkkkkKkKk

GTGGAAGAAGCAAAGAT TTTGGT AAAAAAAGCT GAGAT TACAGCAAAACGT TATAGT TCT
GTGGAAGAAGCAAAGATTTTTGTAAAAAAAGCT GAGAT TACAGCAAAACGT TATAGT TCG
ATTCAAAAATCTGATATTTCTACAAAATCAGCAGATATTTCCGCAAAACATTATGGAGT G

* *k KKk Kk * ok k kK *ok kK Kkk kk kkk Kk AkAKkAKkEk KkkKk Kk

GTTGCAATt GGAAAT GCCGCAGT CGGAGT GGCTGCAAAAGGAGCT GGAAT TGGAGCAGCA
GTTGCAAT TGGAAAT GCCGCAGT CGGAGT GGCT GCAAAAGGAGCT GGAAT TGGAGCAGCA
CTTTCTACAGGAAACGGATCTGT TGGEGCGGECAGT AAAGGGAGCCGGAGT CGGAGCAGCG

*k Kk k *kkkKk K k kk Kk ok kkKk kK kkKk KAk EAKk KkkKk kK KAKAKAKK

GTGGCAGT TACCAAAGAT GAAT CAAACACGAGAGCAAGAGT GAAAAATTCTAAAATTATG
GTGGCAGT TACCAAAGATGAAT CAAACACGAGAGCAAGAGT GAAAAATTCTAAAATTATG
GTTGCCGTGACGAAAGATTTGACAAATACAAATGTAAGAATTAAAGATTCTAAAATTGTC

kk Kk kk Kk kkkkk*k kkkk Kk ok * kkkk Kk kkk kkkkkkkkkkk Kk

ACTCGAAACAAGT TAGAT GTAATAGCAGAAAAT GAGATAAAAT CAGGTACT GGAAT CGGT
ACTCGAAACAAGT TAGAT GTAATAGCAGAAAAT GAGATAAAAT CAGGTACT GGAATCGGT
ACAAAAACAAAATTAGATGT CATTGCACAAAATCATACT AAAGT. AAATCXEA(XEAATGET A

* % * % kk kkkkkkkk Kk kkk kkkkk Kk * * Kk kkk KKk ok

TCAGCCGGAGCT GGAATTCT TGCAGCCGGAGTATCTGGAGI TGT TTCTGT CAATAATATT
TCAGCCGGAGCT GGAATTCT TGCAGCCGGAGTATCTGGAGI TGT TTCTGTCAATAATATT
GEAATTGEA(I:AGCOGGAGT TGGAGCCGGATTAGCAGGAACCGT TTCTGICAATAATATC

*kk KKk Kk kkk kkkkkkk *kk K Kk*k kkkkkkhkkhkkhkkk kK k*

GCAAATAAGGT AGAAACAGATATCGATCATAGTACTTTACACTCTTCTACTGATGTAAAT
GCAAATAAGGTAGAAACAGATATCGATCATAGTACTTTACACTCTTCTACTGATGTAAAT
ACCAGCAAAGT AGGAACAGAAATAGAT CATAGT GAATTGCTGT CTGAAGAAGATGTAAAT

* ok Kk kkkKk kkKkkKkk kKk KAk AKK KKK *k K * kK Kok kk kK Kk kK

GTAAAAGCT CTTAATAAAATTTCGAAT TCCT TGACAGCCGGT GGAGGAGCCGCAGGTCTT
GTAAAAGCTCTTAATAAAATTTCAAATTCCT TGACAGCCGGT GGAGGAGCCGCAGGTCTT
GTGAAAGCTTTGAATAAAGT TGATAGT TCTATGATGGCTGCCGGAGGAGCTGCAGGTCTT

Kk kkkkkKk ok kkKkkKkk kK * kKK * Kk * kK KkkkkAKkk KhkAkAKkkKk*k

GCAGCAGT TACCGGAGTGGTTTCTGT TAACACTATAAATAGT TCTGTGATAGCTCGAGT T
GCGGCAGT TACCGGAGTGGTTTCTGTTAACACTATAAATAGT TCTGTGATAGCTCGAGT T
GGTGCAGCAAGT GGAGTGGTTTCTGTGAATACTGTCAATACTTCCGTAGTAACCAGAGT T

* * ok kk * kkkkkkkkkkkkkk kk Kkkk Kk Kkkkk kkk k% * kK * Kk Kk
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3718 | kt
3724 | kt
ARWOT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724 kt
ARWOT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARWT_| kt

CACAATAACTCTGATTTGACT TCCGTACGAGAAAAAGT AAAT GT AACGGCAAAAGAGGAA
CACAATAACTCTGATTTGACT TCCGT ACGAGAAAAAGT AAAT GT AACGGCAAAAGAGGAA
CATAATAATTCAAAAAT AACT TCATCCAAAGGAAGCACCAAT GTAAAAGCAGAAGAAGAA

Kk KkkKk KK * * ok kok koK *k kK kokk ok kKK Kk Kkkk KKKk

AAAAATATTAAGCAAACAGCAGCAAAT GCAGGAAT CGGAGGAGCAGCAAT CGGAGCCAAT
AAAAATATTAAGCAAACGGCAGCAAAT GCAGGAAT CGGAGGAGCAGCAAT CGGAGCCAAT
AAAAATATAAAACAAGT AGT TGCAAAT GCAGT GGCAGGGGECGT TTCTGT TGGAGCGAAT

KAkKkkKAK K KKk KAk * Kk Kk KKK KKK *k Kk K * Kk kkKkkKk Kk k

GTCTTGGTAAATAATTTTGGAACAGCT GTAGAAGATAGAAAAAAT TCT GAAGGAAAAGGA

GTCTTGGTAAATAATTTTGGAACAGCT GTAGAAGATAGAAAAAAT TCT GAAGGAAAAGGA

GTCTTGGTTAATAATTTTGGAACT GCTGTAGAAGATAAGGCAGCT GAAACAGGAAAAGGA
* *

kkkkhkkhkk Khkhkkhkkhkkhkkhhk* *khkkhkkhkkhkkkxk* kkkkkkkkkk

ACAGAAGT TTTAAAAACT TTAGACGAAGT TAACAAAGAACAAGATAAAAAAGT AAATGAT
ACGGAAGT TTTGAAAACT TTAGACGAAGT TAACAAAGAACAAGATAAAAAAGT AAATGAT
ACTGAAATCTTAAAAACT TTAGAAGAAAT CAATAAAGAT CAAGAT CAAAAAATCAGT GAA

kk kkk Kk Kk kkkkkkkkkkk kkk Kk kk kkkkk kkkkkk K*kkk* * K* K*k*

GCTACGAAAAAAAT CTTACAATCAGCAGGTATTTCTACAGAAGATACTTCTGTAAAAGCG
GCTACGAAAAAAAT CTTACAATCAGCAGGTATTTCTACAGAAGATACTTCTGTAAAAGCG
GATGCCGCTAAAATATTAAAGT CAAATGGAATTGATACAAAAGACTATGCTGT CAAGGCG

* ok ok kkkkk Khkk K Kk* *k Kk K kKkkk Kk Kk * kkkk Kk kkk

GATAGAGGAGATACT CAGGGAGAAGGAATTAAAGCCAT TGTGAAGACTTCTGATATTATT
GATAGAGGAGATACT CAGGGAGAAGGAATTAAAGCCAT TGTGAAGACTTCTGATATTATT
GATCGT GGAGAAACACAAGCAGAAGGAATTAAAGTATTTGTAGAAAATTCTTCGATAAAA

Kkk ok kkKkkKk Kk Ak ok KkAKkAKAKAKAK KKK koK kK * ok kKKK * Kk K

GGAAAAAAT GTAGATAT TACAACAGAGGACAAGAATAATATCACTTCTACTGGTGGTTTG
GGAAAAAATGTAGATAT TACAACAGAGGACAAGAATAATATCACTTCTACTGGTGGTTTG
GGAAAAAATACGAATAT TGCAGCAAAT CAAACGGATAAT GT GACT TCCACCGGT GGAGCA

Kk KAk kKKK Kkkkk Kk Kk Kk Kk ok ok kkkkk ok kkkkk kk KKkkKk*k

GGAACTGCAGGT CTTGCT TCCGCAT CAGGAACAGT GGCAGT TACAAATATTAAAAGAAAT
GGAACTGCAGGT CTTGCT TCCGCAT CAGGAACAGT GGCAGT TACAAATATTAAAAGAAAT
GGAAGT GCAGGAGT GGCGT CCGCATTGGGAACT GTAGGAGTAACAAATATCAAAAGAAAC

kkkk KhkKkKk Kk * kk kkkKkkKkKk kkkkk Kk Kk Kkk Khkkkkkkk kkkkkkkk

TCCGGAGT TACTGTTGAAAATTCTTTTGT GAAAGCAGCT GAAAAAGTAAATGT TAGATCG
TCCGGAGT TACTGTTGAAAATTCTTTTGT GAAAGCGATTGAAAAACTAAATGT TAGATCG
ATAGGAGT TTTCATAAATAAT GCGGAT GT GAAAGCGGATGAGAAACTAAGT GTACGATCC

*kkk kK * * kkk ok kok ok ok ok ok ok ok ok kkk kkk Kkkk Kk* * Kk K

GATATTACAGGAAATGT TGCTTTAACAGCATATCAAGGT TCTGTAGGAGCATTGGGAATA
GATATTACAGGAAATGT CGCTTTAACAGCATACCAAGGT TCCGTAGGAGCATTGGGAATA
GATATTTCAGGAAACGTATCCCTAACTTCTTATCAAGGAACTGTTGGAGCTTTGGGATTA

kkkkkk Khkkkkkk Kk * * ok ok k * kk kkkkk k kk kkkkk Kkkkkkk KKk

GGAGCTGCCTATGCAGAATTAAATTCTAATGGAAGATCAAATATCAGTATTAAAAATTCT
GGAGCTGCCTATACAGAATTAAATTCTAATGGAAGATCAAATATCAACATTAGAAATTCT
GGAGCGGCTTATTCACAAATAAATGCTAACGGACAATCGAATATTACTATTAAAAACTCT

KkkkKk kk Kkk kk Kk KkkKkk KkkKk KkK Kkk kkkkk K* kkkk Kkk KKk*k

AAGCTATTAGGAAAAAATATTGATGT TATTGTAAAAGATAAAT CGGAAT TGAGAGCGGAA
AAGCTATTAGGAAAAAATATTGATGT TATTGTAAAAGATAAAT CGGAAT TGACAGCGGAA
AGATTTGCAGCAAAACATATTGATGT TATTGCAAAAGATAAAT CTCAAT TGAAGGCGGAA

* * Kk KkkKk KAKAKAKAKAKAKAK* KAKA KA KA KKKk ok ok ok Kk ok *ok ok ok koK

GCAAAAGGAT TAACCGT AGGAGCGGT AGCTGCCGGAGCCAT TATCTCAAAAGCAAAGAAT
GCAAAAGGATTAACCGCCGGAGCGGT AGCCGCCGGAGCTATTATCTCAAAAGCAAAGAAT
GCAAAAGGATTAACCGT AGGAGCGGTAGCT GCCGGAGCTATTATCTCAAAAGCAAACAAT

kkkkhkkhkkhkkhkkkkk* kkkkkkkkkkk Khhkkkkkkhkk khkkkkhkhkhkhkhhkhk *kk*k

GAAATGAATTCAGAGGT TGAAATTGAGAAGAGTATTTTCAATGAAGAAAATAGAGT AACT
GAAATGAATTCAGAGATTGAAATCGAGAAGAGTATTTTCAATGAAGAAAATAGAGTAAAC
GAAATGAATTCAGAAATTGAAAT TGAGAAGAGCATTTTCAATGAAGAAAATAGAGTAAGC

kkkkhkkhkkkkkkkk kkkkkkk hhkkkkkkhkk khkkkkkkkhkhkhkhkhkhkk kK *k

AGCCCTTCTAAAGGAAT TGGAAGAGAAAT CAAT GT CAAAGT GGAAAAAGAAAACAGAGT G
AGCCCTTCTAAAGGAAT TGGAAGAGAAAT CAAT GT CAAAGT GGAAAAAGAAAATAGAGT G
AGCCCTTCTAAGGGAAT TGGAAGAGAAAT CAATGT TAAAGT GGAAAAAGAAAACAGAGT G

kkkkhkkhkkhhk hhhkkhkhkhkkhkkhkkhkhhhhhhkh *hhkhkhkhhkhkhkhk*k *kkkk*x

ACTGCTGAATCTCAAGGAGCT TCTGTAGGAGCAGT AGCAGGGGCAGGAATTATTTCCGAA
ACTGCTGAATCTCAGGGAGT TTCTGTAGGGECGGT AGCAGGEGEECAGGAATCATTTCCGAT
ACTGCTGAATCTCAAGGAGCT TCT GT GGGAGCAGT AGCGGGGEGCAGGAATTATTTCCGAT

KAKAK AR AR AR AKE Ahkk *hkkhkk kKk *k Ahkhhkk AhAKAKAKAKE Kh XK Kk K

GCAAAAGATGCCGGAAGCTCTTATTTGAAAGT TAGTACAAAATCCGGAAGAAGTATTTTT
GCAAAAGATGCGGGAAGT TCTTATTTAAAAGT TAGTACAAAATCCGGAAGAAGTATTTTC
GCAAAAGATGCGGGAAATTCTTATTTAAAAGT TAGTACAAAATCCGGAAGAAGTATTTTC

KAKk KK AR AR AR KA KK P R

CATGCAGATAATGT GAATAT GGAAGCAACACATAAAAT GAAAGTAACAGCAGT TTCTAAA
CATGCAGATAATGT GAATATGGAAGCAACACATAAAATGAAAGTAACTGCAGCTTCTAAA
CATGCAGATAATGT GAATATGGAAGCAACACATAAAATGAAAGTAACTGCAGGTTCTAAA

Kkhkkhkkhkkhkkhkkhkhkhkhkhkhkkkkkkkkkhkkkkkkhkkhkkhkkh k% H*hkhkk *khkhkk*

255



3718 | kt
3724 | kt
ARWOT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724 | kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARWOT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARWOT_| kt

GCAGTAACAGGT TCTGTATTGGGAGGAGT TGGAGT CACCAAGGCAGAAGCTACTGCTGCA
GCGGTAACGGGT TCTGT AT TGGGAGGAGT TGGAGT CACCAAAGCGGAAGCTGT TGCTGCC
GCGGTAACAGGT TCTGTATTGGGAGGAGT TGGAGT TACAAAGGCGGAAGCAACT TCTGCA

Kk AKkAKE AKAKAKAKRAKRAKRAKR AR AR AR AR AR AR *k kKk k% *kkk% * kKKK

GGTAAAACTAT GGTAGAAGT TGAGGAAGGAAAT TTGT TCAGAACAAAT CGATTGAATGCA
GGTAAAACTATGATAGAAGT TGAAGAAGGAAAT TTGT TCAGAACAAATCGATTGAATACA
GGAAAAGT AAT GGTAGAGAT TGAGGAAGGAAAT TTGT TCAGAACAAAT CGATTGAATGCA

*k KKk *kk Kk KkKk KhkKk KAKAKAKRAKRAKRAKRAKR AR AR AR AR AR AR AR AR LKL KK

ATTTCTAAAGTAGAAGGT TTGGATGAAGATAAAGTAACTGCTAAATCTTCTGTAGTATCA
ATTTCCAAAGTAGAAGGT TTGGATGAAGATAAAGTAACTGCTAAATCTTCTGCAATATCA
ATTTCTAAAGTAGAAGGAT TGGAT GAAGATAAAGTAACT GCGAAATCTTTTGTAGTATCA

kkkkk kkhkkhkkhkkhkk hhkhkkhkhkhkkkhkhhkkkkhk* *kkkkhk* *%k * *kkkk*

GGAAAT GGAGGAGGAAT TGCCGGAGCAGGAGT GAATACT TCTACAGCACAAAGTAATACT
GGAAAT GGAGGAGGAAT TTCTGGAGCGGGAGT GAATACT TCTACAGCACAAAGTAATACC
GGAAAT GGAGGAGGAAT TGCCGGAGCGGGAGT GAATACT TCTACAGCACAAAGTAATACG

kkhkkhkkhkkhkkhkkhkhhhkk K Khkkk Khkhkhhhkhkhkkhkhkkhkhkkhkkhkhkkhk* k%

GAATCCGTAGT TCGT TTACGAAAGCAAGAT TATGAAAATAATGATTACACAAAAAAATAT
GAATCCGTAGT TCATTTACAAAGACAAGACTATGAAAATAATGATTATACAAAAAAATAT
GAATCCGT CGT TCGT TTACGAAAGCAAGACTACGAAAATAACGACAGTACGAAAAAATAT

kkkkkkkk Kkhkkk Kkkkkk ** kkkkk kk Khkkkkkkk Kk*k kk kkkkkkkkk

ATTTCAGAAGTCAATGCTCTTGCTTTAAAT GATACAAAGAAT GAAGCGAATATAGAATCT
ATTTCAGAAGTCAATGCTCTTGCTTTAAAT GATACAAAGAAT GAAGCGAATATAGAATCT
ATTTCAGAAGTGAATGCTCTTGCTGTAAAT GACACAAAGAAT GAAGCAAATATAGAATCT

KAKKKAKRAKEAKR KAKAKAKAKAKE AhAKAK K AKX KAFAIA KA I AT KA KA IR IR F R KK

TTAGCGGTAGCCGGT GTGCAT GCACAAGGAACAAACAAAGCAT TTac GAGATCAAACAAG
TTAGCGGT AGCCGGT GTGCATACACAAGGAACAAACAAAGCAT TTACGAGAT CAAACAAG
TTAGAGGT AGCGGGAGTATACGCACAAGGAACAAACAAAGCAT TTACGAAATCGGATAAG

Kkkk Kkkkkk Kk kK * B * kK ok

TTAACTTCTACAACTGTAAAT GGAGGAAACGTAL Ct CAACTTCGTGCAAAAgCTTTGGCT
TTAACTTCTACAACT GTAAAT GGAGGAAACGTATAT CAACT TCGT GCAAAAGCT TTGGCT
TTAACTTCTACAACT GTAAAT GGAGGAAAAGTATAT CAACT TCGT GCAAAAGCT TTGGCT

hkhkkhkkhkkhkhhkhhhhkhkhkhkhkhkhkk *hkkk Khkkkkhkhkhkhkhkhkhkhkh kK *k

AAAAATGAAAATTATggaAaTGTAAAAGgAACT GGAGGAGCEt t AGTCGGAGCGGAAACA
AAAAAT GAAAAT TAT GGAAAT GTAAAAGGAACT GGAGGAGCCT TAGT CGGAGCGGAAACA
AAAAAT GAAAAT TACGGAAAT GT AAAAGGAAGCGGAGGAGCCT TAGT CGGAGCGGAAACA

kkkkhkkhkkhkkhkhkk Khkkhkkhkkhkkhkkhkkkx* kkkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkk k%

GCAGCCGT TGAAAATTATACAAAGAGTACTACAGGAGCATTGGT TGCAGGAAATTGGGAA
GCAGCCGTTGAAAATTATACAAAGAGTACTACAGGAGCATTGGT TGCAGGAAATTGGGAA
GCAGCTGTTGAGAATTATGTAAAGAGTACTACAGGAGCATCTGT TGCAGGAGAATGGGAA

kkkkk kkkkk kkkkkk kkkkkkhkkkkkkkkkkkk*k*k kkkkkkkk*k Kk KhkkkKk*k

ATTGGAGATAAATTAGAAACGATTGCAAGAGATAATACGATTGTAAGAGT CAACGGAGAC
ATTGGAGATAAATTAGAAACGATTGCAAGAGATAATACGATTGT AAGAGT CAACGGAGAC
ATTGGAGATAAATTAGAAACGATTGCAAAAGATAATACGATTGTAAAAGT TAACGGAGAC

KAKKKAKR AR AR AR AR AR AR AR AR AKAKRE KK XK AKX KAKAFAIAKIE Ak k Ak A I IR KF Kk

GGAACCAAAGGAGGT CTTGT CGGAAAGAATGGTATTTCTGTGAAAAATACAATTTCAGGG
GGAACCAAAGGAGGT CTTGT CGGAAAGAATGGTATTTCTGTGAAAAATACAATTTCAGGEG
GGAACAAAAGGAGGT CTTGT CGGAAAGAATGGTATTTCTGTGAAAAATACAATTTTAGGA

KAKAK KAKRAKRAKR AR AR AR AR AR AR AR AR AR AR AR A KA KA KA KA KA KA IR IR IR KF Kk K

GAAACAAAAT CATCCATTGAAGATAAAGCCAGAAT TGT TGGAACCGGAAGT GTAAATGTA
GAAACAAAAT CATCCATTGAAGATAAAGCCAGAAT TGT TGGAACCGGAAGT GTAAATGTA
GAAACAAAAT CATTTATTGACGATAAGGCTAAAAT CGCCGGAACCGGAAGCGTAAATGTA

kkkkkkkkk Kk Kk kkkkk Khkkkk Kk kK kkk Kk kkkkkkhkkhkkk kkhkkkkkkk

GATGCTTTGAATGAACT TGATGTAGAT CTACAAGGAAAAAGT GGTGGCTATGGTGGAATT
GATGCTTTGAATGAACT TGATGTAGATCTACAAGGAAAAAGT GGTGGTTATGGTGGAATT
GAGGCTCTGAATGAACT TGATGTAGATTTACAAGGAAAAAGT GGTGGATATGGTGGAATT

kk kkk Khkkhkkhkkhkkhkkhkhhkhhhkk hhhhkhhhkhkhkhkhhkdhhk* *hkhkhkhkhksk

GGTATTGGAAATGT TGATGTAAATAATGT GATTAAGAAAAAT GTAGAAGCCAAAATCGGA
GGTATTGGAAATGT TGATGTAAATAATGT GAT TAAGAAAAAT GTAGAAGCCAAAAT CGGA
GGTGTTGGAAATGT CGATATAAGCAATGT TATTAAAAAAGATACAGAAGCAAAAATAGGA

kkk kkkkkkkkkk Kkk Kk *k kkkkk kkkkk Kkkk Kk kkkkkk Kkkkkk KKKk

AGACATGCTATTGTAGAAACTACT GGAAAACAAGAATAT CAAGCATTTACAAGAGCAAAA
AGACATGCTATTGTAGAAACT ACT GGAAAACAAGAATAT CAAGCAT TTACAAGAGCAAAA
CAACATGCTGT TGTAGAAACCACCGGAAAACAAGAATAT CAAGCATTTACAAAAGCGAAA

KAKAKEAK KAKAKRAKAKE Ak KAKAK XK XK AFAK A KA KA KA IR IR I AFR Ak k A hk

GTAAATATTCT TGGAAAAGGAGACGCT GCAGCT GCAGCTGCAATATCGAATGTACACATT
GTAAATATTCT TGGAAAAGGAGACGCT GCAGCT GCAGCTGCAATATCGAATGTACACATT
GTAAACATTCT TGGAAAAGGAGAT GCTGCAGCT GCAGCTGCGATATCCAATGTACATGT T

KAKAK KAKAKAKAKRAKRAKAKRAKR KAK AR AR AR AR AKAIAK KAk Kk KA KA KA KF Kk * K

TCCAATGAGATGGATATTAAAAAT TTGGCAAAGCAGTATGCATCTTCTCAATTAATAACC
TCCAATGAGATGGATATTAAAAATTTGGCAAAGCAGTATGCATCTTCTCAATTAATAACC
TCTAATGAGATGGATATTAAAAATTTAGCAAAGCAGTATGCATATTCTCAATTAACAACA

kk Kkkhkkhkkhkkhkhhhhkhhhhhhhhk Khkhhhkhhhkhhkhk* *khkhkhkhk* *k*

9576
9585
9543

9636
9645
9603

9696
9705
9663

9756
9765
9723

9816
9825
9783

9876
9885
9843

9936
9945
9903

9996
10005
9963

10056
10065
10023

10116
10125
10083

10176
10185
10143

10236
10245
10203

10296
10305
10263

10356
10365
10323

10416
10425
10383

10476
10485
10443

10536
10545
10503

10596
10605
10563
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3718 | kt
3724 | kt
ARWOT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718_| kt
3724_| kt
ARUOL_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718 | kt
3724 | kt
ARWT_| kt

3718_| kt
3724 kt
ARWT_| kt

AAAAATTCAAAAAATAATATTACT TTAGCATCAAGTAGT GAATCGAATGTGAATGT TCAT
AAAAATTCAAAAAATAATATTACT TTAGCAT CAAGTAGT GAATCGAATGTGAATGT TCAT
AAAAATTCAAAAAATGATATTACT TTAGCT TCAAGTAGT GAGT TGGATGTGAATGT TCAC

KAKAKAKR AR AR AKAKR KAKAKAK AR AR AR KA K AR AR A IR * Kk KA KA IR F A KA KKK

GGGGT GGCTGAAGCAAGAGGT GCAGGAGCCAAAGCGACAGT TAGT GTAAAGAAT CAAATA
GGGGT GECTGAAGCAAGAGGT GCAGGAGCCAAAGCGACAGT TAGT GTAAAGAAT CAAATA
GGAGT GGCTGAAGCAAAGGGT GTAGGAGCCAAAGCGACGT CTAGT GTAAAAAAT CAAATA

Kk KKk EAKAKAKREK KKK Kkkk KkKKkAKAK KKK KKKk Khkkkhkhhkhhk Khkkkkkk Kk

AATAGAACTAATAATGTTGATTTAGCAGGAAAAATTAAAAC a GAGGGAAACATCAATGTA
AATAGAACTAATAATGTTGAT TTAGCAGGAAAAAT TAAAACAGAGGGAAACATCAATGTA
AATAGAGCGAATAAT GTTGAT TTGGCAGGAAAAATTAAGACAGAAGGAAACATTAATGTA

kkkkkk K Khkkhkkhkkhkkhhhhkk hhkkkhkkhkhhkkhhkhkk *kkhkkkhkk khkhkkhk* *kkkkk

TATGCCGGATATGATAAAAATTATAATATAAGT AAGACAAAT TCTAAGGCTATTGCGGAT
TATGCCGGATATGATAAAAATTATAATATAAGT AAGACAAAT TCTAAGGCTATTGCGGAT
TATGCCGGATATGATAAAAATTATAATATAAGT AAGACAAAT TCTAAGGCCATTGCGGAT

Kk kkhkkhkkhkhkhkhkhkhkhkhkhkkkkkkkkkkkkkhkkhkkhkkhkkhkkhk Kk khkk kK%

GCCAAAAGT CATGCTGCAGCTGCTTCGGCAACT GCCACTGT TGAAAAAAAT GAAGTAAAA
GCCAAAAGT CATGCTGCAGCT GCTTCAGCAACT GCCACTATTGAAAAAAAT GAAGTAAAA
GCTAAAAGT CATGCTGCAGCTGCTTCTGCAACTGCTACCATTGAAAAAAATGAAGT GAAA

kk khkkkkhkkhkkhkkhkkhkkhkhkkhkhkk khkkkkkk*k ** kkkkkkkkhkkkhkhk *kk*k

TTTAATAATGCGATCCGAGAATTTAAAAATAAT CTGGCAAGAT TGGAAGGGAAAGCTAAT
TTTAATAATGCGATCCGAGAATTTAAAAATAAT CTGGCAAGAT TGGAAGGGAAAGCTAAT
TTCAATAACGCGATCCGAGAGT TTAAAAATAAT CTGGCAAAAT TGGAAGGTAAAGT TAAT

Kk AkAKKk AKAKAKRAKAKE AKAKAKAKAKARAKRARARE AXAKAR AR K Ak k Kk *kKk*k

AAAAAAACGT CGGTAGGAT CTAAT CAGGT AGACT GGTATACGGATAAATATACAT GGCAT
AAAAAAACGT CGGTAGGAT CTAAT CAGGT AGACT GGTATACGGATAAATATACAT GGCAT
AAAGAAGT GTCAACT GGATTGAAT CAGGT AGAT TGGTATACAGATAAATATACAT GGCAT

* kK Kk * KKk * ok kK KAKKKAKAKAK KAKRAKAKE AXAKAK AR AR AR AR LKA K

TCTTCTGAAAAAGCATACAAAAAAT TGACATAT CAAT CAAAGAGAGGAGAAAAAGGGAAA
TCTTCTGAAAAAGCATACAAAAAAT TGACATAT CAAT CAAAGAGAGGAGAAAAAGGGAAA
TCTTCTGAAAAAGCATATAAAAAAT TGACATAT CAAT CAAAGAAAGGGGAAAAAAATAAA

kkkkhkkhkkhkhhhhhhh hhhhhkhkhkhkhkhkhkhkhkkhk* *k*k *kkkkk * ko

AAATGAATTTAAGAGAGAGTAAATTTAGTGAGT TTTTAAAAAATTCAAACATAACTTGIT
AAATGAATTTAAGAGAGAGT AAATTTAGTGAGT TTTTAAAAAATTCAAACATAACTTGI T
AAATGAATTTAAGAGAGAGTAAATTTAATGATTTTTTAAAAAATTCAAACATAACTTGIT

kkkkhkkhkhhhhhhhhhhhkhhkhhhkhkk *hkk hhhkhkhkhhkhhkhkhkhkhkhkhkhkh kK *k

TTGAAAGAGAAGAAGT GAAAGATGAGT TAGAAACAGT TGTATATCGAAGT TTTATGGAAG
TTGAAAGAGAAGAAGT GAAAGATGAGT TGGAAACGGT TGTATATCGAAGT TTTATGGAAG
TTGAAAGAGAAGAAGT GAAAGATGAATTGGAAACAGT GGTATATCGAAGT TTTATGGAAG

kkkkhkkhkkhkkhkkhkhkhkkhkkhhhkhk* **k Khkkkk K%k *khkhkhkhkhkhkkhkkhkkkkk*x

TAGAGGGACAAAATTTACCTATGGTAATTGT GATGGATAACAGTATTTATACGAATATCC
TAGAGGGACAAAATTTACCTATGGTAATTGT GATGGATAATAGTATCTATACGAATATTC
TAGAGGGACAAAATTTACCTATGGTAATTGT GCTGGATAACAGTATCTATACAAATATTC

KAKKKAKAKRAKR AR AR AR AR AR AR AR AR AR AR K Ak Ak Ak k Ak hkk Kk khk *kkkk *

GAGTGCAAATTGCTCCAAAAGT CATAAAAGATACT AATAAAGAAGCGGTACTTTCCTATA
GAGTGCAAATTGCCCCAAAAGT TATAAAAGATAGT AACAGGGAAGCAGTACTTTCCTATA
GAGTACAAATTGCCTCAAAAGT CATAAAAGATAGCAACAAAGAAGCAGTACTTTCCTATA

Kkkk KkEKEAK KK Khkkkkkk KAKAKAK AR K * kK KAKkkKk KAKAKAK AR A KKK

TCAATGAATTGAACCGAGAATACAAAGTATTTAAATATTATGTGACAGAGGATG 11370
TCAATGAATTGAACCGAGAATACAAAGTATTTAAATATTATGTAACAGAGGATG 11379
TCAATGAATTGAACCGAGAATACAAAGTATTTAAATACTATGTGACAGAGGATG 11337

kkkkhkkhkkhkkhhhhhkhkhkhkhkkkhkkhkkhkkhkkkkk K*hkkhkkk *hkhkhkhkk*k

10656
10665
10623

10716
10725
10683

10776
10785
10743

10836
10845
10803

10896
10905
10863

10956
10965
10923

11016
11025
10983

11076
11085
11043

11136
11145
11103

11196
11205
11163

11256
11265
11223

11316
11325
11283

Appendix Figure 4: Clustal Omega DNA alignment of Sanger sequence data from JCM 3718, JCM 3724 and ARU 01

leukotoxin operons. Contains genes of IktB, IktA and partial IktC.
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Appendix 13: Clustal Omega protein sequence alignment of JCM

3718, JCM 3724 and ARU 01 leukotoxinA

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARUOL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARUOL_| kt A

3718 I kt A
3724 | kt A
ARWL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

MG KNNVQRTRKRI SDSKKVLM LGLLI NTMTVRANDTI TATENFGTKI EKKDNVYDI T
MG KNNVRRTRKRI SDSKKVLM LGLLI NTMTAVADDSI KETQGFGTKVEKQGNVYDI T
MG KNNVRRTRKRI SDSKKVLM LGLLI NTMTAVADDSI KETQGFGTKVEKQGNVYDI T

khkkkkkhk- Kk Rk khkhkh Rk Rk R h kKR Kk Kk k% koeokoe ok ke kkkkekk. kkkkkk

TNKI QGENAFNSFNRFALTENNI ANL YFGEKNSTGVNNL FNFVNGKI EVDG | NG RENK
TNKI KDKNAFNSFDKFHL EQNNI ANVHFGSKGGKEAENL FNFVKGKI EVNGVI NG RDNK
TNKI KDKNAFNSFDKFHL EQNNI' ANIVHFGSKGGKEAENL FNFVKGKI EVNGVI NG RDNK

kkkk. ckkkkkke ok Kk o kkkkke o kK K ckkkkkke kkkkko ke kkkkko kk

| GGNL YFL SSEGVAVGKNGVI NAGSFHSI | PKQDDFKKAL EEAKHGKVFNG | PV- DGKV
| GGNLYFLSSEGLLVGKTGVI NAGTFHAI SPKKEEYEKAFKDAQNSKVFDG VPQQDGSI
| GGNLYFLSSEGLLVGKTGVI NAGTFRAI SPKKEEYEKAFKDAQNSKVFDG VPQ;DGSI

KKK KKK KKKk - KKk kKKK KA ko k Kk Kk ke Kk kKK * %

KI'PLNPNGSI TVEGKI NAVEG GLYAADI RLKDTAI LKTGI TDFKNLVNI SD- RI NSGLT
KI'PLNPNGSI TVEGKI NAVEDI GLYAADI RLKDTARLKTG TEFKNLVNI NE- TI HAGLT
KI' PLNPNGSI TVEGKI NAVDEI GLYAADI KLPETGALKTGVTDFHQLVNI KDSNVNAGLS

KKK KKK KKK KKK KKK KK kk kKR kI * -k -k Kkkke ok ke kKKK - -

GDLKATKTKSGDI | LSAHI DSPQKAMGKNSTVGKRI EEYVKGNTKANI ESDAVLEADGNI
GDLTAVKTKSGDI | LSAHVDSPQKAVGENSTVGKRI EEYVKGNTKANI ESDAVLEADGNI
GDLKATKTGTGDI | LSAKVEEAGHELE SSTI YEQ GRNFKGKI KANI ETSGSI EAEGHA

KRk ok KKk kkkkkkKke - Cek Kok kKK ok Ckk ek

KI SAKATNGRFI KKEGEKETYNTPL SL SDVEASVRVNKGKVI GKNVDI TAEAKNFYDATL
KI SARATNGTFVKKEGEKEI YNTPLSL SDVEASVRVNKGKVI GKNVSI TAEAKNFYDATL
KI' HAEASNGKL TKKDGEKEVYAPEFSL AEVEASVKVNKGKI KGKKVDI SAEAKNYYDTPI

kk ok ke kk - Kkk-kkkk K ckk e s kkkkke kkkkke kke ok ke okkkkke kKo

VTKLAKHSFSFVTGSI SPI NLNGFLGLLTSKSSVVI GKDAKVEATEGKANI HSYSGVRAT
VTKLAKHSFSFVTGSLSPI NLNGFLGLLTSKSSVVI GKDAKVEAREGSANI HSYSGVRAT
LTKVGKI AFSVGTGSL SPI NVNGAL GLLKSKASVFI GKDATVESTEGEANI RSYSGVRAS

Kooeckk  kkke kkkksokk kkkk kkeokk kkkkk kke kk kkke kkkkkkok:

MGAATSPLKI TNLYLEKANGKLPSI GAGYI SAKSNSNVTI EGEVKSKGRADI TSKSENTI
MGAATSPLKI TNLYLENADGKLPSI GAGYI SAKSDSNVTI EGEVKSKERADI TSKSENTI
MGASTSPI KLTDLYLKTLEGKLPSVGAAYI STSSESDVTVEGKVSSKEKANI TSKSENTI

Kokk e kkoke ke ke okok ko cokkkkok e kk kkk e ke ke okkokke ok Kk ke kAKEKEKAK

DASVSVGTMRDSNKVAL SVLVTEGENKSSVKI AKGAKVESETDDVNVRSEAI NSI RAAVK
DASVSVGTMRDSNKVAL SVLVTEGENKSSVKI AKGAKVESETDDVNVRSEAI NSVRATVK
DASVSVGT| RDSNKVG SVLVTEGKNHSSVKI AEGAKVESDG- DANVKSEAVNS| RAAVK

KRk KKk KKhk - Kkkkkdh - kkkkhdhk- k- khhkhk- khkhkk. kokk e kkke kke Kk kK

GGLGDSGNGVVAANI SNYNASSRI DVDGYL HAKKRL NVEAHNI TKNSVL QT GSDL GT SKF
GGLGDSGNGVVAANI SNYNASSRVDVDGYL HAKKRL NVEAHNI TKNSVL QT GTNL GT SKF
SGLSDNGAGVVAANI SNYNSSSKVVVDGEVHAKKRLNTEAYNI TKQNVL QT GTKTGT SKL

kk ok ok kkkkkkkkkkke kke o+ kkk - okkkkkkk kke kkkke kkkokko * ok ok K

M\DHVYESGHLKSI LDAI KQRFGGDSVNEEI KNKLTDLFSVGVSATI ANHNNSASVAI GE
MNDHVYESGHLKSI LDAI KQRFGGDSVNEEI KNKLTDLFSVGVSATI ANHNNSASVAI GE
MNELVFESSHTKALI DALQYRFGGD- - - EKI KSKLTDLFSVGASATVANHNNTSSVSL GQ

kke kekk Kk ke kke o KRkKkKK kekk Kkkkkkkkk Khkk- khkkhkke o kke ook

SGRLSSGVEGSNVRALNEAQNL RATTSSGSVAVRKEEKKKL I GNAAVFYGNYKNNASVTI
SGRLSSGVEGSNVRALNEVONL RATTSSGSVAARKEEKKKFI GNAAVFYGNYKNNASVTI
KSKLVSGVEGTNI KALTETQQLRSTTTSGSLATRGEEKKKL VGNAAVFYGNYKNDASVTI

ok kkkkke k.o kk Kk ke kkekk-kkk-k K Kkkkko o khkKkAhk Rk khkhk- Kk kKK

ADHAEL VSEGKI DI NSENKI EYKNPSKMAKSVI DKLEL LKRAFGKETK- TPEYDPKDI ES
ADQAELTSEGKI DTl SENKTEYKNPSKMAKSVI EKLELLKRAFGKETK- TPEYDPKDI ES
ADDAQVVSEGKI DTl SENKLEYKNPSKMAEEVVEKLEI LKRAFEKEKKDETTFDPKDI DS

Kk ke kkkKkKK Kkkk Kkkkkkkkk- ke - kkk-kkkKkk Kk K EEEE TR

| EKLLNAFSEKL DGKPELLLNGERMT| | LPDGTSKTGTAI El ANYVQGEMKKLEEKLPKG
| EKLLNAFSEKL DGKPELLLNGERMT| | LPDGTSKTGTAI El ANYVQGEMKKLEEKLPKG
MKKLLTEFSKKLDDKPEI LLNGEKI Tl VLPDGTSKTGTVPELAEYVKEEMKKLEAKLPTG

Cek kR Kok kkk Kkk- kkkkk- o kk - KkKKK KKK KK Kook kke KkEkKkEKE KKk K

FKAFSEGLSGLI KETLNFTGVGNYANFHTFTSSGANGERDVSSVGGAVSWEQENYSKVS
FKAFSEGLSGLI KETLNFTGVGNYANFHTFTSSGANGERDVSSVGGAVSWEQENYSKVS
FKAFSEGL SGLLKESLAFTGVGNYANFHTFTSAGTNAKRDT SSVGGAVSWENDNHSKVS

hkkkkkkkhkkhohhk-k Khkhkhkhkhkhhkhhk-k-Kk - hkk kkkkkkhkkhkkk - k- kkk*

VGKGAKLAAKKDLNI KAI NKAETVNLVGNI GLARSSTSGSAVGCGRL NVORSKNSAI VEAK
| GKGAKLAAKKDLNI KAl NKAETVNLVGNI GLARSSTSGSAVGGRLNVORTKNSAI VEAK
| GRGSKI TAKGDLNVKAI NKTETVNLVGKL GL SKSSDSATAVGGGLNVQKSNTSSI VWTK

cke ke ke kk Kkk-kkkkk- kkkkkkhk- o kk- o kk kK o kkkk Kkkko oo kokk oKk

179
180
180

238
239
240

298
299
299

358

359

418

419

478
479
479

538
539
538

598
599
598

658
659
655

718
719
715

777
778
775

837
838
835

897
898
895
957

955
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3718 | kt A
3724 | kt A
ARWL_| kt A

3718 | kt A
3724 kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUL | kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718 I kt A
3724 | kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUL | kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718_I kt A
3724_| kt A
ARWI_I kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718_I kt A
3724_| kt A
ARWI_I kt A

EKAEL SGENI NADALNRL FHVAGSFNGGSGGNAI NGVGSYSGG SKARVSI DDEAYLKAN
EKAEL SGENI NADALNSL FHVAGSFNGGSGGNAI NGVGSYSGG SKARVSI DDETYLTAN
EKAEL SGENI HTNAFNNVFHVAASL NAGT GGNGI NGVIGSYSGGSSKSRVSI DDETHL KAK

Khk Kk Rk hKhk + k- k - khkKkk Kok ko kkk kkkkkkhAhkk Kk kkkkkkk. o ok k-

KKI' ALNSKNDTSVWNAAGSAGH GTKNAAVGVAVAVNDYDI SNKASI EDND- - - EGQSKYD
KKI' ALNSKNDTSVWAVAGSAGH GTKNAAVGVAVAVNDYDI SNKASI EDND- - - EGQSKYD
KKI' YLDSENNTSVTNVAGAVAI GSKNAAVGAAVAI NDYDI SNKVSI EDNDTEDGGKSKYD

kokk keke ke okkk Kk Kk Kk kkkkkk kkke kKA KAKK KKK Kk K koo ok ok kK

KNKDEVTVTAESLEVDAKTTGTI NSI SVAGGE NKVGSKPSEEKPKSEERPEGFFGKI GNK
KNKDEVTVTAESLEVDAKTTGTI NSI SVAGGE NKVGSKPSEEKPKSEERPEGFFDKI GNK
KNKEEVTVTAEDLHANAKTTGTI NAVSVAGAE SKVGEAE- - - - - - - - SDGTG FSKI G\NK

kkk kkkkk kK K ckkkkkhkkk - khkkhkKkk KKKk *ek kkKkkK

VDSVKNKI TDSVDSLTEKI TNYI SEGVKKAGNL PSNVSHTPDKGPSFSL GASGSVSFNNI
VDSVKNKI TDSVDSLTEKI TNYI SEGVKKAGNL PSNVSHTPDKGPSFSL GAAGSVSVNNI
VDSVKCGKI TDAI GFVTDQ\/TNYVYRGSNGTEDGI PNI SKESSKLPSFSL GASGSVSVNNI

Kokkokk  Kkkoko * %k * ok koK KK KKK K KKKk kKK

KKETSAVVDGVKI NLKGANKKVEVTSSDSTFVGAWGGSAAL QANHI GSGNSNI SAGLAGA
KKETSAVVDGVKVNLKGDNKKAEVI ASDSAFI GAWSGAAAL QUNHVGSGESNTTVGLAGA
KKETSAVNVDGVKI SLSGANKEVGVTSSDSTFVGAWSGSAAL QVNHI GSGNSNFSASLAGA

Fokkkkkok e kkkk. Kk Kk Kk Kk ckkk. k- kkk k- kkkkkkko kkko kK . * Kk K

AAVNNI QSKTSAL VKNSDI RNANKFKVNAL SGGTQVAAGAGL EAVKESGGQGKSYLLGTS
AAVNNVQSKTKAFVKDSSI TNANKFKVNAVSGGT QVAAGMGL EAVKESGGQGRSYLLGTS
AAANNI QSKTNAVVKNSSI QNANKFKVNAL SGGTQVAAGAGL EAAKESGGQGKSYLLGTS

Kk ke kkkk K Kk ok Kk KAKKKKKKK . KKK KKKKK Khkk KA kA kA k- KAk Ak kK

ASI NLVNNEVSAKSENNTVAGESESQKMDVDVTAYQADTQVT GALNL QAGKSNGTVGATV
ASMNFI DNEVSSESENNI | TGESEDKRADVDVTAYESDTQVTGGFNL QAGQSKGTVGAAV
ASI NLVDNEVSAKSENNI VEGESENKKMNVDVTAYEADTQVTGAL DL QAGKSSGTAGAAI

Kkeke oo kkkke o kkkk o Kkkk o kkkkkke o kkkkkk .- kkkKke ok Kk kK.

TVAKLNNKVNASI SGGRYTNVNRADAKALLATTQVTAAVTTGGTI SSGAGLGNYQGAVSV
TVAKLNNKVKAG KGGNYTNI NRADTKALLATTQVTSAL SVGGTNSFGSGLGNYQGAVSV
TVAKLNNKVNAS| SGGKYTKVNRADAKALLATTQVTAAVATGGTI SSGAGL GNYQGVWSV

kkkkkkkkkhek * K*k Kko o kkkke hkhkhkkhkkhhkkhk-k-+ *kkk * k- kkkkkkk **%

NKI DNDVEASVDKSSI EGANEI NVI AKDVKGSSDL AKEYQAL LNGKDKKYLEDRG NTTG
NNI NNDVSATVDKSSI KNAKELNVI AKDI KGSSEL AKEYQSLLNGKDREYLEAHG DTTG
NKI DNDVEAG DKSSI EGADEVNVI AKDVKGSSNLAKEYQAL LNGKDEKYLKDRG DTTG

kookekkk Kk - kkkkk. K ke kkkkKhk. kkkko khkkhkkk- khkkkk - kK. o+ kk. kKK

NGYYTKEQLEKAKKKEGAVI VNAAL SVAGTDKSAGGVAI AVNTVKNKFKAEL SGSNKEAG
KNYYTEEQLKEAAKRDGAVI VNAAAS| AGSDKSSGGAGVAVNL VKNKFKAEVI GEDKVDK
NGYYTKEQLEEAKKKEGAVI VNAAL SVAGTDKSAGGVAI AVNTVKNKFKAELNGKDKEVE

Kkkekkke ook ke kk Kk KKKk KooKk okkkookk kKK KkKKKKkKK. K

EDKI HAKHVNVEAKSSTVVVNAASGLAI SKDAFSGVIGSGAWQDL SNDTI AKVDKGRI SAD
TKDI AAEKI NVDAKSSTVI VNTAAGL AVSQNSFAGL GSFAWQEL NNEVSTKVENI KAETD
EGKI RAKHVNVEAKSSTVVVNAASGL AVSKDAFSGVIGSGAWQDL SNETVAKVNKGRI STD

Kok kkekkkk kK Kk k- kkKkcoke ok ke kk Kkk ok k- skk - - *

SLNVNANNSI LGVNVAGT | AGSL STAVGAAFANNTLHNKTSAL | TGTKVNPFSGKNTK- -
RLNVVARNNTLGVNI AGNI AGT GSAAVGAAL AHNSL KNKASSSVTASNFKPFSKTNAKMG
SLNVTANNSVLGVNVAGT | AGSL STAVGAAFANNTLHNKTSALI TETKVNSFSGKDTK— -

Kk kK kkkke oKk Kk ks K-okkkkke ok keokekkeok- -k S k% ek

VNVQALNDSHI TNVSAGGAASI KQAG GAWSVNRGSDETEAL VSDSEFEGVSSFNVDAK
I NVQALNDSHI TNVSAGVVASAKASG SGVASI NRGSDETEAL VSDSEFEGYNSFNVDAK
I NAQALNDSHI TNVSAGVAASVKQVG GGWSVNRGSDETEAL VSDSEFDGVNSVDVRAE

ok kkkkkk Kk KRk KKk kK * kK kok kk ke okkkkkkkkkkkkkkkko kk Kk ok ko

DQKTI NTI AGNANGGKAAGVGATVAHTNI GKQSVI Al VKNSKI TTANDQDRKNI NVTAKD
DQKI VNTI AGNI NGGKAAGVGATVAHTNI GKQSVTAI VKNSKI KTANNQDKKNI HVTAKD
DKKVLNTI AGNI NGGQAAGVGATVAHTNI GKQSVTAAI KNSKI TTAKNQDKKNI NVTAKD

kek ckkkkkk Khkko kKKK KKRKKRAKRKKRKKRKKRKKR * -+ khkkkk KKk kk-kkk *kkk*

YTMINTI AVGVGGAKGASVQGASASTTLNKTVSSHVDQT DI DKDL EEENNGNKEKANVNV
SVI MNTVAAGVGGAKGASVQGASASTAFNKTVASHVEHT DI DKDL EKENDENKEKANFNI
SVWMNTVAAGVGGAKGASVQGSSASTTLNKTVSAHVEKTDI DK- - - - ENHESKEKADFNV

Kokeok kkkkkkkkkkkkokkkke o kkkke o kke o kkkkk KkkKk e ke

LAENTSQVVTNATVL SGASGQAAVGAGVAVNKI TONTSAHI KNSTQNVRNAL VKSKSHSS
LAENTSQVVTNATVL SGASGQAAVGAGVAVNKI TONTSAHI KNSTQNVRNAL VKSKANSS
LAENTSQVVTNATVLAGASGQAAVGAGVAVNKI TONTSAHI KNSTQNVRNAL LKSKANSS

R R R R R R R R R R R N )

I KTl G GAGVGAGGAGVTGSVAVNKI VNNTI AELNHAKI TAKGNVGVI TESDAVI ANYAG
I KTl G GAG GAGGVGSSGSVAVNKI TNNNTASVEHSNI FARGNVGVI TESDAVI ANYAG
I KTl G GAGVGVGGVGVSGSVAVNKI TNNNTAVVEHSDI FAKGNI GVI AESDAVI ANYAG

Khkkkkkkk ek Kk Kk kKKK KKK KK kooeeke Kk ke kke kkke kKKK KK KKK

TVSGGARAAI GASTSVNEI TGSTKAYVKDSTVI AKEETDDYI TTQGQVDKVVDKVFKNLN
TVSGGSHAGVGGSTSVNEI QGDTI ASVKHSKI EAKEETEDVI ETQGKVKEVVEKVFQDI G
TVSGGCHVGVGGSTGVYNEI EGDTI ASVKKSKLEAKEETEDVI EI'QBKVKEWENVLQDI G

kkkkKk - sk kk kkkk ok ok ok kk ko kkkkke ok Kk kkk: ok - okk:
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3718 | kt A
3724 | kt A
ARWL_| kt A

3718 | kt A
3724 kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUL | kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718 I kt A
3724 | kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUL | kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718 | kt A
3724 | kt A
ARWL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718_I kt A
3724_| kt A
ARWI_I kt A

3718_| kt A
3724_| kt A
ARUOL_| kt A

3718_| kt A
3724 | kt A
ARUOL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718 I kt A
3724 kt A
ARWL_| kt A

3718_I kt A
3724_| kt A
ARWI_I kt A

| NEDL SQKRKI SNKKGFVTNSSATHTLKSLLANAAGSGQAGVAGTVNI NKVYGETEALVE
| NEDL SKKREKSKKRGFVVNSSSTHTLKSLLANAAGSGQAGVAGTVNI NKVYGATEALVE
| NDDL SKKREKSNKKGFVVNSSSTHT I KSLLANAAGAGKAAVAGTVNVNKI TGETKALVE

Kk kkk-kke Kek-kkk Kkk-kkk- KkAKAKAKk- K-k Kkkkkk- kk- ¥ K- kkkk

NSI LNAKHYSVKSGDYTNSI GVWGSVGVGGNVGVGASSDTNI | KRNTKTRVGKTTMSDEG
DSI LNAKHYSVKSGDYTNSI GAVGSVGVGGNVGAGASSDTNI | KRNTKTRVGKTTMSDEG
SSVLNVKNSSI HAGDYTNSI GAVGSASGALNAG GASSNTNLFSRNTKTI VHDTKI STEK

koK kK Koo kkKkAKEKK KKK Kk kkkkekke o kkkkKk Kk * kK

FGEEAEI TADSKQG SSFGVGVAAAGVGAGVAGT VSVNQFAGKTEVDVEEAKI LVKKAEI
FGEEAEI TADSKQG SSFGVGVAAAGVGAGVAGT VSVNQFAGKTEVDVEEAKI FVKKAEI
EG(ﬁSEI TADSKQG SSFGVGVGAGVVGAGVAGTVSVNKL SGKTEVDI Q(SDI STKSADI

CREKKKKKKKK KKK KK KK K KAKK KKK AK KK o Kk kKKK . * * kK

TAKRYSSVAI GNAAVGVAAKGAG GAAVAVTKDESNTRARVKNSKI MTRNKLDVI AENEI
TAKRYSSVAI GNAAVGVAAKGAG GAAVAVTKDESNTRARVKNSKI MTRNKLDVI AENEI
SAKHYG\/LSTGNGSVGAAVKGAG/GAAVAVTKDLTNTNVRI KDSKI VTKTKLDVI AQNHT

sk k. Kok s okk ok kkkke kkkkkkkkk s okk  keokskkke k. kkkkkk. ok

KSGTG GSAGAG LAAGVSGVVSVNNI ANKVETDI DHSTLHSSTDVNVKALNKI SNSLTA
KSGTG GSAGAG LAAGVSGVVSVNNI ANKVETDI DHSTLHSSTDVNVKALNKI SNSLTA
KVNCXBM/GI GAAGVGAGLAGTVSVNNI TSKVGTEI DHSEL L SEEDVNVKALNKVDSSMVA

* . * % cooKkke sk kkkkkk: Kk ke okkkk ok k  kkkkkkkkok. *ok

GGGAAGLAAVTGVVSVNTI NSSVI ARVHNNSDL TSVREKVNVTAKEEKNI KQTAANAG G
GGGAAGLAAVTGVVSVNTI NSSVI ARVHNNSDL TSVREKVNVTAKEEKNI KQTAANAG G
AGGAAGL GAASGVVSVNTVNTSVWTRVHNNSKI TSSKGSTNVKAEEEKNI KQVWANAVAG

KAkkkkk Kk - kkkkkkko ko kk- o kkkkkk - kK - Kk ke kKA KKKK * KKk *

GAAI GANVLVNNFGTAVEDRKNSEGKGTEVLKTL DEVNKEQDKKVNDATKKI LQSAG ST
GAAI GANVLVNNFGTAVEDRKNSEGKGTEVLKTL DEVNKEQDKKVNDATKKI LQSAG ST
GVSVGANVLVNNFGTAVEDKAAETGKGTEI LKTLEEI NKDQDQKI SEDAAKI LKSNG DT

Kook kKKK KKK KK KK KA K - Kkkkko kkkk« ke kkokk« ke o+ kkkek Kk k

EDTSVKADRGDTQGEG KAI VKTSDI | GKNVDI TTEDKNNI TSTGGLGTAGLASASGTVA
EDTSVKADRGDTQGEG KAI VKTSDI | GKNVDI TTEDKNNI TSTGGLGTAGLASASGTVA
KDYAVKADRGETQ‘-\EGI KVFVENSSI KGKNTNI AAI\QT DNVTSTGGAGSAGVASALGTVG

Koeckkkkkkekk kkkk ke Kk Kk kkk .ok stk ckkkkk keokkeokkk kkk

VTN KRNSGVTVENSFVKAAEKVNVRSDI TGNVALTAYQGSVGALG GAAYAELNSNGRS
VTN KRNSGVTVENSFVKAI EKLNVRSDI TGNVALTAYQGSVGALG GAAYTELNSNGRS
VTN KRNI GVFI NNADVKADEKL SVRSDI SGNVSLTSYQGTVGAL GLGAAYSQ NANGQS

kkkkkkk Khk ke Kkhkk Khk. Khkkkko hkhkko hkkokkk. kkkkk- khkk+ o+ ko kko K

NI SI KNSKLLGKNI DVI VKDKSEL RAEAKGL TVGAVAAGAI | SKAKNEMNSEVEI EKSI F
NI NI RNSKLLGKNI DVI VKDKSEL TAEAKGL TAGAVAAGAI | SKAKNEWNSEI EI EKSI F
NI TI KNSRFAAKHI DVI AKDKSQLKAEAKGLTVGAVAAGAI | SKANNEWNSEI EI EKSI F

kk ke kkoe e ko okkkk kkkke ok kkkkkokk kkkkkkkkkkkok . kkkkkok. kkkkokkk

NEENRVTSPSKG GREI NVKVEKENRVTAESQGASVGAVAGAG | SEAKDAGSSYLKVST
NEENRVNSPSKG GREI NVKVEKENRVTAESQGVSVGAVAGAG | SDAKDAGSSYLKVST
NEENRVSSPSKG GREI NVKVEKENRVTAESQGASVGAVAGAG | SDAKDAGNSYLKVST

R R R R R R I )

KSGRSI FHADNVNVEATHKVKVTAVSKAVTGSVL GGVGVTKAEATAAGKTWEVEEGNLF
KSGRSI FHADNVNVEATHKMKVTAASKAVTGSVL GGVGVTKAEAVAAGKTM EVEEGNLF
KSGRSI FHADNVNVEATHKMKVTAGSKAVTGSVL GGVGVTKAEATSAGKVMWEI EEGNLF

P R R R R A A TR TR

RTNRLNAI SKVEGL DEDKVTAKSSVVSGNGGGE AGAGYNTSTAQSNTESVVRLRKQDYEN
RTNRLNTI SKVEGLDEDKVTAKSSAI SGNGGE SGAGYNTSTAQSNTESVVHL QRQDYEN
RTNRLNAI SKVEGL DEDKVTAKSFVVSGNGGE AGAGYNTSTAQSNTESVVRLRKQDYEN

kkkkkk- Kk khkhkhkhkkhkkk* ckkkkkkok s kkkkkkkkkkkkkkkk ok koo Kk kkk

NDYTKKY! SEVNALALNDTKNEANI ESL AVAGVHAQGTNKAFTRSNKLTSTTVNGGNVSQ
NDYTKKY! SEVNALALNDTKNEANI ESL AVAGVHT QGTNKAFTRSNKLTSTTVNGGNVYQ
NDSTKKY! SEVNALAVNDTKNEANI ESL EVAGVYAQGTNKAFTKSDKLTSTTVNGEKVYQ

khk Kk Kk kkkhkdhhkk s kRhRARhRARAk Khhkk+  khkkhhhk- k- khkhkkhkkhkk % *

L RAKAL AKNENYGNVKGT GGAL VGAETAAVENYTKSTTGAL VAGNVEI GDKLETI ARDNT
LRAKAL AKNENYGNVKGT GGAL VGAETAAVENYTKSTTGAL VAGNVEI GDKLETI ARDNT
L RAKAL AKNENYGNVKGSGGAL VGAETAAVENYVKSTTGASVAGEVEI GDKLETI AKDNT

Kk Kk Rk Rk khk Rk khkhkk s kR KRKRKRKRKRKKRK’ KhhhkKhk *hk- khhkkhkkhhhhh . kK%

I VRVNGDGTKGGLVGKNG SVKNTI SGETKSSI EDKARI VGTGSVNVDAL NEL DVDL Q&K
I VRVNGDGTKGGLVGKNG SVKNTI SGETKSSI EDKARI VGTGSVNVDAL NEL DVDL QGK
I VKVNGDGTKGGLVGKNG SVKNTI LGETKSFI DDKAKI AGTGSVNVEAL NEL DVDL QGK

P R R R R X R

SGGYGGE G GNVDVNNVI KKNVEAKI GRHAI VETTGKQEYQAFTRAKVNI LGKGDAAAAA
SGGYGGE G GNVDVNNVI KKNVEAKI GRHAI VETTGKQEYQAFTRAKVNI LGKGDAAAAA
SGGYGGE GVGNVDI SNVI KKDTEAKI GQHAVVETTGKQEYQAFTKAKVNI LGKGDAAAAA

R I I R R R

Al SNVHI SNEMDI KNLAKQYASSQL I TKNSKNNI TLASSSESNVNVHGVAEARGAGAKAT
Al SNVHI SNEVDI KNLAKQYASSQLI TKNSKNNI TLASSSESNVNVHGVAEARGAGAKAT
Al SNVHVSNEVDI KNLAKQYAYSQLTTKNSKNDI TLASSSEL DVNVHGVAEAKGVGAKAT

khkkkkk- Kk khkhkhkhkhkk H*k* Hhkhhkkhhk-khkhhkkhhkk - kkkkhkkhkkhhk % *kkkk*
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3718 | kt A
3724 kt A
ARWL_| kt A

3718 | kt A
3724 kt A
ARWL_| kt A

3718_| kt A
3724 | kt A
ARUL | kt A

Appendix Figure 5: Clustal Omega protein sequence alignment of JCM 3718, JCM 3724 and ARU 01 leukotoxinA

VSVKNQ NRTNNVDLAGKI KTEGNI NVYAGYDKNYNI SKTNSKAI ADAKSHAAAASATAT
VSVKNQ NRTNNVDLAGKI KTEGNI NVYAGYDKNYNI SKTNSKAI ADAKSHAAAASATAT
SSVKNQ NRANNVDLAGKI KTEGNI NVYAGYDKNYNI SKTNSKAI ADAKSHAAAASATAT

B I R X

VEKNEVKFNNAI REFKNNL ARL EGKANKKT SVGSNQVDWY TDKYTWHSSEKAYKKL TYQS
I EKNEVKFNNAI REFKNNL ARL EGKANKKTSVGSNQVDWY TDKYTWHSSEKAYKKLTYQS
I EKNEVKFNNAI REFKNNLAKL EGKVNKEVSTGLNQVDWY TDKYTWHSSEKAYKKLTYQS

I R I I R R R R R

KRGEKGKK 3240
KRGEKGKK 3243
KKGEKNKK 3229

kekkk Kk

3172
3175
3161

3232
3235
3221
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Appendix 14: PCR primers for [ktA detection within the clinical strain

collection

Appendix Table 5: PCR primers for IktA detection within the clinical strain collection.

Primer 5’ — 3’ primer sequence
Ludlam_LT1_F CGAAAACTCCAGAATATGATCCGAAAGA
Ludlam_LT1_R CTACCCACGAAACAGCTCCTCCCACAG
Ludlam_LT2_F ATCGGAGTAGTAGGTTCTGTTGGTGTTG
Ludlam_LT2_R GGCTGCTGCGACTCCGACTC

IktA_F AAATGGTGAAAGAATGACAA

IktA_R TGCATAATTTCCTACTCCTG

Ikt1_F CTTAGTCGGAGCGGAAACAG

Iktl_R TCTTTCCGACAAGACCTCCT

Ikt2_F TGTATTGGGAGGAGTTGGAGT

Ikt2_R TCGTAAATGCTTTGTTTGTTCCT
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Appendix 15: Full leukotoxin PCR results

Appendix Table 6: Full leukotoxin PCR results, showing amplification (+) or non-amplification (-) for each isolate and primer

pair combination.

Isolate IktA Ludlam_LT1 Ludlam_LT2 Iktl lkt2
number
1 + + + + +
5 - + + + +
11 - + - + +
21 + + + + +
24 - + + + +
30 - + + + +
39 + + + + +
40 + + + + +
41 - + - + +
42 - + + + +
52 - + - + +
59 - + + + +
62 + + + + +
70 + + + + +
80 - + + + +
82 - + + + +
86 - + + + +
87 - + + + +
89 - + + + +
20 + + + + +
91 + + + + +
92 + + + + +
93 - + + + +
94 - + + + +
95 - + + + +
JCM 3718 + + + + +
JCM 3724 + + + + +
ARU 01 + + + + +
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Appendix 16: Alignment of Ludlam_LT1 amplicon Sanger sequences

LT1 1

LT1 5

LT1 11
LT1 21
LT1 24
LT1_30
LT1 39
LT1_40
LT1 41
LT1_42
LT1 52
LT1 59

LT1 1
LT1 5

LT1 11
LT1 21
LT1 24
LT1 30
LT1 39
LT1_40
LT1_41
LT1 42
LT1 52
LT1_59

LT1 1
LT1 5

LT1 11
LT1 21
LT1 24
LT1 30
LT1 39
LT1_40
LT1 41
LT1 42
LT1 52
LT1 59

LT1 1

LT1 5

LT1 11
LT1 21
LT1 24
LT1_30
LT1 39
LT1_40
LT1 41
LT1_42
LT1 52
LT1 59

LT1 1
LT1 5

LT1 11
LT1 21
LT1 24
LT1 30
LT1 39
LT1_40
LT1 41
LT1 42
LT1 52
LT1 59

AAATTGGATGGAAAACCGGAGCT TTTACTAAATGGT GAAAGAATGACAATTATTCTTCCG
AAATTGGATGATAAGCCTGAAATTTTAT TGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGATAAGCCTGAAATTTTATTGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGGAAAACCGGAGCT TTTACTAAAT GGT GAAAGAATGACAATTATTCTTCCG
AAATTGGATGATAAGCCTGAAATTTTATTGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGATAAGCCTGAAATTTTATTGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGGAAAACCGGAGCT TTTACTAAAT GGT GAAAGAATGACAATTATTCTTCCG
AAATTGGATGGAAAACCGGAGCT TTTACTAAAT GGT GAAAGAATGACAATTATTCTTCCG
AAATTGGATGATAAGCCTGAAATTTTAT TGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGATAAGCCTGAAATTTTAT TGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGATAAGCCTGAAATTTTAT TGAACGGAGAAAAAATAACGATTGT TCTTCCA
AAATTGGATGATAAGCCTGAAATTTTAT TGAACGGAGAAAAAATAACGATTGT TCTTCCA

*kkkkkkkkk*x *%k *%k k% *kkkkk *k *k*k *kk K*kkk*k k*kkk*k **k *kk*k *kkkkk*%x

GATGGAACT TCAAAAACAGGAACT GCTATAGAAATTGCAAACTATGT TCAGGGAGAAATG
GATGGAACT TCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG
GATGGAACTTCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG
GATGGAACTTCAAAAACAGGAACTGCTATAGAAATTGCAAACTATGT TCAGGGAGAAATG
GATGGAACT TCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGT GAAAGAGGAAATG
GATGGAACT TCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG
GATGGAACTTCAAAAACAGGAACTGCTATAGAAATTGCAAACTATGI TCAGGGAGAAATG
GATGGAACTTCAAAAACAGGAACTGCTATAGAAATTGCAAACTATGT TCAGGGAGAAATG
GATGGAACTTCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG
GATGGAACT TCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG
GATGGAACT TCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG
GATGGAACTTCTAAAACAGGAACGGT TCCGGAACT TGCAGAATATGTGAAAGAGGAAATG

kkkkkkkhkkhkkhkkk*k *kkkkkkkkk*k*x *x *x *kk*k *kkkkk *k k*kkk*% * % *kkk k%

AAAAAATTAGAGGAAAAAT TACCGAAAGGATTTAAAGCT TTTTCAGAAGGATTGAGT GGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGAT TAAGCGGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGAT TAAGCGGA
AAAAAATTAGAGGAAAAAT TACCGAAAGGATTTAAAGCT TTTTCAGAAGGATTGAGT GGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGATTAAGCGGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGAT TAAGCGGA
AAAAAAT TAGAGGAAAAAT TACCGAAAGGAT TTAAAGCT TTTTCAGAAGGAT TGAGT GGA
AAAAAATTAGAGGAAAAAT TACCGAAAGGATTTAAAGCT TTTTCAGAAGGATTGAGT GGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGATTAAGCGGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGAT TAAGCGGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGAT TAAGCGGA
AAAAAACT GGAAGCAAAAT TACCGACAGGATTTAAAGCT TTTTCTGAAGGATTAAGCGGA

kkkkkhkk *k kk kK khkkkkhkhkkhkkkhkhkk *hkhkhkhkhkhkkhkhhhhhdhhkkd *khkkkhkk *% *k*

CTGATTAAAGAAACTTTGAATTTTACAGGAGTAGGAAATTATGCAAATTTTCACACTTTT
TTGTTAAAAGAAAGCT TGECT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
TTGTTAAAAGAAAGCT TGCCT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
CTGATTAAAGAAACTTTGAATTTTACAGGAGTAGGAAATTATGCAAATTTTCACACTTTT
TTGTTAAAAGAAAGCT TGECT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
TTGTTAAAAGAAAGCT TGECT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
CTGATTAAAGAAACT TTGAATTTTACAGGAGTAGGAAATTATGCAAATTTTCACACTTTT
CTGATTAAAGAAACTTTGAATTTTACAGGAGTAGGAAATTATGCAAATTTTCACACTTTT
TTGTTAAAAGAAAGCT TGECT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
TTGTTAAAAGAAAGCT TGCCT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
TTGTTAAAAGAAAGCT TGCCT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT
TTGTTAAAAGAAAGCT TGCCT TTTACAGGAGTAGGAAAT TATGCAAATTTCCATACATTT

%k % *kkkkkk*%x * % % khkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkhkhkkhkhkhkhkhkhkkkkkkx*x*x **x **x **%

ACCTCTTCCCGAGCTAATGCGAGAAAGAGATGTCTCTTCTGTGCGAGGACCT 291
ACCTCGECAGGAACCAAT CCAAAAAGAGATACTTCTTCTGTGCGAGGACCT 291
ACCTCGGECAGGAACCAAT GCAAAAAGAGATACTTCTTCTGTGGGAGGACGCT 291
ACCTCTTCCGGAGCTAATGGAGAAAGAGATGTCTCTTCTGTGGGAGGACGCT 291
ACCTCGECAGGAACCAAT CCAAAAAGAGATACTTCTTCTGTGCGAGGACCT 291
ACCTCGECAGGAACCAAT CCAAAAAGAGATACTTCTTCTGTGCGAGGACCT 291
ACCTCTTCCGGAGCTAATGGAGAAAGAGATGTCTCTTCTGTGGGAGGACGCT 291
ACCTCTTCCGGAGCTAATGGAGAAAGAGATGTCTCTTCTGTGGGAGGACGCT 291
ACCTCGECAGGAACCAAT CCAAAAAGAGATACTTCTTCTGTGCGAGGACCT 291
ACCTCGCECAGGAACCAAT CCAAAAAGAGATACTTCTTCTGTGCGAGGACCT 291
ACCTCGGECAGGAACCAAT GCAAAAAGAGATACTTCTTCTGTGGGAGGACGCT 291
ACCTCGGCAGGAACCAAT GCAAAAAGAGATACTTCTTCTGTGGGAGGACGCT 291

* k k k% * k*kk*k*k %k *kkkk*k *k *kkkkkkk*%x kkkkkkkkkkkkkkkkk*x

120
120
120
120
120
120
120
120
120
120
120
120

180
180
180
180
180
180
180
180
180
180
180
180

240
240
240
240
240
240
240
240
240
240
240
240

Appendix Figure 6: Clustal Omega alignment of Ludlam_LT1 amplicon Sanger sequence data. IktA forward and reverse

PCR primer binding positions are highlighted in yellow. Those not highlighted in yellow lack homology and did not amplify

IktA product.
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Appendix 17: Full results of the HL-60 cell line cytotoxicity assay

Appendix Table 7: Full results of the HL-60 cell line cytotoxicity assay. All viabilities are expressed as a percentage of the

negative control.

Percentage viabilities per treatment group

Negative 125 150 175 250 Positive Flow
Control ug/mi ug/ml ug/mi ug/mi Control | Through

100.00 86.79 81.77 76.39 64.82 86.49 98.28

JCM
100.00 86.72 84.96 81.02 61.71 85.13 97.86

3718
100.00 87.82 84.83 83.07 63.33 86.82 99.14
100.00 79.60 66.12 55.74 NT 90.34 96.25

JCM
100.00 80.87 74.03 60.30 NT 80.27 94.15

3724
100.00 77.27 73.56 62.49 NT 82.46 95.19
100.00 91.61 88.76 86.06 74.09 90.49 98.64
ARU 01 100.00 92.46 91.22 87.75 74.26 84.49 97.71
100.00 92.18 87.32 85.82 70.55 80.05 99.07

NT= Not Tested
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Appendix 18: Full statistical analysis of the HL-60 cell line cytotoxicity

assay, using Fisher’s least significant differences test

Appendix Table 8: Full statistical analysis of the HL-60 cell line cytotoxicity assay, using Fisher’s least significant differences

test.

Treatment groups Significance
125 pg/ml 0.000
Negative control Positive control 0.000
Flow through 0.261
JCM 3718 125 pg/ml 150 pg/ml 0.029
150 pg/ml 175 pg/ml 0.016
175 pg/ml 250 pg/ml 0.000
Positive control Flow through 0.000
125 pg/ml 0.000
Negative control Positive control 0.000
Flow through 0.097
JCM 3724
125 pg/ml 150 pg/ml 0.011
150 pg/ml 175 pg/ml 0.001
Positive control Flow through 0.002
125 pg/ml 0.001
Negative control Positive control 0.000
Flow through 0.432
ARU 01 125 pg/ml 150 pg/ml 0.137
150 pg/ml 175 pg/ml 0.197
175 pg/ml 250 pg/ml 0.000
Positive control Flow through 0.000
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Appendix 19: Full results of the cytotoxicity assay with human donor

white blood cells

Appendix Table 9: Full results of the cytotoxicity assay with human donor white blood cells. All viabilities are expressed as

a percentage of the negative control.

Negative JCM JCM JCM JCM ARU ARU Positive
Control 3718 3718 3724 3724 01 01 Control
HL-60 WBCs HL-60 WBCs HL-60 WBCs
100.00 81.77 85.87 66.12 73.40 88.76 91.22 91.77
100.00 84.96 89.83 74.03 77.46 91.22 92.21 77.82
100.00 84.83 92.84 73.56 74.56 87.32 92.26 80.33
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Appendix 20: Statistical analysis of the cytotoxicity assay with human
donor white blood cells, using Fisher’s least significant differences

test

Appendix Table 10: Statistical analysis of the cytotoxicity assay with human donor white blood cells, using Fisher’s least

significant differences test.

Treatment groups Significance
JCM 3718 HL-60 JCM 3718 WBCs 0.067
JCM 3724 HL-60 JCM 3724 WBCs 0.193
ARU 01 HL-60 ARU 01 WBCs 0.345
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Appendix 21. Clustal Omega alignment of ecotin DNA sequences

Eco_42
Eco_11
Eco_41
Eco_52
JCVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARUO1
Eco_59

Eco_42
Eco_11
Eco_41
Eco_52
JCVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARUO1
Eco_59

Eco_42
Eco_11
Eco_41
Eco_52
JCMVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARUO1
Eco_59

Eco_42
Eco_11
Eco_41
Eco_52
JCVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARU01
Eco_59

ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGTTTTTGCA
ATGAAAAAATGTATTTATGCTATCGECTTACTGTTTTCTTTTTCCGTCAGTGITTTTGCA

Rk S O S O S

ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGCCAAAACAAGGECATGAAGANG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGCCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGCCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGGCCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGCCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGCCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGCCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATAT CCTAAGGCAAAACAAGGCATGAAGAAG
ATGCAGCATCCGGATATGAACT TGGAAATATATCCTAAGCCAAAACAAGCCATGAAGAAG

Rk S R I Sk S R R S R R S Sk R S o S R

GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GTTGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGCGAAATAAAATTT
GITGTGTATCTTTTAGAGAAAAAAGAAAAAGAAGAAGACTATAAATTGGAAATAAAATTT

R S R R I Sk I R R O R S S SRR R S kR R S S b S O R

GGAAAAGATCTTGT TGTAGATGATAATCTTCNTCACTTTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGACCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGACCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGACCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGACCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCT GGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCT GGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCT GGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCT GGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACT TTTTAGGAGGAAAGCTGGAAGAG
GGAAAAGATCTTGT TGTAGATGATAATCTTCATCACTTTTTAGGAGGAAAGCT GGAAGAG

R S O S R S o S S R S S S R S b S R R

120
120
120
120
120
120
120
120
120
120
120
120
120
120
120

180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
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Eco_42
Eco_11
Eco_41
Eco_52
JCMVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARU01
Eco_59

Eco_42
Eco_11
Eco_41
Eco_52
JCVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARU01
Eco_59

Eco_42
Eco_11
Eco_41
Eco_52
JCVB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCVB724
ARUO1
Eco_59

Eco_42
Eco_11
Eco_41
Eco_52
JCMB718
Eco_01
Eco_05
Eco_21
Eco_24
Eco_30
Eco_39
Eco_40
JCMB724
ARUO1
Eco_59

AAAGATGTAGAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAAAAGGT TGEGGCTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAAAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAAAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAAAAGGT TGGGGCTATCCTTATTACATTTTTTCAGGAGATTCTCAAATGGCA
AAAGATGTAGAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAGAAGGT TGGGGCTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGCGCA
AAAGATGTAGAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAGAAGGT TGGGGCTATCCTTATTACATTTTTTCAGGAGATTCTCAAATGGCA
AAAGATGTAGAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAGAAGGT TGGGEGCTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGCGCA
AAAGATGTAGAAGGT TGCGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAGAAGGT TGGGGCTATCCTTATTACATTTTTTCAGGAGATTCTCAAATGCGCA
AAAGATGTAGAAGGT TGEGECTATCCTTATTACATTTTTTCAGGAGAT TCTCAAATGGCA
AAAGATGTAGAAGGT TGGGGCTATCCTTATTACATTTTTTCAGGAGATTCTCAAATGCGCA

R S S O R O O O

CAAACTTTAANGGCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGTTTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGTTTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGTTTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGTTTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGT TTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
CAAACTTTAATGCCGTTTCCTTTAGGAAGT GAACGAGAAAAAAGAGTATATTATCCCACA
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GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
GCTACGAAAATATTGCCTTATCATTCAAAACTTCCTTTGGT TTTATATGI TCCGGAAGAT
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GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAATCAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAAT CAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAATCAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAAT CAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAATCAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAAT CAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAAT CGAATGCAGGAAATCAAAGAAGT TTCTCGT TAA
GTGAAGGTAGAAGTATCTCTTTGGAAT CGAAT GCAGGAAATCAAAGAAGT TTCTCGT TAA
GIGAAGGTAGAAGTATCTCT TTGGAATCGAATGTAGGAAATCAAAGAAGT TTCTCGT TAA
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Appendix Figure 7: Clustal Omega alignment of ecotin DNA sequences of the first 12 strains from the clinical collection,

and strains JCM 3718, JCM 3724 and ARU 01.
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Appendix 22. Plasmid map and sequence of pET-16b

PET-16b sequence landmarks Bpu1102 lg287)
TT promoter 166-182 |E(c:‘|)ar‘.| e
TT7 transcription start 465 Aat |ljsezs), | .Hiné II%(z@
His*Tag coding sequence  360-389 Ssp kga20} | ll [
Multiple cloning sites Sca li5108) -
(Nde 1 -BamH 1) 318.335 Pwu lis088) SqrA lisas)
TT terminator 213-259 Sph lisaq)
Pst lj4081)
Iacl coding sequence 860-1948 EcoN Ii7s4)
pBR322 origin 3885
bla coding sequence 4646-5503 B2 b Drd llaaz)

Eam1105 114718)

Miu lj1219)
‘%'E Bel lj1233)
g | BBstE Illn-um}
ARwN 1(4230) 4 | | L Bmg l1428)
| ET-16b f | [VApa lj1430)

(5711bp) 3 ) I

=) 'I'I

=¥
BssH ll(1830)
Hpa l(1725)
BspLU11 l(3zz3) BsaX larg)
Sap lja7o7)
Bst1107 lases) PshA lizos4)
Acc l(3s503)
BsaA l(2575)
Tth111 lj3sa8) Eag ljz2am)
Nru l{zazzy
__T_\_TE I BspM liz402)
sm |(2707)
Bpu10 li2g29) ' Msc Ii2784)
Appendix Figure 8: Plasmid map of pET-16b vector.
T7 promoter primer #585348-3
Bglll T7 promoter lac operator Xhal rbs
ACAT T oG AT OO G O AT TAAT AR CT CA CT ATAGGEGAAT TO TEAG GG TAAC AR TT OO C T C TAGA AR TAAT TTTGTT TAACTT TAAGANICAGA
Mco | His*Tag

_Mec MNde| | Xho | BamH |
TATACCATGAGCCATCATCATCAT CATCAT CA TCAT CA TCACRG CAGC G CCATAT OGARGS TCET CATATGCT G AGGATCOGEC TGO TAACRRAAGEC
MetGlyHisHisHisHisHisHisHisHigHisHi sSerEarGlyHisIlaG luGlxﬁqu.:.Heth:.G luhepPraflalklaflenlysiia
Bpul1021 Factor Xa T7 terminator

OGAAAGGAAGCTGAGT TGEC TACTGOCACCEC TEAGCAAT AN CTAGCA TARCCCCT TR GAGC CT CTARACGEET CT TGAGGEETTTTT TG
ArglysGluflaGluleullaf]l all aThroil aGluGlnEmnd

TT terminator primer #G8337-3

PET-16b cloning/expression region

Appendix Figure 9: DNA sequence of the cloning/expression region of vector pET-16b.

271



Appendix 23. Plasmid sequence of pET-19b

T7 promoter primer #69348-3

Balll T7 promoter lac operator xbal hs
AGATCTCGATL LG GAAATTAATAC GACTCAC TATAGCEGCAAT TETGAGCGEATAACAATTCCCC T TAGAAATAATTTTETTTAACT T TAAGAAGGAGA
Neo | His=Tag Ndel Xhol BamH |

TATACCATGGGCCATCATCATCATCATCATCATCATCATCACAGCAGCGRCCATATCEACGACGACGACAAGCATATGCTCGAGGATCCGGE TGCTAAL AAA
MetGlyHisHisHisHisHisHisHisH i sHisHisSerSerGlyHisl leAspisphAsphsplysHisMetleul lulspProd oA |l oAsnlys

- A T T DL | N
Bpuri102 | Enterokinase T7 terminator

GECCGAAARGAARL TGAGT TGEC TECTGLEACCGE TEAGE AATAAC TAGCATAACCCLT TGEGECETC TAAACGEETCTTGARGGGTTTTTTE
AladrglysGlublobluleudlablablaThrdlaGlul | nEnd

T7 terminator primer #69337-3

pET-19b cloning/expression region

Appendix Figure 10: DNA sequence of the cloning/expression region of vector pET-19b, including an enterokinase cleavage

site in place of the Factor Xa cleavage site present in pET-16b.
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Appendix 24. Callibration curve for AFC

AFC calibration curve

15000
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90007

RFU

60001

30007

0 ! ! ! ! !
0.0 0.1 0.2 0.3 0.4 0.5

[AFC] mM

Appendix Figure 11: Calibration curve for 7-Amino-4-(trifluoromethyl)coumarin (AFC). Ten concentrations were tested,
covering the full range of fluorescence generated from the substrate standard curves. The AFC calibration curve has an

equation of y=244626x and an R squared value of 0.9978.
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Appendix 25. Human plasma kallikrein (HPK) RFU readings

Appendix Table 11: Mean relative fluorescent units for HPK standards, with no ecotin present.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 502.23 387.95 187.82 124.54 53.08 28.88
2 944.47 758.78 400.45 239.76 116.66 63.83
3 1402.98 1152.92 615.32 369.83 183.12 100.69
4 1857.98 1559.57 861.20 511.80 251.62 135.66
5 2303.78 1949.89 1136.03 649.48 317.51 169.61
6 2738.23 2319.86 1399.72 782.38 382.08 203.93
7 3159.66 2671.34 1634.09 908.09 443.43 237.48
8 3565.63 3013.27 1853.90 1029.18 502.89 270.04
9 3961.50 3343.21 2064.39 1144.81 559.98 301.45
10 4344.97 3661.04 2267.55 1257.16 615.23 332.13
11 4713.54 3968.56 2462.09 1364.66 668.57 361.83
12 5062.98 4263.88 2650.69 1468.97 720.07 390.53
13 5396.19 4547.22 2830.15 1569.18 769.01 418.32
14 5711.41 4820.72 3005.64 1665.34 816.78 445.27
15 6012.46 5084.33 3173.68 1758.52 862.95 471.71
16 6303.00 5339.29 3336.28 1847.57 907.04 496.82
17 6584.13 5581.94 3492.45 1934.72 949.70 521.39
18 6859.10 5820.54 3643.40 2017.69 990.75 545.04
19 7125.29 6048.48 3790.46 2098.67 1030.10 567.83
20 7388.89 6266.99 3931.15 2175.66 1068.32 590.09
21 7664.26 6482.32 4068.33 2250.93 1104.45 611.45
22 7970.73 6686.01 4199.11 2322.75 1140.45 632.27
23 8320.06 6885.34 4327.26 2392.58 1174.28 652.38
24 8694.00 7075.54 4449.47 2459.20 1206.63 671.70
25 9052.66 7264.36 4569.30 2523.85 1238.86 690.39
26 9423.72 7444.28 4683.51 2586.06 1268.61 708.58
27 9772.61 7615.70 4794.83 2646.39 1297.71 726.28
28 10120.45 7783.29 4901.07 2702.78 1325.62 743.17
29 10449.32 7945.26 5004.14 2758.69 1352.98 759.48
30 10729.96 8102.58 5104.08 2813.27 1378.90 775.74
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Appendix Table 12: Mean relative fluorescent units for HPK, with an ecotin concentration of 12.5 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 331.83 265.46 192.19 71.63 35.26 17.87

2 622.00 523.49 384.72 146.64 73.15 35.91

3 968.13 799.20 591.10 228.48 113.75 57.10

4 1324.57 1078.84 797.32 310.38 154.29 81.86

5 1681.06 1355.95 997.55 390.52 194.53 105.86
6 2037.81 1629.45 1184.39 470.93 235.95 128.27
7 2384.17 1895.97 1361.22 556.42 280.42 149.58
8 2727.80 215891 1535.18 652.31 329.82 170.36
9 3064.03 2409.28 1706.46 758.25 384.62 190.86
10 3403.49 2652.79 1875.42 865.02 436.59 211.14
11 3735.09 2894.18 2040.24 962.95 483.37 231.10
12 4071.56 3132.03 2193.77 1051.75 527.47 250.77
13 4404.29 3372.88 2342.74 1135.76 569.78 269.79
14 4740.37 3624.79 2490.91 1217.90 611.27 288.55
15 5079.19 3886.08 2655.59 1297.90 651.63 306.85
16 5416.13 4145.69 2856.14 1374.52 691.25 324.87
17 5741.61 4405.22 3072.92 1448.87 729.58 342.40
18 6060.54 4660.25 3258.29 1520.83 767.06 359.62
19 6369.85 4928.92 3413.98 1591.04 803.51 376.29
20 6667.65 5200.94 3556.98 1659.41 838.81 392.63
21 6956.42 5438.80 3694.17 1726.09 873.29 408.52
22 722791 5650.54 3827.47 1789.88 906.48 424.22
23 7489.04 5851.10 3954.29 1852.42 938.86 439.40
24 7739.52 6047.85 4078.88 1913.06 970.74 454.37
25 7994.61 6236.61 4200.27 1971.42 1001.40 468.89
26 8269.29 6418.94 4316.19 2028.71 1030.85 483.20
27 8574.05 6600.43 4427.28 2084.30 1059.86 497.09
28 8904.51 6775.53 4536.72 2138.10 1088.17 510.60
29 9228.53 6944.67 4639.93 2190.65 1115.22 523.64
30 9623.73 7109.77 4742.09 2241.79 1141.75 536.82
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Appendix Table 13: Mean relative fluorescent units for HPK, with an ecotin concentration of 25 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 247.78 210.31 105.65 48.58 23.77 14.33

2 545.81 440.03 227.82 111.80 53.04 30.09

3 882.66 696.43 371.43 180.44 87.34 47.33

4 1220.36 957.55 520.62 249.34 121.45 66.35

5 1547.42 1213.92 668.07 318.27 156.52 84.85

6 1870.10 1465.82 810.34 388.60 195.64 103.12
7 2194.28 1711.14 946.16 464.30 236.09 120.93
8 2520.36 1947.73 1079.44 547.87 278.60 138.60
9 2849.26 2178.70 1210.68 637.96 320.08 155.84
10 3178.82 2403.95 1340.97 728.63 360.07 173.05
11 3502.90 2625.16 1473.19 813.21 398.87 189.88
12 3820.65 2842.65 1601.64 891.34 436.97 206.55
13 4125.77 3066.18 1726.52 966.27 474.40 222.74
14 4416.60 3309.53 1845.80 1039.60 511.09 238.69
15 4691.26 3575.51 1952.26 1111.18 547.06 254.58
16 4956.32 3837.39 2068.64 1180.91 582.35 269.99
17 5216.88 4081.89 2217.86 1249.38 616.86 285.11
18 5476.87 4303.45 2412.92 1315.61 650.47 299.90
19 5733.93 4531.40 2604.15 1380.04 683.55 314.52
20 5992.10 4775.17 2755.68 1443.07 715.91 328.86
21 6245.98 5025.01 2886.14 1504.89 747.28 342.85
22 6495.13 5248.30 3009.67 1564.61 777.89 356.51
23 6719.52 5453.04 3128.95 1623.09 808.19 369.91
24 6980.46 5647.13 3246.33 1680.15 837.33 383.11
25 7288.28 5826.39 3362.78 1735.16 866.39 396.13
26 7687.97 6007.56 3474.29 1789.62 894.18 408.85
27 8127.55 6186.91 3583.64 1842.26 921.19 421.20
28 8511.51 6358.33 3689.45 1893.45 947.90 433.59
29 8817.79 6527.27 3792.43 1944.27 973.91 445.41
30 9083.76 6689.05 3893.47 1993.14 999.16 457.12
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Appendix Table 14: Mean relative fluorescent units for HPK, with an ecotin concentration of 50 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)

0 0.00 0.00 0.00 0.00 0.00 0.00

1 202.43 154.67 79.30 36.82 17.18 9.64

2 463.75 348.54 183.29 86.32 35.83 20.60

3 760.39 568.23 305.41 146.57 58.83 32.62

4 1074.00 790.59 434.21 210.32 85.63 45.35

5 1397.19 1008.16 562.80 276.55 116.73 60.37

6 1715.18 1222.78 687.34 349.35 150.04 77.21

7 2026.16 1434.39 807.67 423.34 183.43 94.12

8 2333.56 1638.34 925.47 493.59 215.93 109.47
9 2642.48 1842.56 1042.20 560.26 247.62 123.77
10 2950.82 2044.10 1157.87 625.53 278.47 137.98
11 3254.70 2244 .31 1271.79 689.46 309.02 151.86
12 3547.80 2443.81 1379.69 752.90 339.07 165.48
13 3828.88 2640.12 1479.47 814.62 368.43 178.93
14 4097.39 2840.22 1579.40 875.56 397.42 192.24
15 4352.25 3055.42 1696.40 934.95 425.63 205.31
16 4607.17 3278.92 1848.94 993.60 453.55 218.43
17 4865.00 3501.04 2008.86 1050.86 480.94 231.12
18 5125.84 3711.56 214251 1107.10 507.78 243.56
19 5390.52 3924.93 2260.82 1161.99 534.49 256.09
20 5645.85 4152.75 2373.65 1215.71 560.61 268.23
21 5902.94 4372.95 2484.00 1268.38 586.03 280.22
22 6159.61 4570.75 2592.72 1320.10 611.08 292.10
23 6404.48 4756.17 2698.37 1370.62 635.75 303.66
24 6674.53 4936.11 2802.78 1420.01 659.94 315.20
25 6986.83 5112.00 2904.60 1468.64 683.69 326.56
26 7341.09 5282.84 3004.18 1515.73 707.12 337.53
27 7702.85 5451.83 3101.15 1562.32 729.94 348.48
28 8036.73 5613.82 3197.01 1607.81 752.38 359.22
29 8322.44 5774.86 3289.94 1652.13 774.37 369.80
30 8581.79 5932.68 3380.86 1696.00 796.22 380.22
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Appendix Table 15: Mean relative fluorescent units for HPK, with an ecotin concentration of 100 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)
0 0.00 0.00 0.00 0.00 0.00 0.00
1 167.02 119.55 57.49 22.69 11.68 6.31
2 417.13 282.96 145.48 58.20 27.81 15.41
3 688.72 463.79 249.90 95.71 46.03 25.52
4 963.02 649.11 356.08 134.09 64.62 35.43
5 1242.05 834.77 460.35 170.57 83.85 45.18
6 1520.16 1018.79 561.46 207.16 102.74 54.83
7 1791.33 1199.73 661.19 248.47 121.51 64.96
8 2056.43 1378.24 760.45 297.65 140.45 75.45
9 2321.45 1555.13 858.76 356.14 159.94 86.74
10 2588.51 1732.40 953.58 418.31 179.56 98.19
11 2851.47 1908.75 1047.21 476.89 201.65 109.79
12 3113.07 2083.12 1142.79 529.61 225.31 120.42
13 3371.30 2258.64 1239.89 576.43 250.67 130.41
14 3623.59 2432.75 1337.31 621.77 276.20 140.22
15 3874.34 2611.00 1433.08 666.21 299.33 150.00
16 4122.95 2789.16 1527.63 709.97 320.15 159.67
17 4372.27 2969.23 1619.98 753.81 340.19 169.30
18 4618.95 3155.34 1711.88 796.48 359.71 178.70
19 4867.30 3341.62 1801.22 838.36 379.00 188.14
20 5119.24 3515.02 1889.27 880.24 397.89 197.45
21 5370.87 3681.81 1976.50 921.06 416.61 206.70
22 5623.93 3844.16 2061.75 961.45 435.14 215.75
23 5873.34 4003.88 2144.98 1000.95 453.48 224.79
24 6119.88 4160.65 2227.53 1039.80 471.54 233.65
25 6381.72 4311.81 2309.21 1078.29 489.84 242.52
26 6658.18 4460.37 2388.24 1116.21 507.25 251.17
27 6956.29 4607.23 2465.93 1153.46 524.64 259.81
28 7244.23 4749.82 2542.92 1190.19 541.88 268.20
29 7497.64 4889.30 2618.25 1226.57 558.90 276.42
30 7733.40 5028.88 2692.92 1262.11 575.64 284.61
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Appendix 26. Lineweaver-Burk plot for kallikrein data

Lineweaver-Burk plot
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Appendix Figure 12: A Lineweaver-Burk plot showing characteristics of competitive inhibition. Y intercept was set at 0.466

resulting in a shared Vmax of 0.406 umol min-1. The x intercept is equal to -1/Km and the y intercept is equal to 1/Vmax.
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Appendix 27. Human neutrophil elastase (HNE) absorbance readings

Appendix Table 16: Mean absorbance units for HNE standards, with no ecotin present.

Substrate concentration
Time 0.5 mM 0.25mM | 0.125mM | 0.06 mM 0.03mM | 0.015mM
(minutes)
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.0060 0.0047 0.0040 0.0027 0.0010 0.0010
2 0.0120 0.0090 0.0083 0.0060 0.0023 0.0017
3 0.0167 0.0130 0.0120 0.0097 0.0040 0.0023
4 0.0227 0.0170 0.0157 0.0127 0.0047 0.0033
5 0.0270 0.0207 0.0187 0.0157 0.0050 0.0043
6 0.0320 0.0250 0.0227 0.0183 0.0060 0.0043
7 0.0370 0.0287 0.0260 0.0207 0.0070 0.0057
8 0.0423 0.0323 0.0290 0.0230 0.0080 0.0060
9 0.0470 0.0360 0.0320 0.0253 0.0090 0.0070
10 0.0507 0.0397 0.0347 0.0280 0.0100 0.0077
11 0.0550 0.0427 0.0377 0.0303 0.0110 0.0080
12 0.0587 0.0457 0.0400 0.0323 0.0117 0.0087
13 0.0627 0.0490 0.0423 0.0347 0.0127 0.0093
14 0.0663 0.0527 0.0447 0.0367 0.0133 0.0097
15 0.0697 0.0563 0.0470 0.0380 0.0137 0.0107
16 0.0730 0.0577 0.0493 0.0400 0.0147 0.0107
17 0.0763 0.0607 0.0513 0.0413 0.0153 0.0117
18 0.0800 0.0643 0.0540 0.0430 0.0157 0.0117
19 0.0823 0.0660 0.0560 0.0450 0.0167 0.0123
20 0.0853 0.0683 0.0577 0.0460 0.0173 0.0127
21 0.0883 0.0707 0.0597 0.0473 0.0177 0.0127
22 0.0913 0.0727 0.0613 0.0493 0.0183 0.0133
23 0.0943 0.0757 0.0633 0.0507 0.0187 0.0137
24 0.0967 0.0773 0.0650 0.0517 0.0193 0.0140
25 0.1000 0.0800 0.0667 0.0530 0.0197 0.0140
26 0.1020 0.0823 0.0680 0.0547 0.0203 0.0147
27 0.1043 0.0847 0.0697 0.0557 0.0207 0.0150
28 0.1067 0.0863 0.0713 0.0563 0.0213 0.0150
29 0.1090 0.0883 0.0727 0.0577 0.0213 0.0153
30 0.1117 0.0900 0.0740 0.0590 0.0220 0.0160
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Appendix Table 17: Mean absorbance units for HNE, with an ecotin concentration of 12.5 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.0047 0.0030 0.0020 0.0017 0.0003 0.0010
2 0.0100 0.0063 0.0047 0.0030 0.0010 0.0003
3 0.0133 0.0093 0.0070 0.0047 0.0013 0.0013
4 0.0180 0.0130 0.0093 0.0057 0.0013 0.0013
5 0.0220 0.0160 0.0110 0.0067 0.0013 0.0017
6 0.0267 0.0187 0.0130 0.0083 0.0020 0.0017
7 0.0303 0.0217 0.0157 0.0093 0.0023 0.0020
8 0.0343 0.0240 0.0173 0.0107 0.0030 0.0027
9 0.0383 0.0267 0.0187 0.0120 0.0037 0.0027
10 0.0417 0.0297 0.0203 0.0130 0.0033 0.0030
11 0.0453 0.0323 0.0217 0.0137 0.0040 0.0027
12 0.0490 0.0347 0.0233 0.0147 0.0040 0.0030
13 0.0520 0.0370 0.0247 0.0160 0.0043 0.0033
14 0.0553 0.0393 0.0263 0.0180 0.0047 0.0033
15 0.0583 0.0420 0.0280 0.0193 0.0050 0.0037
16 0.0610 0.0440 0.0297 0.0183 0.0050 0.0037
17 0.0640 0.0460 0.0307 0.0190 0.0050 0.0040
18 0.0670 0.0483 0.0320 0.0197 0.0050 0.0040
19 0.0697 0.0503 0.0330 0.0203 0.0053 0.0040
20 0.0720 0.0523 0.0343 0.0210 0.0057 0.0047
21 0.0750 0.0543 0.0387 0.0217 0.0057 0.0043
22 0.0773 0.0563 0.0367 0.0220 0.0060 0.0047
23 0.0797 0.0583 0.0377 0.0230 0.0060 0.0047
24 0.0817 0.0603 0.0380 0.0237 0.0060 0.0050
25 0.0843 0.0617 0.0393 0.0240 0.0060 0.0050
26 0.0863 0.0637 0.0420 0.0250 0.0060 0.0053
27 0.0883 0.0657 0.0413 0.0253 0.0060 0.0053
28 0.0907 0.0673 0.0417 0.0270 0.0060 0.0057
29 0.0927 0.0690 0.0423 0.0263 0.0063 0.0053
30 0.0943 0.0710 0.0437 0.0267 0.0060 0.0057
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Appendix Table 18: Mean absorbance units for HNE, with an ecotin concentration of 25 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.0013 0.0003 0.0013 0.0007 0.0000 0.0000
2 0.0033 0.0013 0.0027 0.0010 0.0007 0.0000
3 0.0037 0.0017 0.0033 0.0013 0.0007 0.0000
4 0.0053 0.0023 0.0043 0.0020 0.0007 0.0000
5 0.0063 0.0027 0.0050 0.0020 0.0007 0.0000
6 0.0070 0.0037 0.0060 0.0020 0.0020 0.0000
7 0.0087 0.0040 0.0067 0.0020 0.0027 0.0000
8 0.0097 0.0043 0.0070 0.0023 0.0020 0.0000
9 0.0107 0.0050 0.0077 0.0023 0.0010 0.0000
10 0.0113 0.0053 0.0080 0.0023 0.0013 0.0000
11 0.0120 0.0057 0.0083 0.0023 0.0017 0.0000
12 0.0130 0.0060 0.0087 0.0027 0.0013 0.0000
13 0.0137 0.0067 0.0090 0.0027 0.0007 0.0000
14 0.0143 0.0073 0.0093 0.0023 0.0007 0.0000
15 0.0150 0.0077 0.0097 0.0023 0.0007 0.0000
16 0.0153 0.0077 0.0097 0.0027 0.0007 0.0000
17 0.0163 0.0083 0.0103 0.0027 0.0007 0.0000
18 0.0167 0.0087 0.0103 0.0027 0.0007 0.0000
19 0.0173 0.0090 0.0107 0.0030 0.0007 0.0003
20 0.0177 0.0097 0.0107 0.0030 0.0007 0.0000
21 0.0183 0.0097 0.0107 0.0030 0.0007 0.0000
22 0.0190 0.0100 0.0107 0.0030 0.0007 0.0000
23 0.0197 0.0107 0.0110 0.0033 0.0010 0.0000
24 0.0197 0.0107 0.0117 0.0033 0.0007 0.0000
25 0.0203 0.0113 0.0117 0.0030 0.0007 0.0000
26 0.0207 0.0117 0.0117 0.0033 0.0007 0.0000
27 0.0207 0.0120 0.0117 0.0033 0.0010 0.0000
28 0.0213 0.0120 0.0117 0.0033 0.0007 0.0000
29 0.0217 0.0123 0.0120 0.0033 0.0007 0.0000
30 0.0223 0.0130 0.0123 0.0033 0.0007 0.0000
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Appendix Table 19: Mean absorbance units for HNE, with an ecotin concentration of 50 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.0000 0.0000 0.0000 0.0000 -0.0003 0.0000
2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0003
3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0007 0.0000 -0.0003 0.0000 0.0000 0.0000
6 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000
7 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000
8 0.0010 0.0003 0.0000 0.0000 0.0000 0.0000
9 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000
10 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000
11 0.0010 0.0003 0.0000 0.0000 0.0000 0.0000
12 0.0010 0.0007 0.0000 0.0003 0.0000 0.0000
13 0.0010 0.0007 0.0000 0.0000 0.0000 0.0000
14 0.0013 0.0010 0.0000 0.0003 0.0000 0.0000
15 0.0020 0.0007 0.0000 0.0003 0.0000 0.0000
16 0.0020 0.0013 0.0000 0.0003 0.0000 0.0000
17 0.0020 0.0010 0.0000 0.0003 0.0000 0.0000
18 0.0020 0.0010 0.0003 0.0003 0.0000 0.0000
19 0.0023 0.0007 0.0010 0.0003 0.0000 0.0000
20 0.0027 0.0013 0.0010 0.0003 0.0000 0.0000
21 0.0030 0.0010 0.0010 0.0003 0.0000 0.0000
22 0.0030 0.0010 0.0010 0.0003 0.0000 0.0000
23 0.0030 0.0010 0.0010 0.0003 0.0000 0.0000
24 0.0037 0.0020 0.0010 0.0010 0.0000 0.0000
25 0.0037 0.0020 0.0010 0.0010 0.0000 0.0000
26 0.0040 0.0020 0.0010 0.0010 0.0000 0.0000
27 0.0040 0.0020 0.0010 0.0010 0.0000 0.0000
28 0.0040 0.0020 0.0010 0.0010 0.0000 0.0000
29 0.0047 0.0020 0.0010 0.0010 0.0000 0.0000
30 0.0050 0.0020 0.0010 0.0010 0.0000 0.0000
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Appendix Table 20: Mean absorbance units for HNE, with an ecotin concentration of 100 nM.

Substrate concentration
Time 0.5 mM 0.25 mM 0.125 mM 0.06 mM 0.03 mM 0.015 mM
(minutes)
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.0000 0.0000 0.0000 -0.0010 -0.0010 0.0000
2 0.0000 0.0000 0.0000 0.0000 0.0000 -0.0003
3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000 0.0000 -0.0003
5 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000
6 0.0007 0.0000 0.0000 0.0000 0.0000 -0.0003
7 0.0010 0.0000 0.0000 0.0000 0.0000 -0.0003
8 0.0010 0.0000 0.0000 0.0000 0.0000 -0.0003
9 0.0013 0.0007 0.0000 0.0000 0.0000 -0.0003
10 0.0010 0.0007 0.0000 0.0000 0.0000 -0.0003
11 0.0010 0.0007 0.0003 0.0003 0.0003 0.0000
12 0.0010 0.0007 0.0003 0.0000 0.0000 -0.0003
13 0.0017 0.0007 0.0003 0.0000 0.0000 -0.0003
14 0.0020 0.0007 0.0007 0.0000 0.0000 -0.0003
15 0.0020 0.0007 0.0000 0.0000 0.0000 0.0000
16 0.0020 0.0013 0.0007 0.0000 0.0000 -0.0003
17 0.0027 0.0010 0.0007 0.0000 0.0000 -0.0003
18 0.0030 0.0010 0.0007 0.0000 0.0000 -0.0003
19 0.0030 0.0010 0.0007 0.0003 0.0003 0.0000
20 0.0030 0.0013 0.0007 0.0000 0.0000 -0.0003
21 0.0030 0.0017 0.0007 0.0000 0.0000 -0.0003
22 0.0030 0.0017 0.0007 0.0003 0.0003 0.0000
23 0.0030 0.0017 0.0007 0.0003 0.0003 -0.0003
24 0.0030 0.0017 0.0007 0.0003 0.0003 -0.0003
25 0.0030 0.0017 0.0007 0.0000 0.0000 -0.0003
26 0.0030 0.0017 0.0007 0.0003 0.0003 -0.0003
27 0.0030 0.0017 0.0007 0.0003 0.0003 0.0000
28 0.0033 0.0020 0.0007 0.0003 0.0003 0.0000
29 0.0030 0.0017 0.0007 0.0000 0.0000 -0.0003
30 0.0033 0.0017 0.0007 0.0003 0.0003 -0.0003
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Appendix 28. Thrombin time, prothrombin time and activated partial

thromboplastin time results

Appendix Table 21: Fold prolongation values of thrombin time, prothrombin time and activated partial thromboplastin

time when exposed to a range of ecotin concentrations.

Ecotin Thrombin Prothrombin Activated partial
(1Mm) time time thromboplastin time
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.06 NT NT NT NT NT NT 2.06 1.71 1.45
0.125 NT NT NT NT NT NT 4.72 7.39 2.24
0.25 1.02 1.00 0.98 1.94 1.84 1.98 7.93 8.69 7.14
0.5 1.08 0.98 1.02 2.89 3.34 3.17 38.48 14.48 13.18
0.75 1.09 1.02 1.07 3.77 4.00 3.66 45.93 15.84 19.61
1 1.11 1.02 1.16 451 4.72 4.57 59.17 28.20 28.14
2 1.13 1.04 1.18 6.92 6.28 6.49 66.21 22.19 32.28
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