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Abstract

Neisseria meningitidis expresses multi-component organelles called Type four pili (Tfp), which are
key virulence factors involved in interactions with host cells. Pilin (PilE) is the main component of
Tfp and N. meningitidis can express either class I pilins that undergo antigenic variation or class II
pilins, which are highly conserved. The region upstream of the pilE gene contains two putative
promoters which are recognised by distinct ¢ (sigma) factors: ¢’ family and . We aimed to
investigate regulation of class Il pilE by characterising the role of multiple o factors in class Il pilE

transcription.

We confirmed the presence of conserved 6’° family- and 6~-dependent promoter sequences in a large
collection of meningococcal genomes. We show that the promoters are functional in E. coli, however
in N. meningitidis PilE expression under steady state is initiated from the ¢’° family-dependent
promoter. Furthermore, neither the absence nor overexpression of 6™ had any effect on pilin levels
in N. meningitidis which indicates that c™ does not contribute to class II pilin regulation, and also
suggests that 6" does not function as a -12/-24 sequence-dependent activator. Strikingly, Neisseria
elongata ¢, which is known to function as an activator of pilE in commensal N. elongata, was able
to reduce meningococcal pilin expression. The negative effect exerted by N. elongata " on class II
pilin expression raises a possibility that in pathogenic Neisseria the 5-dependent network responsible
for the expression of pilE has been modified to maintain Tfp expression, considering their key role

in colonisation and pathogenesis.

Studying transcription patterns of virulence factors offers an interesting possibility to understand
features that define pathogenic Neisseria. We analysed c" regulon in N. meningitidis by RNA
sequencing and our results suggest that ' might be implicated in the response to diverse stimuli

including the canonical heat shock response.

In summary, results presented here provide new insights into class 1l pi/E regulation and the role of
c" in N. meningitidis. Future work will focus on identifying signalling networks that govern pilE
expression in response to environmental stimuli and will explore the o factor cross-talk in pathogenic

Neisseria. This will expand our knowledge of meningococcal adaptation to niches within the host.
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bp Base pair

DNA Deoxyribonucleic acid

IPTG Isopropyl B-D-1-thiogalactopyranoside
nt nucleotide

0OD600 Optical density measured at 600 nm
PBS Phosphate buffered saline

PCR Polymerase chain reaction

qRT-PCR Quantitative reverse transcription polymerase chain reaction
RNA Ribonucleic acid

RNA-seq RNA sequencing

o factor Sigma factor

SSC Saline sodium citrate
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TFP Type four pili
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1 Introduction

1.1 Neisseria meningitidis

1.1.1 Neisseria genus

N. meningitidis is a member of the Neisseria genus that includes two pathogenic species, V.
meningitidis and Neisseria gonorrhoeae, as well as non-pathogenic or commensal Neisseria
which have been isolated from humans and animals (Liu et al., 2015). Neisseria meningitidis
is a human-specific Gram-negative diplococcus that is a leading cause of meningitis and
septicaemia worldwide (Diallo et al., 2016; Stephens et al., 2007). Despite its ability to cause
invasive disease, N. meningitidis is a commensal that is carried asymptomatically by
approximately 10% of the population (Trotter et al., 2005). N. meningitidis occupies the
mucosal niche of the human nasopharynx (Rosenstein et al., 2001). However, some
meningococcal isolates have been isolated from the urogenital tract (Harrison et al., 2017).
N. gonorrhoeae is the causative agent of the sexually transmitted disease gonorrhoea. N.
gonorrhoeae preferentially colonises the urogenital epithelium but some gonococcal strains
have been isolated from nasopharyngeal and mucosal niches (Danby et al., 2016; Noble et

al., 1979).

Commensal Neisseria contains a diverse group of species however, our knowledge of their
biology is limited. More than eight commensal Neisseria are considered part of the human
nasopharyngeal flora (Zaura et al., 2009) and although generally considered non-pathogenic,
some commensal Neisseria have been reported to cause the disease in immunocompromised

patients (Zavascki et al., 2006). The most well studied member of the commensal species is



N. lactamica (Marri et al., 2010). Studies have demonstrated that the rate of N. lactamica
carriage decreases with age whereas N. meningitidis colonisation starts in children and
increases until it reaches its peak in young adults, suggesting that N. lactamica can induce
protective immunity against N. meningitidis (Bennett et al., 2005; Evans et al., 2011).
Another member of the commensal flora of the nasopharynx is N. elongata, which in rare
cases has been reported to cause endocarditis (Nawaz et al., 1996). It is the most distantly
related species to N. gonorrhoeae and interestingly the two species have been shown to

interact and co-inhabit the same pharyngeal niche (Higashi ef al., 2011).

1.1.2 Classification of N. meningitidis

N. meningitidis possesses a polysaccharide capsule which plays an important role in bacterial
evasion from host immune responses and in transmission (Spinosa et al., 2007; Swartley et
al., 1997). The presence of the capsule is critical for bacterial spread and survival in the
bloodstream as capsule offers protection from antibody-driven adaptive immunity and
complement-induced lysis. The meningococcal capsular polysaccharide forms the basis of
meningococcal classification into serogroups. There are 12 serogroups of N. meningitidis
but the majority of disease is caused by serogroups A, B, C, W, X and Y (Harrison et al.,
2013). The capsule of B, C, Y and W groups consists of polysialic acid linked to glucose or
galactose whereas group A expresses N-acetyl mannosamine-1-phosphate containing
capsules (Liu et al., 1971). The a2-8 linkage of polysialic acid in group B capsule is similar
to the polysialic acid on the host mammalian neural cell adhesion molecule (NCAM) which
impairs host immune response against serogroup B strains (Finne et al., 1987). N.
meningitidis is a naturally transformable organism and its genome is relatively small ~2.2

Mb (Tettelin et al., 2000). The genome contains a number of different repetitive sequences,



which are scattered throughout the chromosome and can contribute to multiple
recombination events (Liu ef al., 2002). The ability to recombine in part explains the ability
of meningococcus to acquire new genetic determinants, including variation in capsule
encoding genes (Schoen et al., 2009). Recombination events can lead to the exchange of the
regions within the capsule loci between different serogroups, which results in capsule

switching (Swartley et al., 1997).

The development of the multilocus sequence typing (MLST) tool in 1998 allowed further
classification of N. meningitidis (Maiden et al., 2013). MLST relies on the analysis of seven
housekeeping genes. When a new sequence variant at a specific locus is identified, it is
assigned an arbitrary allele number, and the pattern of allele numbers determines the
sequence type (ST). Strains with similar STs, such as those that match at four or more loci,
are grouped into clonal complexes (cc) (Caugant, 2008). Comparison of N. meningitidis
isolates has led to the observation that N. meningitidis exists in clusters of clones that share
enough genetic determinants to identify the common ancestor. Studies examining disease
isolates and the biology of meningococcal populations have identified a subset of
hyperinvasive lineages of N. meningitidis which included cc 5, cc 11, cc 269, cc 32 and cc
41/44 (Caugant et al., 2009). These hyperinvasive lineages are only occasionally present in
carriers, and are associated mostly with disease. Importantly, understanding the lineages of

N. meningitidis helps to identify the spread and global evolution of meningococcus.

1.1.3 Meningococcal disease manifestation and epidemiology

N. meningitidis is transmitted via respiratory droplets upon close contact. Meningococcal

disease has significant implications for public health as onset is very rapid and has a 10%



fatality rate (Rosenstein et al., 2001). Invasive meningococcal disease results in systemic
infection, often leading to septic shock, with a 40% mortality rate in these cases (Chang et
al., 2012). Even when antibiotic treatment is administered early, patients often develop
disease sequalae including cognitive impairment, limb loss and deafness (Borg ef al., 2009).
Host susceptibility factors including absence of bactericidal antibodies and genetic
impairments in innate immune defence pathways play an important role in development of
disease (Lewis ef al., 2014). Furthermore, environmental factors and age further contribute
to susceptibility to meningococcal disease (Lewis & Ram, 2014). Meningococcal carriage
and disease rate are elevated in closed populations, for instance among military recruits or
university students. Furthermore, factors such as co-infections (e.g. influenza), smoking and
damage to the mucosal surface also increase meningococcal disease incidence (Stephens et
al., 2007). Progression and severity of meningococcal sepsis depend on the survival and
presence of high number of bacteria in the blood. Bacterial invasion is followed by aberrant
inflammation and host tissue damage. Endotoxin (lipopolysaccharide, LPS) released by N.
meningitidis via outer membrane vesicles is the main trigger of host inflammatory response
(Brandtzaeg, Kierulf, er al., 1989). LPS is able to bind endotoxin binding protein present in
the human plasma, which leads to activation of inflammatory cells including macrophages
and neutrophils. LPS-activated macrophages trigger the release of proinflammatory
cytokines (TNF-a, IL-1B) and neutrophils undergo respiratory burst and degranulation,
releasing reactive oxygen species and inflammatory proteins. Together this causes acute
inflammation and meningococcal septicemia, which impairs microvasculature and leads to
multi-organ failure (Pathan et al., 2003). During meningococcal sepsis vascular permeability

increases which leads to respiratory failure and myocardial dysfunction. Furthermore,



thromboresistance and intravascular coagulation are impaired resulting in the characteristic

purpura fulminans (Lécuyer et al., 2017).

Historically, N. meningitidis has caused a number of epidemics worldwide. A serogroup A
outbreak in a region of sub-Saharan Africa known as the meningitis belt has resulted in
periodic epidemics over the last 70 years (Harrison et al., 2009), and the highest incidence
of the disease cases ever recorded (LaForce et al., 2009). Serogroup C epidemics have also
been observed in Niger and more recently, in 2002, a serogroup W outbreak resulted in
epidemics in Burkina Faso (Nathan et al., 2007). Compared to African countries, the overall
disease rate is low in Europe and the USA. However occasional epidemics of serogroup B

and C are observed.

Vaccination remains one of the most effective ways to prevent meningococcal disease and
in some cases can reduce the carriage state. Introduction of a trivalent A/C/W vaccine lead
to near disappearance of W strains in Burkina Faso (Traore ef al., 2006). Meningococcal
polysaccharide A/C vaccine was used to control meningococcal outbreaks, however poor
immunogenicity in infants and absence of herd immunity limit the affinity of these vaccines
to offer full protection in countries experiencing serogroup A epidemic. Subsequent
development of a conjugate meningococcal A vaccine in 2010 lead to a 99% reduction in
serogroup A disease in the vaccinated population in nine countries belonging to meningitis
belt (Trotter et al., 2017). Currently there are a number of vaccines available, including a
quadrivalent ACWY conjugate that is protective against all N. meningitidis strains present
predominantly in sub-Saharan Africa; and conjugate MenC vaccine which was introduced

into routine vaccination in the UK in 1999 and lead to a fall in Serogroup C incidence



(Campbell et al., 2009); as well as a conjugate MenB vaccine which has recently been

introduced in the UK and is now part of routine immunisation schedule (Giuliani et al., 2006)

1.2 Host adaptation in N. meningitidis

N. meningitidis colonisation can be transient or can persist for up to several months
(Christensen et al., 2010). Establishing successful colonisation in the nasopharynx is critical
for bacterial survival in the host. Once colonized, N. meningitidis can occasionally
translocate across the epithelial barrier and enter the bloodstream causing systemic
meningococcal disease (Hill ez al., 2010). The bacteria can then spread and progress further
to cross blood brain barrier, and enter cerebrospinal fluid causing fulminant meningitis.
Interestingly, progression to invasive disease does not provide a fitness advantage to N.
meningitidis as it impairs its transmission from host to host. Therefore, it is likely that the
systemic disease is a result of an accidental event as N. meningitidis is largely an

asymptomatic colonizer (Buckee ef al., 2008).

To meet the challenges of the distinct conditions encountered during the colonisation and
disease, N. meningitidis possesses two crucial determinants: 1) virulence factors and 2)

metabolic attributes which include strategies to utilize host resources for replication.

Virulence factors include adhesins, capsule, LPS, and other surface molecules involved in
host immune evasion. Some of the best characterised virulence determinants are described

below.



(i) Adhesins expressed by N. meningitidis are required depending on the stage of attachment,
and can be divided into major and minor adhesins (Hill ez al., 2010). Initial attachment to
cells is mediated by the major adhesin Type four pili (Tfp) and it has been suggested that
Tfp bind CD46 on host cells (Kallstrom ef al., 1997). However there are conflicting reports
describing Tfp-dependent adhesion in the absence of CD46 (Kirchner et al., 2005; Tobiason
et al., 2001). Tfp take part in attachment and microcolony formation on the surface of
epithelial cells in the nasopharynx and on endothelial cells of the vasculature. However the
signaling triggered by Tfp-mediated adhesion differs between the two cell types (Lecuyer et
al., 2012). For example, when N. meningitidis attaches to endothelial cells, the [-2
adrenergic receptor/ P-arrestin pathway is activated which triggers a signaling cascade,
allowing bacterial to cross cell monolayers (Coureuil et al., 2010). Attachment of bacteria
to epithelial cells does not engage of any of these pathways, suggesting the downstream Tfp-

induced intracellular signaling is different in endothelial and epithelial cells.

Other major adhesins include outer membrane opacity proteins (Opa and Opc) which have
been shown to bind a number of different carcinoembryonic antigen cell adhesion molecules
(CEACAM), and are implicated in mediating prolonged adhesion with host epithelial cells
(Virji et al., 1996). Minor adhesins, including NhhA, App and NadA, enable engagement of
a diverse range of receptors and are proposed to be recruited for adhesion at different stages

of pathogenesis (Pizza et al., 2015).

(ii) Capsule and LPS are important for meningococcal immune evasion. Capsule expression
is mediated by a number of genes in the capsule encoding locus (cps) (Frosch et al., 1989).

The Cps locus is composed of regions A, B and C responsible for production, modification



and transport of the capsule components respectively. Meningococci have developed
strategies to vary the presence of the capsule on the surface (Hammerschmidt et al., 1996)
and downregulation of the capsule has been shown to enhance the initial adhesion to host
cells during disease (Deghmane et al., 2002). Furthermore, capsule is critical for
meningococcal survival in the bloodstream in the host (Jarvis ef al., 1987). LPS present in
the outer cell membrane comprises of a conserved membrane-associated lipid A component,
which anchors variable a- and - chains (Kahler ef al., 1998; Kulshin ef al., 1992). Lipid A
of LPS triggers the aberrant inflammatory response, that characterises meningococcal
disease, by activating Toll-like receptor 4 (TLR4) (van Deuren et al., 2000), and the
concentration of LPS in human blood correlates with severity of the disease (Brandtzaeg,

Mollnes, et al., 1989; Fransen et al., 2010).

(iii) Exotoxins. In general exotoxins can affect neighbouring bacteria as well as human cells
and have been described in many organisms, however our knowledge of toxins secreted by
pathogenic Neisseria is limited. N. meningitidis has been reported to contain a polymorphic
toxin named Multiple Adhesin Family protein B (MafB), which is thought to provide a
fitness advantage to bacteria in polymicrobial environments and can degrade both bacterial
and human RNA (Jamet ef al., 2015). Gene encoding MafB is located on a pathogenicity
island flanked by insertion sequences, which are thought to facilitate the acquisition of these

islands via horizontal gene transfer (Jamet et al., 2015).

(iv) A number of surface molecules contribute to meningococcal virulence. These include
factor H binding protein, which recruits a negative complement regulator factor H to escape

recognition and killing by complement (Schneider ef al., 2009). In addition, N. meningitidis



possesses membrane channels known as porins (PorA and PorB), which have been
implicated in both colonisation and immune evasion. For example, PorA has been shown to
interact with complement inhibitor C4bp to increase bacterial survival in the blood (Jarva et

al., 2005).

Metabolic attributes allow N. meningitidis to acquire nutrients to regulate metabolism in
order to exploit the resources available in the various niches it encounters. For example, iron
acquisition is essential for N. meningitidis survival (Archibald et al., 1978) and N.
meningitidis expresses multiple iron uptake systems, which are used to retrieve iron from
human iron-binding proteins (Perkins-Balding et al., 2004). It has been proposed that
different host iron-binding proteins such as transferrin and haemoglobin serve as niche
indicators for N. meningitidis by activating distinct transcriptional responses that contribute
towards bacterial survival (Jordan et al., 2009). Many metabolically linked genes have been
implicated in meningococcal colonisation. Five meningococcal genes have recently been
identified belonging to metabolic pathways that play a crucial role in bacterial attachment to
epithelial cells (Jamet ef al., 2013). In line with this observation, deletion of the gene
encoding a lactate permease (/ctP) leads to a decrease in bacterial survival when incubated
with explants from nasopharyngeal mucosa (Exley ef al., 2005). Interestingly, lactate
catabolism has also been implicated in progression of invasive disease. By utilizing lactate
as a carbon source, N. meningitidis enhances the biosynthesis of sialic acid that is
incorporated on its surface. Increased presence of sialic acid inhibits binding of the
complement factor C3 to the bacterial surface, thus preventing complement-mediated killing

(Exley et al., 2005).



1.3 Type four pili (Tfp)

Tfp are long filamentous structures present on the surface of N. meningitidis (Kolappan et
al., 2016). Among meningococcal factors that allow the bacteria to colonise the
nasopharynx, Tfp play a key role by enabling bacteria to form microcolonies on all surfaces
(Nassif et al., 1993; Virji et al., 1992). Tfp are multicomponent dynamic filaments that span
the inner and outer membrane of N. meningitidis. The absence of Tfp components
significantly reduces the ability of bacteria to attach to host cells (Nassif et al., 1994; Virji
et al., 1992). Meningococcal dissemination within the host is proposed to be triggered by
the detachment of a small number of bacteria from microcolonies on the epithelial surface,
and translocation of these bacteria across the epithelial layer to the systemic circulation
(Melican et al., 2012). Subsequent Tfp-mediated formation of microcolonies on endothelial
cells provides resistance against shear stress in the circulation (Coureuil ef al., 2009). In the
brain microvasculature, the local reorganisation of the host cell cytoskeleton, which is
triggered by Tfp binding to the cells, promotes translocation of N. meningitidis via the
paracellular route and bacterial spread to the meninges (Mikaty et al., 2009). In addition,
Tfp mediate twitching motility and the uptake of DNA that enables horizontal gene transfer

(Cehovin et al., 2013; Eriksson et al., 2015)
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Figure 1.1 Type four pili of N. meningitidis

A. Arrows showing Type four pili fibres on the surface of N. meningitidis (transmission electron
micrograph, 0.5 uM; from (Hill ez al., 2010). B. Schematic diagram of components of Tfp biogenesis

apparatus.

Tfp are encoded by over 15 biogenesis genes that are distributed around the meningococcal
genome (Brown et al., 2010; Kolappan et al., 2016). The main component of the fibre is the
pilin protein which is encoded by pilE gene (Figure 1.1B). PilE is first made as a prepilin
which is targeted to the inner membrane. Then prepilin is cleaved by the PilD prepilin
peptidase, leaving the mature PilE with a conserved N terminal sequence, which is critical
for assembly, into a fibre. There are a number of proteins which are incorporated in the Tfp
fibre that have a similar structure to PilE (Cehovin et al., 2010), including ComP, PilX and
PilV. ComP mediates DNA binding, providing DNA uptake sequence (DUS) is present in
the incoming DNA. DUS are repetitive sequences in the meningococcal genome that

facilitate DNA uptake and subsequent recombination thus increasing genetic diversity
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(Treangen et al., 2008). PilX is required for bacterial aggregate formation, and deletion of
pilX reduces bacterial attachment to cells (Helaine et al., 2005). PilV deletion alters the Tfp-
dependent adhesion and signalling to host cells: pill mutants do not form stable
microcolonies and twitching motility is increased, suggesting that pill is involved in

microcolony stability (Brown et al., 2010; Imhaus et al., 2014).

Additional Tfp components positioned at the cytoplasmic side of the inner membrane
include PilG which is essential for fibre formation, and two AAA+ ATPases: PilF and PilT
(Figure 1.1B). PilF is required for Tfp expression and PilT is essential for Tfp retraction.
The outer membrane contains PilQ, which is also required for Tfp biogenesis (Collins et al.,
2001). PilQ forms a pore-like structure composed of several subunits and this arrangement
is maintained by additional proteins such as PilW, PilP and Omp85. PilC is associated with
the pilus fibre and is encoded by pilCI and pilC2. PilC is phase variable, which allows
further modification of Tfp function (Rytkonen et al., 2004). Interestingly, only pilCI is
crucial for N. meningitidis adhesion whereas both PilC1 and PilC2 modulate Tfp expression

and DNA competence (Morand et al., 2001).

1.4 PilE: the major subunit of Tfp

N. meningitidis expresses one of two classes of pilin, class I that undergoes antigenic
variation, or invariant class II pilin (Aho ef al., 1997; Virji et al., 1989). Interestingly the
distribution of class I and class II pilE varies among isolates. Class I pilE is expressed in a
diverse range of strains isolated from patients with disease and carriers whereas class I pilE

is present almost exclusively in a subset of meningococcal hypervirulent lineages that are
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largely associated with epidemic disease. The two classes were originally identified based
on their reactivity with a monoclonal antibody SM1 raised against N. gonorrhoeae pilin;
SM1 exclusively recognises class I pilin (Virji et al., 1989). Further analysis revealed distinct
genomic organisation of genes encoding class I and class II pilin (Figure 1.2) (Aho ef al.,

1997; Cehovin et al., 2010; Woérmann et al., 2014).

Less is known about the structure/function of Tfp in the commensal species; however, work
on N. cinerea has shown that in contrast to pathogenic species, Tfp is not required for
adhesion in these species, while in N. elongata pilin has been shown to play a key role in the
ability of bacteria to take up DNA and interact with N. gonorroheae (Higashi et al., 2011).
There are two putative pilE sequences in the genomes of commensal Neisseria, pilE1 and
pilE2 (Aho et al., 2000). PilE1 and PilE2 exhibit sequence homology with class II pilE at
both the N and C termini. pilE] and pilE2 are arranged in tandem; however, in commensal
N. cinerea only pilEl transcription is detectable under standard growth conditions

(Wormann et al., 2016).

1.4.1 Antigenic variation of pilE

Class I pilE is located in close proximity to up to eight copies of pilS cassettes, which are
homologous to pilE but are not expressed (Haas et al., 1986). Antigenic variation (Av) is a
consequence of the recombination of these pilS cassettes with pi/E, which results in a change
in pilE sequence. Occasionally such DNA recombination results in the generation of inactive
pilE leading to abolished expression of PilE and phase variation (Cahoon et al., 2011). A
DNA recombination event at the pilE locus can also generate additional PilD-dependent

cleavage sites within PilE. As a result, a truncated soluble pilin (S-pilin) is produced. S-pilin
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is unable to assemble into a functional fibre. Therefore, strains containing these variants of
pilE lack Tfp and have impaired adhesion (Obergfell et al., 2016). Overall pilin Av is
proposed to serve as a mechanism to evade the immune recognition by circumventing pilin-

directed humoral responses and has been shown to modulate adhesion (Miller et al., 2014).

fkpA pilS cassettes class I pilE IpxC

class | pilE —}7----- Gi —»S/c —}
NN

antisense RNA

fkpA pilS cassettes IpxC katA class Il pilE

class Il pilE  w=) - o e

200 bp
Figure 1.2 Diagram of loci encoding class I and class II pilin

Class I pilE is flanked by fkpA and IpxC genes. Several pilS cassettes and a G4 as well as Sma/Cla
sequence (S/C; downstream of pilF) together contribute to pilin antigenic variation. The class II pilE
gene is in a different location and lacks the G4 element and Sma/Cla sequence. pilS cassettes are
present in class II pilE-expressing isolates but do not act as donors for homologous recombination

and are not in the same locus as in class I pilFE.

The mechanism behind Av has not been fully defined. However, the two elements, G4 and
Sma/Cla present upstream and downstream of class [ pilE respectively, are necessary for
pilin Av (Figure 1.2). G4 is a stretch of guanine rich sequence which functions as a
recombination initiation sequence structure and mutagenesis of G4 inhibits pilE Av (Cahoon

et al., 2009, 2013). The Sma/Cla repeat is a homologue of a recombinase binding sequence
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and is only present in pathogenic Neisseria. Sma/Cla has been shown to facilitate Av in V.
gonorrhoeae. However, the underlying mechanism by which Sma/Cla attributes to Av is not
fully understood (Wainwright et al., 1997).

pilE Av is also regulated by small regulatory RNAs. In addition to noncoding RNA that is
initiated from the promoter that overlaps with the G4 sequence (Cahoon & Seifert, 2013),
antisense RNA is transcribed from the promoter situated at the 3' end of class I pi/E in 8013

and modulates the frequency of pilE Av (Figure 1.2) (F. Y. Y. Tan et al., 2015).

In contrast to class I pilE, class II pilE is located at a different chromosomal locus, and
despite containing 1-2 pilS cassettes elsewhere on the genome, it does not undergo Av (Helm
et al., 2010). Importantly, the class II pilE locus lacks both G4 and Sma/Cla repeat sequence

which could account for the lack of Av (Aho et al., 2000; Wormann et al., 2014).

1.4.2 Regulation of pilin expression in N. meningitidis

Pilin expression is controlled at multiple levels including transcriptional, post-transcriptional

and post-translational (Figure 1.3).

Transcriptional. At the genomic level, class I and class II pilE have different promoter
organisations. Both class I and class II pi/E contain two putative promoters -10/-35 and -12/-
24 sequences, which are annotated based on the known bacterial promoter consensus
sequences. However the sequence and the position of these promoter regions relative to the
pilE start codon is distinct between the two classes. This will be discussed further in Chapter
3. In N. cinerea and N. elongata pilE] and pilE2 contain putative -10/-35 promoter regions

and pilE ] harbours an additional -12/-24-dependent promoter, which in N. elongata has been
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shown to activate transcription of pilE (Rendon et al., 2013; Woérmann et al., 2016). The
regulation of class II pilE expression has not been addressed before. Understanding the
regulation of class II pilE gene transcription in N. meningitidis forms the subject of this

thesis.

Class I pilE is known to be transcribed from the -10/-35 promoter (Carrick et al., 1997) and
several transcription factors have been implicated in class I pilE regulation, including contact
regulatory gene A (CrgA). The role of CrgA in pilE regulation is strain-dependent
(Deghmane et al., 2000; Ieva et al., 2005). In N. meningitidis 8013 which contains class [
pilE, CrgA is thought to downregulate pilE via its interaction with a CrgA-binding site
upstream of pilE (Deghmane et al., 2002). In N. meningitidis MCS58, which also expresses
class I pilE, CrgA has been similarly shown to bind the pi/E promoter in vitro (Derkaoui et
al., 2016). However, CrgA-dependent pilin regulation was not observed in this strain (Ieva

et al., 2005).

Furthermore, stress signals have been shown to affect pilE expression in N. gonorrhoeae,
which expresses a pilE gene homologous to meningococcal class I pilE (Larribe et al., 1997).
Gonococcal pilin expression is affected by various environmental conditions including low
iron, high osmolarity and pH; and this modulation is thought to be governed by a two-protein
component system which consists of a response-regulator PilA that binds pi/E promoter and

putative sensor/histidine kinase component PilB (Larribe ef al., 1997).

Post-transcriptional. Neisseria anti-aggregation protein (NafA) has been suggested to
regulate pilin protein but not pilE transcript levels in a class II pilE expressing N.

meningitidis; however, the exact mechanisms of this regulation remains to be determined

16



(Kuwae et al., 2011). Studies of the N. meningitidis proteome have implicated the RNA
chaperone Hfq in pilin protein regulation. For example, deletion of /fg in two different class
I pilin expressing meningococcal strains led to either upregulation of pilin (Fantappié¢ et al.,
2009) or no change in pilin levels (Huis in ‘t Veld et al., 2017). In addition, RNA co-IP
studies have identified Hfq-dependent sSRNA which originates from 3' UTR of class I pilE
and is co-transcribed with pilE in N. meningitidis (Heidrich et al., 2017). Interestingly, class
I pilE expressing N. meningitidis also contains this SRNA however it is not expressed and
is present in a distinct locus, suggesting distinct roles of sSRNA in class I and class II pilE
containing isolates (Heidrich et al., 2017). Although the precise function of this SRNA
remains to be determined, it has been proposed to function in trans by integrating multiple
stimuli from the environment to regulate Tfp expression and possibly pilin Av (Heidrich et

al., 2017).

Post-translational. The pilin protein is modified via glycosylation and phosphorylation and
different pilin modifications can vary according to strain, pilin sequence and expression of
genes responsible for post-translational modifications (PTM) (Power et al., 2006). PTM are
associated with particular serine residues on pilin and can impact bacterial phenotypes. For
example, Ser® is the target of O-linked glycosylation which is mediated by PgIL.
Interestingly, N. meningitidis ApglL mutant was not internalised by endothelial cells as
efficiently as wild-type bacteria (Takahashi et al, 2012). Deletion of pilin
phosphotransferase B (pptB) that mediates the addition of phosphoglycerol to Ser®?, has
resulted in downregulation of pilus bundling which in turn triggers bacterial detachment

from microlonies and invasion of host cells (Chamot-Rooke et al., 2011).
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Tfp biogenesis and retraction are dependent on the regulation of different components of the
Tfp machinery (Section 1.3). For example, T{p retraction which leads to translocation of Tfp
subunits into cytoplasm is linked to PilC and PilT proteins (Merz et al., 2000; Morand et al.,
2004). In addition, the number of pili fibres on the bacterial surface correlates with the
expression of pilV and pilX genes (Imhaus & Duménil, 2014). Upon interaction with host
cells, Tfp have been shown to affect host cell polarity which leads to disruption of cell-cell

junctions and subsequent invasion of the meninges (Coureuil et al., 2009).
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Figure 1.3 Regulation and modification of pilin in N. meningitidis

Mechanisms of class I pilE regulation in N. meningitidis. Different transcription factors (TF) can

interact with the pilE upstream region regulating pilF at the level of transcription. Post-transcriptional

regulation can take place via small regulatory RNA (stRNA) (Heidrich et al., 2017). Pilin protein

undergoes post-translational modifications (PTM) and reaches the membrane to be assembled into a

fibre. Tfp fibre is regulated via retraction or assembly mechanisms. Tfp-mediated interaction with

the host regulates bacterial adhesion. Environmental stimuli can also impact pilin expression (Larribe

etal., 1997).

1.5 Transcription initiation in bacteria: focus on o factors

Since my project addresses the regulation of class II pilE at the level of transcription, it is

important to consider how transcription is initiated in bacteria.
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The initiation of bacterial transcription requires three principal components: a DNA
promoter sequence, core RNA polymerase (RNAP) and sigma (o) factors. Promoters can be
composed of several different elements including upstream sequences, and either a -10/-35
or a -12/-24 sequence, which were originally defined according to their nucleotide distance
from the transcription start site (Hawley ef al, 1983; Pribnow, 1975). RNAP is a
multisubunit protein involved in promoter recognition and RNA synthesis (Hurwitz ef al.,
1961) (Figure 1.4). It consist of a, B, ' and ®, subunits encoded by rpoAd, rpoB, rpoC and
rpoZ respectively (Zhang et al., 1999). Each subunit mediates important functions of RNAP.
The two domains of o subunit (the N- and C-terminal domains) are joined by a flexible
linker region and the C-terminal domain (CTD) is engaged with the upstream promoter
elements (Blatter et al., 1994; Jeon et al., 1995). The N-terminal domains of the o subunits
interact with some transcriptional regulators, modulating the activity of the promoter. § and
' subunits constitute the catalytic core of RNAP by forming a channel through which RNA
synthesis is established (Murakami et al., 2002; Severinov et al., 1997). B subunit engages
with ¢ factor to initiate promoter melting and transcription initiation (Young et al., 2004).
The ® subunit is the smallest subunit of RNAP and has been implicated in the assembly of
the B' subunit (Ghosh et al., 2001), and there is evidence that it can modulate RNAP activity
in response to external stimuli (Periago et al., 2002). Furthermore, the ® subunit has also
been shown to play a role in the stringent response: crosslinking experiments as well as
RNAP mutant analysis revealed that ppGpp, which is one of the key signalling molecules
during stringent response, binds to @ and ' subunits thereby affecting gene expression (Ross

etal.,2013).
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The first crystal structure of core RNAP was obtained from Thermus aquaticus which
demonstrated that RNAP contains “crab-claw” structure (Zhang et al., 1999). The studies
revealed that 3 and ' subunits are connected by the a NTDs and form two “jaws” or clamps
with the cleft in between. This multisubunit arrangement is dynamic and can adopt different
conformational states during transcription initiation, elongation and transcription
termination (Darst et al., 2002). The cleft can be separated into several channels including
a) primary channel (involved in dSDNA and RNA/DNA hybrid interaction), b) secondary
channel (NTP entry for RNA synthesis) and ¢) RNA exit channel (associated with
RNA/DNA hybrid strand separation) (Lee et al., 2016; Vassylyev et al., 2007). RNAP
engages with o factor which facilitates the efficient interaction between ¢ domains and the

70 contains four conserved

corresponding promoter sequences (Mekler et al., 2002). o
domains (o1-4) and the crystal structure of RNAP and ¢ holoenzyme revealed that the core
surface of the RNAP is bound by the domains .3 (Murakami, 2013). The linker between
domains 3 and 4 is positioned within primary channel and blocks the RNA exit channel.
Domain 4 in turn occupies the cleft between 3 and ' subunits and obstructs the primary
channel. Upon transition from transcription initiation to elongation, the interactions between

o factor and RNAP weaken as nascent RNA displaces the linker and domain 4 (Nickels ef

al., 2005).
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Figure 1.4 RNA polymerase-c promoter interaction

Schematic diagram showing the subunit structure of RNA polymerase-c factor holoenzyme and its
interaction sites with a promoter region. 6’° factor contains four domains which recognise distinct
promoter elements: -35, extended -10, -10 and discriminator region (Dis). RNA polymerase is
comprised of o, 3, ' and ® subunits. aCTDs recognise the upstream (UP) element present at some
promoters and 3 and ' form the catalytic core of the enzyme whereas the ® subunit assists the folding

of the BP' subunits. The transcription initiation site (+1) is indicated with an arrow.

1.5.1 Bacterial o factors

Core RNAP must associate with a ¢ factor to form the RNAP holoenzyme that recognises
specific promoter sequences and initiates transcription. Transcription is initiated by o-
dependent strand separation of dsDNA and formation of transcription bubble (Feklistov et
al., 2014). Bacteria express different ¢ factors some of which are responsible for activating
a subset of genes in response to stimuli, allowing bacteria to adapt to changing environments.
Based on studies in E. coli, ¢ factors can be divided into two structurally different families:

the ¢7° and o™ family.
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1.5.1.1 ©’° family

o factors belonging to ¢’° family recognise consensus promoter elements known as -10 and
-35 sequences. The ¢’° family can be divided into four groups according to their modular
structure (Figure 1.5A) (Helmann et al., 1988). All four groups share some similarities in
the structure of the promoter-binding domains (Gruber et al., 2003). Domains 2 and 4 are
present in all four groups of ¢ factors. Domain 2 is responsible for binding -10 promoter
sequence and discriminator motif. Domain 4 in turn is involved in recognition of -35
promoter sequence via helix-turn-helix (HTH) motif. In addition to the two conserved DNA
binding domains, Groups 1, 2 and 3 of 67° contain domain 3, which is an o helix that interacts
with extended -10 sequence of the promoter (Feklistov et al., 2011). Strand separation occurs
when domain 2 of a ¢ factor recognises -10 promoter sequence and captures nucleotides
within the -10 motif. The specific bases are flipped from -10 region and are inserted into
defined pockets within ¢ and transcription is initiated (Zhang et al., 2012). Base specificity
as well as the number of bases that are captured from the nontemplate strand by domain 2

differs among ¢’° family Groups.

Group 1 contains the major essential E. coli o factor encoded by rpoD gene, which is
known as the ‘housekeeping o factor’ and is referred to as 6* in other bacterial species. oP
is responsible for basal gene transcription in the majority of species (Feklistov ef al., 2014).
It consists of four domains, each with a distinct function. Domain 1.1 (c1.1), which is present
only in Group 1 o factors, acts as the control mechanism for unwanted transcription by
inhibiting the entry of non-specific DNA elements into the active site of the polymerase.

Unlike other o factors, o can recognise a diverse range of -10/-35 promoters and has
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inherently low specificity. Domains 2 and 4 are the two largest RNAP interacting domains
that make direct contact with the -10/-35 promoter. Domain 4 establishes the first contact
between the o-RNAP complex via HTH motif and the double stranded -35 sequence
(deHaseth er al, 1998). Domain 2 of ¢’ is involved in recognition of -10 element
(T12A11T10A9AsT7) upon strand separation (Feklistov et al., 2011). Domain 2 captures two
bases within -10 element: A1y and T7 in the nontemplate strand (Feklistov & Darst, 2011).
A1 and T7 nucleotides are extruded from dsDNA and are buried in the pockets within
domain 2, which leads to transcription bubble formation. The presence of two protein
pockets increases the DNA melting capacity of Group 1 o factors allowing ¢’° factors to
recognise a wide range of -10/-35 promoter sequences (Feklistov et al., 2014). Domain 3
located between domains 2 and 4 is responsible for interactions with the extended -10
promoter sequence (5'-TG-N-TATAAT-3") (Barne et al., 1997). Domain 3 recognition of
the extended -10 region contributes to the stability of the holoenzyme, which is crucial as
the extended -10 is thought to enhance RNAP-promoter specificity in the absence of a

consensus -35 sequence (Tang et al., 2005).

Group 2 in E. coli comprises the 6° factor encoded by rpoS gene, which is a stress response
regulator originally identified as the o factor involved in maintaining stationary phase gene
expression (Lange ef al., 1991). Group 2 o factors are highly homologous in structure to the
Group 1 67° except for Region 1.1. The lack of Region 1.1 decreases the specificity of ¢°
for the promoter, resulting in 6° being able to initiate transcription from non-consensus

-10/-35 promoters (Typas et al., 2007).
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Group 3 o factors can be subdivided into four phylogenetically divergent subfamilies: 1) ot
encoded by rpoF, which is involved in flagellar biosynthesis, 2) c*! encoded by rpoH which
is the heat shock response regulator, 3) o® present in B. subtilis and involved in general stress
response and 4) of, of, 69 and o® which orchestrate sporulation in B. subtilis. Unlike other
groups, each Group 3 o factor relies on a defined promoter sequence that is associated with
a specific o factor (Figure 1.5B). The sequence of each promoter element as well as the
spacing between promoter regions is crucial for promoter recognition. For example,
promoters that lack a defined o' specific -10/-35 sequence (CCCCATNT-N;s-TTGAAA)
are either not recognised by o' or recognition leads to only partial activation (Nonaka et al.,
2006). Group 3 o factors are upregulated in response to a specific stress and therefore control
a defined sub-set of genes that are necessary to be activated only under certain conditions.
A requirement for a unique promoter makes these ¢ factors more specific in orchestrating

the appropriate response.

Group 4 includes more than 40 distinct sub-clades of ¢ factors which are collectively known
as extracytoplasmic function factors (ECF) (Anna et al., 2009). E. coli ECF o factors include

Fecl

the envelope stress regulator o* encoded by rpoE and ferric citrate uptake ! encoded by
fecl. ECFs share little sequence identity with other ¢ factors as they only contain two
domains: o2 and o4, restricting the number of promoters they recognise.

Unlike domain 2 of Group 1 ¢ factors, domain 2 of Groups 3 and 4 contains single pocket
and captures only one base within the nontemplate strand of the -10 element (Campagne et

al., 2014). This decreases the melting capacity and limits the number of promoters that can

be recognised by these G factors (Koo et al., 2009).
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¢’° groups
Region 4 Region3  Region 2 Region 1
Group 1
Group 2
lacks 1.1 and NCR
Promoter
interaction
B o factor Consensus promoter sequence Function Group
E. coli
oP/o7° TTGACA -17nt - TATAAT Housekeeping genes 1
ot/ GAACT -17nt- TCTGAt Extracytoplasmic stress response 4
o'/o32 TTGAAA -15nt - CCCCATNT  Heat shock response 3
o/o%® TAAAgt - 15nt- GCCGATAA  Regulation of motility genes 3
oS/g38 TTGACA -17nt - TATACT Stationary phase response 2
ofed/g1® aaAAT -17nt - TATAAT Extracytoplasmic stress response 4
N. meningitidis
o7 consensus absent - ot defined - TGNTATAAT Housekeeping genes K
consensus absent TATAAT uniknown
of/g2 TtGaACTT -15nt - TATAAT Extracytoplasmic stress response unknown
oHlo32 GTTGAA - 20nt - TAtAAT Heat shock response unknown

Figure 1.5 The ¢’ family

(defined in N. gonorrhoeae)

A. Four groups of 6" family sigma factors and their respective domain organisation: Region 4 (pink),

Region 3 (orange), Region 2 (blue) and Region 1 (pale orange and grey). Region 4, 3 and 2 mediate

interaction with -10/-35 and extended -10 DNA sequences (shown in green). B. ¢ factors present in

E. coli and N. meningitidis with the corresponding promoter consensus sequences and proposed

function (adapted from (Bervoets et al., 2018; Paget, 2015)
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1.5.1.2 o’° family sigma factors in N. meningitidis

Within the host, N. meningitidis encounters a number of different environments to which it
needs to adapt and trigger appropriate gene expression necessary for survival (Laver et al.,
2015). N. meningitidis contains three genes encoding ¢’ family proteins: rpoD, rpoE and
rpoH (Figure 1.5B). !l and o® have been shown to be functional (Du ef al., 2005) and based
on the published work only ot regulon has been defined in N. meningitidis (Huis in 't Veld
et al., 2011). The o regulon has been studied in the related pathogen N. gonorrhoeae.
Nearly all the genes in the gonococcal !l regulon are classified as heat shock response genes,
suggesting that in N. gonorrhoeae, st may contribute to adaptation to increased temperature
(Gunesekere et al., 2006). ' has also been shown to be essential in N. meningitidis at 37°C
(Capel et al., 2016), unlike in E. coli, where c'! is only essential at elevated temperatures
(>42°C) (Yura et al., 1993). This indicates different contributions of the o factors in the two
organisms. Genome wide analysis of transcriptional start sites identified three different types
of ¢’ family dependent-promoters in N. meningitidis: two types of ¢’° factor-dependent
promoters upstream of 458 genes which lack the consensus -35 element, and putative c®-
dependent promoters upstream of 38 genes (Figure 1.5B) (Heidrich et al., 2017). However,
experimental validation of the proposed promoter types was not performed. No o'l
dependent promoters were identified in N. meningitidis, suggesting that either o also
recognises ¢’° and ot-dependent consensus sequences or that N. meningitidis possesses

novel c-dependent promoter sequences.
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1.5.1.3 ©’° family-dependent transcription initiation

There are multiple steps in transcription initiation by ¢’° family-RNAP holoenzymes. o
factors on their own are incapable of interacting with promoter elements due to their
conformational fold. Therefore ¢7° family factors must interact with RNAP in order to bind
to their -10/-35 promoter sequence. First, the 6’-RNAP holoenzyme forms the closed
complex (RPc) (Saecker et al., 2011). Interaction between o factor and RNAP leads to
conformational change within the complex, which can recognise and bind the DNA
promoter. The recognition of the dsSDNA promoter elements by domain 2 of ¢ factor is
coupled to the opening of the DNA helix and transcription bubble formation (Feklistov &
Darst, 2011). Subsequently the stable open complex is formed (RPo) and the template strand
is loaded into the active site cleft of RNAP for elongation to occur (Gries et al., 2010). RNAP
holoenzyme has recently been shown to undergo a series of motions during transcription
initiation. Upon promoter recognition, the RNAP clamp temporarily closes which leads to
RNAP docking to the promoter DNA and dsDNA opening. The clamp opens and ssDNA
loading occurs which is followed by clamp closure to ensure that DNA melting is completed
and transcription can proceed (Feklistov ef al., 2017). During elongation, RNAP catalyses
the synthesis of nascent RNA which competes with domains 3 and 4 of ¢ factors. As RNA
reaches ~16 nt and extends through the RNA exit channel, ¢’ interactions with DNA and
RNAP are broken and 67° undergoes stochastic dissociation from RNAP leading to promoter
clearance (Murakami et al., 2002; Raffaelle ez al., 2005). Once dissociated, ¢ factor becomes

free to engage with another RNAP for subsequent transcription initiation.
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1.5.1.4 o™ family sigma factors

A distinct class of & factors known as o™ (or %) factors are encoded by rpoN. cNrecognises
a specific promoter known as the -12/-24 promoter. Originally -12/-24 consensus sequence
was defined as -12 (GC)/ -24 (GG) based on the DNA footprinting assays that showed c™-
dependent protection of these residues (Morett ef al., 1989). Subsequently the alignment of
186 known -12/-24 promoters with the defined transcriptional start site from a number of
different bacterial species revealed additional highly conserved nucleotides adjacent to
conserved -12/-24 (Barrios et al., 1999). Together with mutagenesis analysis of different -
12/-24 promoters, an updated -12/-24 consensus sequence was established: TGGCW (-24)-
N4-YTGGCACG (-12) where N is any nucleotide, Y is a pyrimidine and W is A or T (Figure
1.6A) (Barrios ef al., 1999). oNis comprised of domains which are structurally distinct to
those found in 67° family factors (Figure 1.6A). Region I located at the N-terminus mediates
interactions with the activator proteins known as bacterial enhancer binding proteins (bEBP),
which are essential for oN-dependent transcription (Popham et al., 1989). In the absence of
the activator, Region I interacts with Region III to occupy the active site between 3 and '
subunits. This prevents the entry of the DNA into the RNAP holoenzyme and blocks &
transcription initiation. Region II is positioned within the DNA binding channel of the RNAP
holoenzyme and can be further divided into three subregions: 1) Region II.1 plays an
inhibitory role by occupying the DNA binding site of the cleft, 2) Region II.2 is located
within the active cleft where DNA template strand is loaded thereby preventing the entry of
the template strand into RNAP active cleft, and 3) Region IL.3 is present within the region
of RNAP that would otherwise be occupied by nascent RNA during transcription (Yang et

al., 2015; Glyde et al. 2017). Both Regions I1.2 and II.3 have to be displaced to allow
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transcription initiation and elongation to take place. Region III is conserved and contains
both RNAP interacting core binding domain (CBD), extra long a-helix (ELH) domain and
two key DNA-binding motifs: a Helix Turn Helix (HTH) motif and a characteristic RpoN
box (Cannon et al., 1995; Wong et al., 1994) (Figure 1.6A). Recent crystal structures of E.
coli oN-RNAP holoenzyme revealed that the RpoN box is a flexible domain involved in
interaction with the -24 sequence (Yang et al., 2015). The HTH motif in turn forms stable
interaction with RNAP core and mediates the binding and recognition of -12 promoter
element (Merrick et al., 1992; Taylor et al., 1996; Yang et al., 2015). oY mutants harbouring
mutations within the HTH region maintain no -12 promoter contacts while still retaining -
24 interaction (Wang et al., 1999; Wong et al., 1994). The opposite is observed when the
HTH motif is left intact but the RpoN box is mutated: in this case the binding of o™ is below
20% of the wild-type, suggesting that for ™ promoter binding, the interaction between o™
and the -24 element is more important than the o interaction with the -12 element (Hsieh

et al., 1994; Wang et al., 1999).

30



oN family Region |l Region Il Region |

C _‘Rgg)l(‘l .HTH ELH I CBD .—-. N

\ ~ \
\ ~ \
\ N Ly
3 4 42 e bEBP interaction
Promoter  geeeee: « : - - 1000000 « - - 0000000000000
interaction 000069 000000 0000000060000

31



bEBPs w
B+p

0 000

11 transcription initiation site

recognition of promoter elements

l

32



Figure 1.6 cN-dependent transcription

A. Diagram representing ™ domains: Region I1I (red), Region II (blue) and Region I (orange). DNA
binding regions within Region III that are responsible for -12/-24 promoter recognition include the
RpoN box and HTH. Additional domains within Region III are extra long helix (ELH) and core
binding domain (CBD). B. c" recognises -12/-24 promoters. RNAP and 6™ form a closed complex
at the promoter site. DNA binding proteins, for example integration host factor (IHF), bind the
upstream region of the promoter and initiate DNA bending bringing bEBP oligomers in close
proximity to the holoenzyme. The bEBP hexamer triggers ATP-dependent conformational change

within the holoenzyme that leads to formation of the open complex, DNA melting and transcription.

The mechanism of promoter recognition and transcription initiation involves transition
between the closed complex (RPc) and open complex (RPo). Recent work by Zhang and
colleagues revealed the “coupled DNA loading and promoter melting” model of o™-
dependent transcription initiation, which is similar to transcription initiation triggered by
o/-RNAP holoenzyme (Glyde et al., 2018). o™ can recognise some -12/-24 elements in the
absence of RNAP (Buck ef al., 1992). When RNAP engages with oV, the holoenzyme
resides at the double stranded -12/-24 sequence in a closed complex state unable to initiate
transcription. Within the RPc DNA is positioned between § and B' subunits and the clamp
remains closed. The transient opening of the clamp occurs during subsequent formation of
two intermediate complexes (RP1) (Glyde et al., 2018). RPi complexes are characterised by
the opening of the clamp, which allows DNA to be loaded in the holoenzyme. During the
transition between RPi and RPo the clamp closes again which ensures that DNA is

positioned within the active site cleft and strand separation occurs. RPo is stabilised by extra

33



long helix motif within Region III of o, which physically separates the DNA strands and
does not involve any base capturing from promoter element seen in c’°-dependent
transcription. The conformational changes within oN-RNAP holoenzyme during
transcription initiation are facilitated by bacterial enhancer binding proteins (bEBP). bEBPs
engage with Region I of o removing the inhibition of transcription. bEBPs are ATPase
containing AAA+ family proteins which are activated in response to a given stimulus. They
bind to upstream activator sequences (UASs) situated 80-150 bp upstream of the -12/-24
sequence (Bush et al., 2012), where they oligomerise. Oligomerised bEBPs are brought into
close proximity to the holoenzyme via a DNA looping mechanism, which is frequently
facilitated by proteins such as integration host factor (IHF) (Hoover et al., 1990). Interaction
between bEBP and the holoenzyme promotes stand separation and subsequent transcription
bubble formation by weakening the dsSDNA downstream of -12 promoter element (Glyde et

al., 2017).

Previous studies of o™ in Neisseria spp. have shown that although rpoN is present, o™ is non-
functional in N. gonorrhoeae due to a frameshift mutation that results in truncation and loss
of the HTH motif and RpoN box (Laskos et al., 1998; Rendon et al., 2013). In addition, the
failure to detect o in N. meningitidis and N. gonorrhoeae using a mAb raised against S.
typhimurium RpoN (Laskos et al., 1998) as well as the lack of transcriptional activity from
the oN-dependent pilin promoter strongly suggests that this ¢ factor is non-functional in N.
meningitidis and N. gonorrhoeae. In the non-pathogenic N. elongata, the rpoN gene encodes
a protein containing both DNA binding motifs which can bind the pi/E promoter and activate

pilE transcription (Rendon et al., 2013). In N. meningitidis, rpoN encodes a truncated c~,

34



which lacks an obvious HTH motif, but retains the RpoN box (Rendon et al., 2013). This

will be discussed further in Chapter 4.

1.6 Regulation of transcription initiation by different ¢ factors

Under steady state the number of RNAP molecules present is relatively constant, leaving the
o factors to compete for the limited RNAP pool (Jishage et al., 1995). oP has the highest
affinity for RNAP and alternative o factors must therefore displace 6P from the RNAP core
to form their own o-RNAP complexes to activate transcription. Several mechanisms exist
to overcome oP-dependent RNAP interactions, such as increasing in the number of
alternative ¢ factor molecules in the cell (Straus et al., 1987). For example, in E. coli the
heat shock response regulator 6! is complexed with the anti-c' which keeps it in the inactive
state under growth at ‘normal’ temperature (Lim et al., 2013; Miyazaki et al., 2016).
Following exposure to elevated temperature, anti-c™! factor releases o' therefore transiently
increasing the concentration of 6! molecules in the cell, which enables the o' to sequester
more RNAP and activate transcription of the genes required to adapt to the environmental
conditions (Guisbert ef al., 2004; Mauri et al., 2014). Alternatively, the direct interaction of
proteins with o can obstruct oP interactions with RNAP. This in turn results in increase in
the unbound RNAP molecules that can be associated with alternative o factors, thereby
increasing transcription of alternative ¢ factor regulons (Sharma et al., 2010). An example
of this is Rsd which in E. coli is able to sequester o° when bacteria enter stationary phase
(Jishage et al., 1999; Piper et al., 2009). Rsd binding to oP reduces the competition between
oP and 6%, which is the key regulator of the stationary phase response, thereby allowing c®

to interact with RNAP and initiate transcription from cS-dependent promoters.
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In many organisms a number of genes have more than one promoter, leading to complex
patterns of regulation (Ishihama, 2010). Multiple promoters can act synergistically thereby
enhancing transcription, and/or can be activated in response to different environmental
stimuli. On the other hand, multiple promoters may have antagonistic effects, whereby the
binding of RNAP to one promoter may obstruct transcriptional activation from the others
(Zafar et al., 2014). Furthermore, evidence suggests that under different conditions G cross
talk may occur and multiple o factors can recognise the same promoter sequences (Cho et
al., 2014; Wade et al., 2006). A ChIP-seq analysis of all six ¢ factors in E. coli (c'° family
members and o) demonstrated that many promoter regions can be bound by several
different c factors (Cho et al., 2014). For instance, more than 800 binding sites were shown
to interact with both 6P and o in E. coli. However, the difference in the promoter activity
in the presence of each ¢ factor has not been studied (Cho et al., 2014). Thus, transcriptional
activation is a complex and multifactorial process, which can be regulated at multiple levels,

and which is fundamental to modulation of gene expression.

1.7 Project aims

The aim of my thesis work was to characterise the promoter of the class II pi/E gene of N.
meningitidis. The pilE promoter in meningococci that express variable class I pilin has been
studied previously, and class I pilE transcription has been shown to initiate from a c’°-
dependent promoter, despite the presence of multiple putative promoters including a o™

binding site. The region upstream of the class II pilE gene in N. meningitidis also contains

multiple putative promoters: extended -10 sequence and -10/-35 (both ¢’ family dependent),
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and -12/-24 (cN-dependent) promoters (Figure 1.7). The sequence and relative position of
these promoters differs compared to the promoter of the class I pilE gene suggesting that

invariant class II pilins may be subject to different transcriptional regulation.

Ext 10 -12/-24 class | pilE
e
35 -

10

class Il pilE

Ext-10 -35 -10 '
12/-24

Figure 1.7 Schematic diagram of class I and class II pilE promoters

Three putative promoter sequences were identified upstream of pi/E: an extended -10 and -10/-35
(green) and -12/-24 (purple). The latter has different position in class II compared to class I pilin

strains.

My project aimed to identify the promoter(s) of the class II pi/E gene and to determine the
contribution of transcription factors and ¢ factors to class II pilin expression. Specific aims

were as follows:

1) Analysis of the conservation of pilE promoter sequences in meningococcal
isolates

i) Experimentally define the contribution of the different promoter elements to class
II pilE transcription

i) Investigate the conservation and roles of ¢ factors in N. meningitidis.
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2 Materials and Methods

2.1 Antibiotics

Table 2.1 Antibiotics used in this work

Antibiotics were used at the final concentration:

Antibiotics Concentration for E. coli Concentration for N. meningitidis
kanamycin 50 pg/ml 75 pg/ml
carbenicillin 100 pg/ml n/a
chloramphenicol 30 pg/ml n/a
erythromycin n/a 2 pg/ml

2.2 Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table 2.3. E. coli was grown at 37°C,
supplemented with antibiotics as described in Table 2.1 where appropriate, on either Luria-
Bertani (LB) agar, or in 5 ml LB liquid with shaking at 180 rpm. N. meningitidis was grown
at the desired temperature, 5% CO; on brain heart infusion (BHI, Oxoid) agar supplemented
with 0.1% (w/v) starch, 5% (w/v) heat denatured horse blood and antibiotics (Table 2.1) as
appropriate, or in BHI liquid. To inoculate liquid cultures, N. meningitidis was grown
overnight on BHI agar. A loop of bacteria was harvested from the plate and resuspended in
600 pl of PBS, and DNA was quantified in the lysis buffer (P2 buffer, Qiagen) using Az6onm.
A total of 10° cfu were used to inoculate 25 ml of BHI in 125 ml conical flask (Corning),
and then were incubated at appropriate temperatures with shaking at 180 rpm. The ODsoo of

cultures was used to monitor growth.
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2.2.1 Plasmids used in this study

Table 2.2 Plasmids used in the study

pRS415

pRS415-PlpilE

terminal FLAG tag

Vector harbouring promoterless lacZYA operon for
promoter- lacZ fusions, carbenicillin resistance

Vector harbouring 153 bp of the upstream region of pilE

from N. meningitidis FAM18

Plasmid Description Source

pGEM-TEasy Cloning and expression vector, carbenicillin resistance Promega

pGEMT-Easy-ArpoN pGEM-TEasy harbouring construct for deletion of rpoN in  This study
N. meningitidis strain S4, kanamycin resistance

pGEM-Easy-rpoN-His Vector harbouring construct for C-terminal His addition to  This study
rpoN in N. meningitidis S4

pCONJ4S Conjugation vector, for construction of markerless E. coli Tang lab,
mutants, contains GFP, carbenicillin resistance unpublished

pKO3 Vector for construction of markerless E. coli mutants, Link et al.,
temperature sensitive, chloramphenicol resistance 1997

pCR2.1-TOPO Cloning and expression vector, ampicillin resistance Invitrogen

pCR2.1-TOPO-ArpoN Vector harbouring construct for 7poN deletion in This study
N. meningitidis strain S4, erythromycin resistance

pCR2.1-TOPO- Vector harbouring construct for rpoN deletion and pilE  This study

ApilEPpilE-lacZ ORF replacement with lacZ in N. meningitidis strain S4

pUC19 Cloning vector, carbenicillin resistance Yanisch-Perron

etal., 1985

pUCI19-ArpoE Vector harbouring construct for 7poE deletion in This study
N. meningitidis strain S4

pUC19-rpoH4C pUC19 harbouring rpoH from N. meningitidis with C This study

Simons et al.,
1987

This study
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pRS415-P2pilE

pRS415-P3pilE

pRS415-PpspA

pBAD33

pBAD33-rpoNE-<"

pBAD33-rpoN™"

pBAD33-rpoNE<-HA

pBAD33-rpoN""-HA

pNMC2

pNMC2-rpoN""-FLAG

PNMC2-rpoEN"-FLAG

pNMC2-rpoHM"-FLAG

pNMC2-rpoN"!

pNMC2-rpoN™"

pNMC2-rpoEN"

pNMC2-rpoHN"

Vector harbouring 199 bp of the upstream region of pilE
from N. meningitidis FAM18

Vector harbouring 322 bp of the upstream region of pilE
from N. meningitidis FAM18

Vector harbouring 170 bp of the upstream region of pspA
from E. coli MG1655

Expression vector, kanamycin resistance

pBAD33 harbouring codon-optimised rpoN from E. coli
MG1655

pBAD33 harbouring codon-optimised rpoN from

N. meningitidis S4

pBAD33 harbouring codon-optimised rpoN from E. coli
MG1655 with a C terminal HA tag

pBAD33 harbouring codon-optimised rpoN from

N. meningitidis S4 with a C terminal HA tag

N. meningitidis S4 complementation vector for integration
at iga-trpB locus, erythromycin and kanamycin resistance
Vector harbouring rpoN from N. meningitidis with a C
terminal FLAG tag

Vector harbouring rpoE from N. meningitidis with a C
terminal FLAG tag

Vector harbouring rpoH from N. meningitidis with a C
terminal FLAG tag

Vector harbouring wild type rpoN from N. elongata 29315
Vector harbouring wild type rpoN from N. meningitidis S4
Vector harbouring wild type rpoE from N. meningitidis S4

Vector harbouring wild type rpoH from N. meningitidis S4

This study

This study

This study

Guzman

etal., 1995

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Table 2.3 Bacterial strains used in this study

Strain Genotype/Description Source
E. coli
MG1655 F- A-ilvG-rfb-50 rph-1 Lab collection
BL21 B F ompT gal dem lon hsdSp(rs ms™) MDE3 [lacl lacUV5-T7 Lab collection
gene 1 indl sam7 nin5)) [malB |x-12(A5)
Dh5a F endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG purB20  Lab collection
080dlacZAM15 A(lacZYA-argF)U169, hsdR17(rx mx"), A
SMI10 Apir (F) RP4-2-Tc::Mu recA Apir lysogen Km" Simon
etal., 1983
MG1655ArpoN MG1655 with a markerless rpoN deletion, glutamine auxotroph  This study
(due to rpoN deletion)
MG1655AlacZArpoN ~ MG1655 with markerless rpoN and lacZ deletion, glutamine This study

auxotroph (due to rpoN deletion)

N. meningitidis

FAM18
8013

S4

S4ArpoN
S4ArpoN::Ery
S4ArpoNApilE::Ppil E-
lacZ
S4ApilE::PpilE-lacZ
S4ArpoE

S4ApilE

Serogroup C, ST-11 complex/ET-37, class II pilE
Serogroup C, ST-18, class I pilE

Serogroup C, ST-11 complex/ET-37, class II pilE

Kanamycin resistance cassette replacing 7poN gene
Erythromycin cassette replacing rpoN gene

Erythromycin cassette replacing rpoN; lacZ replacing pilE gene

lacZ replacing pilE gene
Erythromycin cassette replacing rpoE gene

Kanamycin cassette replacing pilE gene

Lab collection
Lab collection
Uria

etal., 2008

This study

This study

This study

This study

This study
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S4PlacNel GN-FLAG

S4PlacN e [ GN

S4PlacNm GN-FLAG

S4PlacN m GN

S4PiaccEFLAG

S4PlacGE

S4PiacctFEAC

S4PlacGH

S4 GH-FLAG

S4GN-His

Sdery

rpoN from N. elongata strain 29315 fused to a 3' FLAG
(DYKDHDGDYKDHDIDYKDDDDK) tag at iga-trpB
intergenic locus in N. meningitidis S4. Erythromycin resistant
rpoN from N. elongata strain 29315 at iga-trpB intergenic locus
in N. meningitidis S4. Erythromycin resistant

rpoN from N. meningitidis S4 fused to a 3' FLAG at iga-trpB
intergenic locus in N. meningitidis S4. Erythromycin resistant
rpoN from N. meningitidis S4 at iga-trpB intergenic locus in
N. meningitidis S4. Erythromycin resistant

rpoE from N. meningitidis S4 fused to a 3' FLAG at iga-trpB
intergenic locus. Erythromycin resistant

Wild type rpoE from N. meningitidis S4 at iga-trpB intergenic
locus. Erythromycin resistant

rpoH from N. meningitidis S4 fused to a 3' FLAG tag at iga-
trpB intergenic locus. Erythromycin resistant

rpoH gene from N. meningitidis S4 at the iga-trpB intergenic
locus. Erythromycin resistant

N. meningitidis rpoH fused to a 3' FLAG tag at the endogenous
rpoH locus. Erythromycin resistant

N. meningitidis S4 rpoN fused to a 3' His (HHHHHH) tag at the
endogenous locus. Kanamycin resistant

Erythromycin cassette at locus.

iga-trpB  intergenic

Erythromycin resistant

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

2.2.2  Primers used in the study

For primers used for strain construction see Appendix 8.1
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2.3 Genetic techniques

2.3.1 DNA extraction and product purification

For genomic DNA (gDNA) extraction from N. meningitidis, approximately half a loop of
bacteria (10 pl) were collected from a plate and resuspended in 600 pl Nuclei Lysis solution
(Wizard Genomic DNA Purification Kit, Promega) and incubated for 5 min at 80°C. A 200
ul aliquot of Protein precipitation solution (Wizard Genomic DNA Purification Kit,
Promega) was added and the suspension was mixed by vortexing. Following incubation at
4°C for at least 5 min, the suspension was centrifuged 14,000 x g to separate the supernatant
containing DNA from the precipitated material. DNA was precipitated with isopropanol and

washed with 70% ethanol. Finally, the DNA pellet was resuspended in 100 pl ¢¢H>0.

DNA extraction from agarose gels was performed using the Wizard PCR Clean up system
(Promega) according to manufacturer’s directions. Briefly, following electrophoresis DNA
was excised from the gel, and Membrane binding solution was added to dissolve the gel at
60°C. The mixture was transferred to a column and washed with wash solution. Finally,

DNA was eluted from the column with Nuclease free water.

Plasmid purification was performed using the Gene Elute Plasmid Mini Prep Kit (Sigma-
Aldrich). Briefly, 5 ml of E. coli culture grown overnight at 37°C was centrifuged 12,000 x
g to pellet bacteria which were resuspended in Resuspension solution and then lysed with
the lysis solution. Cell debris were precipitated by addition of neutralisation/ binding
solution and the soluble fraction was loaded onto the column. The column was washed, and

DNA was eluted in elution Buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0).
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2.3.2 Agarose gel electrophoresis

Agarose gels were made using 1% (w/v) Agarose (Invitrogen) dissolved in 1xTAE buffer
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA) and 1 x SYBR Safe DNA dye
(ThermoFisher). Samples were mixed with loading dye (30% (v/v) glycerol, 0.25% (w/v)
bromophenol blue, 0.25% (w/v) xylene cyanol FF) prior to loading in the gels. HyperLadder
1kb (Bioline) was used as a size reference, and samples were separated by electrophoresis

at 120V. DNA was visualised using GelDoc (Biorad gel Doc XR+).

2.3.3 Restriction enzyme digest

Plasmid DNA was digested using restriction enzymes (New England Biolabs). In brief, 3-5
ug of DNA was digested using a restriction enzyme in a 50 pl volume with Cutsmart buffer.
Digestions were performed by incubation in a PCR Mastercycler pro thermocycler
(Eppendorf) for at least 1 hr at 37°C, and then for 10 min at 80°C. Digested product were

purified by gel extraction.

2.3.4 Transformation

Plasmid DNA (100 ng) was used to transform 50 ul of chemically competent E. coli.
Bacteria and plasmid were mixed and left on ice for 30 min, then incubated at 42°C for 45
seconds, followed by 2 min on ice. LB was added to the bacterial suspension and the cells
were incubated for 1-2 hrs at 37°C with shaking at 180 rpm. After incubation the bacteria
were pelleted and resuspended in 100 pl of LB, then plated onto LB agar containing
appropriate antibiotics. For electroporation, 5 pl of plasmid (concentration 100-500 ng/pul)

was used to transform 50 pl of bacteria using protocols described by (Woodall, 2003).
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Bacteria mixed with plasmid were incubated on ice for 30 min, then transferred to a I mm
electroporation cuvette. The following conditions were used for electroporation using a
BioRad Gene pulser: 2.5 nV, 25 pF, and 200 Q. After electroporation 900 pl of pre-warmed
LB was added and bacteria were transferred into eppendorf tubes and incubated at 37°C for
2 hrs with shaking at 180 rpm. Bacteria were pelleted by centrifugation at 12,000 x g,

resuspended in 100 pl LB and plated onto LB agar containing appropriate antibiotics.

N. meningitidis was grown overnight on BHI agar, and approximately half a loop (10 pl) of
bacteria was resupendend in 400 pl PBS; 10 pl of the mix was spotted onto BHI agar plates
and left to dry. Next 10 pl of DNA in PBS was added to the dried spot and plates were
incubated 3-5 hrs at 37°C in CO; 5%. After incubation, bacteria from the spot were collected
using a loop, and spread onto BHI agar containing antibiotics and incubated overnight at

37°C in the presence of 5% COx.

2.3.5 Gibson assembly

NEBuilder (New England Biolabs) website was used to design primers to amplify relevant
DNA fragments by PCR. Amplified fragments containing 5' extensions were mixed with
Gibson assembly mastermix containing DNA ligase, DNA polymerase and 5' exonuclease
T5. Gibson reaction consists of the following steps: 1) the 5' exonuclease cleaves the 5' ends
of the fragments 2) the exposed end sequences of the fragments anneal based on the
complementary sequences, 3) DNA polymerase synthesises the complementary regions
within the gaps on the annealed regions, 4) DNA ligase ligates the assembled fragments. The

resulting assemblies are used to transform E. coli.
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2.3.6 Construction of N. meningitidis mutants with ¢ factor deletions and tagged o factors

at the endogenous locus

Mutants lacking ¢ factor were constructed by gene replacement. First, P GEMT-Easy-ArpoN
was constructed by amplifying DNA fragments corresponding to 479 nt upstream and 712
nt downstream of the N. meningitidis S4 rpoN ORF by PCR (See Appendix 8.1 for primers).
The resulting fragments were cloned into pGEMT-Easy, flanking a kanamycin resistance
cassette which was amplified from pUC19-kan. pGEMT-Easy-ArpoN was digested with
BamHI and Notl, and the ArpoN fragment was purified by gel extraction prior to
transformation of S4. pUC19-ArpoE was generated by amplifying 483 nt and 459 nt
fragments corresponding to regions upstream and downstream of the N. meningitidis rpoE
respectively. The fragments were cloned into pUC19 flanking a kanamycin resistance
cassette using NEB Builder HiFi DNA Assembly kit (New England Biolabs). The construct

was amplified from pUC19-ArpoE by PCR for transformation into S4.

Kanamycin resistant colonies were analysed by PCR. gDNA from PCR-positive clones was
backcrossed into the parental strain. Backcrossed colonies were pooled (10-20 colonies) to
generate S4ArpoN or S4ArpoE. gDNA from the pooled stock was checked by PCR and DNA
sequencing (SourceBioscience). Attempts to make S4ArpoH and S4ArpoD were
unsuccessful in line with previous reports suggesting that these genes are essential in N.

meningitidis (Capel et al., 2016).

S4 harbouring C-terminal His-tagged copy of rpoN at the native locus was constructed as

follows. Three fragments were amplified from S4 gDNA (for primers, see Appendix 8.1):
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1) fragment 1 corresponding to 833 bp of the 3' of rpoN 2) fragment 2 corresponding to 745
bp downstream of 7poN stop codon, 3) fragment 4 contained 634 bp which were positioned
1728 bp away from the rpoN. Fragment 3 containing kanamycin resistance cassette was
amplified from pUC19-kan. Four fragments were cloned using overlap PCR (Heckman et
al., 2007) and ligated into pGEM-TEasy. The construct was amplified from the resulting
vector (pGEMT-Easy-rpoN-His), purified by gel extraction and used for transformation of
S4. S4 harbouring C-terminal FLAG-tagged copy of rpoH at the native locus was
constructed using four fragment Gibson Assembly (primers: Appendix 8.1): 1) fragment 1
corresponded to 322 bp of 3' of rpoH amplified from S4 gDNA, 2) fragment 2 amplified
from pNCCI1 contained erythromycin resistance cassette, 3) fragment 3 corresponded to 153
bp downstream of rpoH stop codon amplified from S4 gDNA, and 4) fragment 4 which was
a HindIII cut pUC19. The resulting plasmid pUC19-rpoH™A¢ was used as a template for

PCR amplification of the assembled construct and subsequent transformation in S4.

2.3.7 N. meningitidis strains overexpressing ¢ factors

Strains overexpressing ¢ factors were constructed by inserting the ORF of the respective o
factor at the iga-trpB intergenic locus of strain S4 as described previously (Ramsey et al.,
2012). For this purpose, pNMC2 was generated using a four fragment Gibson assembly
(primers: Appendix 8.1): a) fragment 1 corresponding to 963 bp of the 3' end of #7pB and
168 bp immediately downstream of #7pB, b) fragment 2 corresponding to 875 bp of 3' end
of iga and 74 bp immediately downstream of iga, c) fragment 3 amplified from pNCC1
vector (Wormann et al., 2016), containing a multiple cloning site (MCS), /ac regulatory
elements and erythromycin resistance cassette, and c¢) fragment 4 from pNCC1 with its origin

of replication and a kanamycin selection marker (Figure 2.1). Genes of interest were inserted
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in pNMC2 at the MCS and are thus under the control of IPTG-inducible promoter. All the
genes inserted in pNMC2 contained a ribosomal binding site (RBS), to ensure translation
for all inserted genes. pNMC2 carrying constructs integrate into the chromosome by
homologous recombination at the #7pB / iga locus and transformants were selected by

resistance to erythromycin.

Figure 2.1 Construction of pNMC2
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For complementation with IPTG-inducible ¢ factor expression, genes encoding G factors
were amplified as follows: a) rpoN (S4 homolog of FAM18 NMC_RS01150) from either
N. meningitidis S4 or N. elongata 29315 (NELON_RS02880) were amplified from gDNA
(for primers, see Appendix 8.1); b) rpoH (S4 homolog of FAM18 NMC RS03540) or
rpoE (S4 homolog of FAM18 NMC RS11230) were amplified from S4 gDNA (for
primers, see Appendix 8.1). Wild-type or C terminal FLAG-tagged o factor encoding

genes were ligated into HindIII digested pNMC2 using NEB Builder HiFi DNA Assembly
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kit to generate pPNMC2-rpoN"!, rpoNM", rpoEN", and rpoH", and pNMC2-rpoNVe-FLAG,
rpoNVFLAG | yno ENm-FLAG “and rpoHY™FLAG Plasmids were linearised by digestion with
Ncol, and the products were used to transform of S4 to obtain the following strains:
S4P.,c.Nm oV and S4Pj..Nm oNFLAG: S4P, Nel oY and S4Pj.cNel oNFLAG: S4P),.cF and
S4Pi,ccEFLAG; S4P .6 and S4P1accMFLAG, Empty pNMC2 was digested with Ncol and used
to transform N. meningitidis S4 to generate S4ery strain as a control. Single erythromycin
resistant colonies were analysed by PCR, and gDNA from PCR-positive colonies was
backcrossed into the parental strain. Backcrossed colonies were pooled and gDNA from the

pooled stock was checked by PCR and sequencing of the region of interest.

2.3.8 N. meningitidis strains containing /acZ PilE promoter fusion

To generate S4ArpoNPpilE-lacZ, first rpoN was replaced with an erythromycin resistance
cassette. Briefly, regions upstream (485 bp) and downstream (712 bp) of rpoN were
amplified from S4 (primers: Appendix 8.1). Overlap PCR was used to clone these fragments
5" and 3' of an erythromycin resistance cassette amplified from pNCCI1. The sequence was
ligated into pCR2.1-TOPO resulting in pCR2.1-TOPO-ArpoN which was used as a template
to amplify DNA for transformation of S4. Single colonies were screened by PCR, and gDNA
was isolated from PCR-positive clones for backcrossing into the parental strain. Backcrossed
colonies (10-20) were pooled to generate S4ArpoN::Ery. Subsequently, the pilE ORF was
replaced with the lacZ ORF, as follows: the regions immediately 5' of the pilE CDS were
amplified from S4 gDNA (primers: Appendix 8.1). Then the region immediately 3' to the
pilE CDS along with the kanamycin resistance cassette using S4pilE::kanR as a template (R.
Exley unpublished) was amplified (primers: Appendix 8.1). The three fragments generated

were joined by fusion PCR and the resulting product was ligated into pCR2.1-TOPO. The
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resulting plasmid pCR2.1-TOPO-ApilE: :PpilE-lacZ was used as a template to amplify DNA
for transformation of wild-type S4 or S4ArpoN.:Ery to generate S4ApilE::PpilE-lacZ and

S4ArpoNApilE::Ppil E-lacZ, respectively.

2.3.9 Construction of E. coli mutants

Markerless MG1655AlacZArpoN was constructed by homologous recombination in two
steps (Simon et al., 1983). For markerless deletion of rpoN, donor strain SM10 (Simon et
al., 1983) containing a conjugation vector pCONJ4s harbouring an rpoN deletion construct,
and the recipient, E. coli MG1655 containing pKO3, were grown overnight in LB with
appropriate antibiotics. For markerless /lacZ ORF deletion, the donor strain carrying
pCONIJ4s with a lacZ deletion and recipient MG1655ArpoN containing pKO3 (Link et al.,
1997) were grown overnight in 5 ml LB supplemented with appropriate antibiotics. A 1 ml
aliquot of each culture was centrifuged for 5 min at 13,000 x g and the pellets were washed
three times with LB and resuspended in 1 ml fresh media. 50 pl of donor and 50 pl of
recipient strains were mixed, and plated on LB and incubated for 3-5 hrs at 30°C. Bacteria
were collected from the plate and resuspended in 1 ml LB. 100 pl of the suspension was then
plated onto selective media supplemented with 0.02% glutamine, and plates were incubated
overnight. Colonies were checked using a Safeblue Luminator for the presence of GFP as
an indication of pCONJ4S integration into the MG1655 chromosome. Colonies that
appeared green on the plate grown in 5 ml LB containing 0.02% glutamine, and antibiotics
for 5 hrs at 30°C. An aliquot was washed three times in LB and grown overnight at 37°C
with shaking at 180 rpm in fresh media. A 100 ul sample culture was plated onto salt-free
2% sucrose media, containing 0.02% glutamine to select against bacteria with pCONJ4s.

Colonies were checked by PCR and sequencing.
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2.3.10 E. coli strains containing pBAD33 and pRS415 vectors

To generate MG1655AlacZArpoN or MG1655AlacZ containing two vector system, the
following two plasmids were transformed by electroporation: a) pBAD33 harbouring
arabinose-inducible rpoN genes from either E. coli MG1655 or N. meningitidis S4 and b)
pRS415 lacZ reporter harbouring pspA promoter sequence from E. coli MG1655. Briefly,
E. coli codon optimised rpoN genes from either E. coli MG1655 or N. meningitidis S4 were
purchased from GeneArt (Invitrogen), amplified (primers: see Appendix 8.1) and ligated
into Xbal and HindIlI digested pPBAD33 using T4 ligase to generate: pBAD33-rpoNE-<°/ and
pBAD33-rpoN"™. Then upstream region of E. coli MG1655 pspA (170 bp) was amplified
(primers: see Appendix 8.1) and the fragment was cloned into Smal/BamHI-digested

pRS415 to generate pRS415-PpspA.

MG1655AlacZArpoN strains containing pBAD33 vector harbouring C-terminal HA-tagged
rpoN genes from either E. coli MG1655 or N. meningitidis S4 were constructed as follows.
Codon optimised rpoN genes from either E. coli MG1655 or N. meningitidis S4 were
amplified from pBAD33-rpoNt<?!i and pBAD33-rpoN"" (primers: see Appendix 8.1) and
ligated into either Xbal/Sphl cut pBAD33 to generate pBAD33-rpoNF<°“HA or into

Xbal/HinII cut pPBAD33 to generate pBAD33-rpoN"V"-HA.

2.4 Bioinformatic analysis

The genome sequences of N. meningitidis isolates were obtained from the publicly available
Neisseria genome database PubMLST (http:/pubmlst.org/neisseria/) (Jolley et al., 2010).

BLASTn was used to identify genes of interest using full length coding sequences as the
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query sequence. Nucleotide or protein sequences were aligned using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Promoter annotation was done manually based
on promoter sequences reported previously (Hook-Barnard et al., 2007). Percent identity
was determined using percent identity matrix within CLUSTALW (Chenna et al., 2003).
SnapGene was used to construct plasmid maps and for automatic annotation of features and

ORFs in the whole genome sequences.

2.5 B-galactosidase assays

Bacteria were grown overnight at 37°C in LB liquid with appropriate antibiotics and shaking
at 180 rpm, then the overnight culture was diluted in 3 ml of LB to an ODsgo of 0.1 in 24
deep well plates (Corning). Cultures were grown for 2.5 hrs to ODsoo = 0.5 and protein
expression was induced by addition of arabinose (final concentration 0.02%). Cultures were
incubated for further 2 hrs at 37°C, and ODgoo readings were taken to monitor growth.
Alternatively, overnight cultures were diluted 1 in 5 in 1 ml of LB in eppendorf tubes and
incubated for 2 hrs at 37°C, with shaking at 180 rpm. An aliquot (100 pl) of bacteria was
added to a 96 well plate containing 10 pl of Popculture (Novagen) and 1 pl R-lysozyme
(Novagen). Lysed cells (15 pl) were then added to a well containing 135 pl of Z-buffer (60
mM Na;HPOj4, 40mM NaH>PO4, 10 mM KCl1, 1 mM MgSOs4 + 0.27 % B-mercaptoethanol).
ONPG (30 pl of 4mg/ml stock) was added to start the reaction, which was stopped by
addition of 50 pl of 1 M NaxCO; and the ODs2onm and ODssonm were measured. -
galactosidase activity was expressed in Miller units (J. H. Miller, 1972), which were
calculated using the following formula as described in (Griftith et al., 2002): Miller Units =

(ODa420-1.75 ODss0) x 1000/ODgoo x time x volume.
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2.6 Western blot analysis

N. meningitidis whole cell extracts were prepared from bacteria grown overnight at 37°C
with 5% CO> on solid media with appropriate antibiotics and with or without 1 mM IPTG.
E. coli cell extracts were prepared from liquid cultures both before and after the addition of
arabinose. The sample concentration was normalised to an ODggo of 1 in 1 ml BHI or LB,
which was then centrifuged for 5 min at 12,000 x g and bacterial pellets were re-suspended
in equal volumes of sterile water and 2X SDS-PAGE lysis buffer (1 M Tris-HCI pH 6.8 10%
SDS, 30% Glycerol, 1% Bromophonol blue) containing 200 mM [-mercaptoethanol.
Samples were boiled for 10 min prior to electrophoresis. Proteins were separated on 12%
polyacrylamide gels and transferred to nitrocellulose membranes (Hybond-C Extra,
Amersham or Immobilon-P PVDF, Millipore) using semi-dry transfer. Membranes were
blocked for 1 hr at room temperature or overnight at 4°C with in PBS+5% milk+0.1%
Tween. Western blotting was performed using anti-FLAG antibody (F1804, Sigma) 1:5,000
and a goat-anti-mouse IgG HRP (final dilution, 1:10,000 DAKO), or anti-pilin (EP11270
antipeptide, 1:10,000) and a goat-anti-rabbit IgG HRP (final dilution 1:10,000 Santa-Cruz).
For His-tagged constructs, anti-His antibody (1:1000, AB-18184 Abcam) and a goat-anti-
mouse IgG HRP (final dilution 1:10,000, DAKO) were used. For HA-tagged constructs,
anti-HA antibody (1:1000, Cell Signaling Technology) and goat anti-rabbit [gG-HRP (Santa
Cruz Biotechnology) were used. Anti-RecA (1:5,000 ab63797, Abcam) followed by a goat-
anti-rabbit IgG HRP (final dilution 1:10,000, Santa-Cruz) or Coomassie staining were used
as loading controls. All antibodies were incubated for 1 hr at room temperature in PBS+5%
milk+0.1% Tween and washed three times with PBS+0.1% Tween. Bands were visualised

using ECL detection reagent (GE Healthcare).
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2.7 RNA isolation

N. meningitidis was grown at 37°C in liquid BHI and at relevant times a volume equivalent
to ODgoo~ 8 was centrifuged at 4,000 rpm for 10 min. The supernatant was removed and
total RNA was isolated from pellets using TRIzol extraction (ThermoFisher). Briefly, cell
pellets were re-suspended in 1 ml of TRIzol and incubated at room temperature for 5 min
before adding 200 pl of chloroform. Samples were shaken by hand for 15 s, incubated at
room temperature for 2-3 min, then centrifuged at 12,000 x g for 15 min at 4°C, and the
aqueous phase was transferred to a fresh tube. RNA was precipitated by adding 500 pl
isopropanol, followed by centrifugation at 20,000 x g for 30 min at 4°C. RNA pellets were
washed with 75% ethanol then air-dried and re-suspended in diethylpyrocarbonate (DEPC)
treated-water. Following DNase treatment for 2 hrs at 37°C, RNA was extracted with
phenol/chloroform (5:1). The aqueous phase was re-extracted with DEPC treated water and
chloroform/isoamyl alcohol. Samples were vortexed and centrifuged at 20,000 x g for 5 min
at 4°C. The aqueous phase was transferred to a tube containing 33 pl of 3M NaAc (pH 4.5)
and 812.5 pl of 99.5% ethanol, and RNA precipitated over 2 hrs or overnight at -20°C.
Following centrifugation at 20,000 x g for 30 min at 4°C, RNA pellets were washed with
75% ethanol and centrifuged again 10 min at 20,000 x g then air dried, and re-suspended in

200 pl DEPC water.

2.8 Quantitative RT-PCR (qRT-PCR)

RNA (2.5 pg) was used to synthesise cDNA with primers specific for the target gene
(Appendix 8.1) containing a tag sequence (CCG TCT AGC TCT CTC TAA TCG) which is

not present in N. meningitidis genome. Briefly, RNA was reverse transcribed using Reverse
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Transcriptase III polymerase (Invitrogen) and treated with RNase H for 20 min at 37°C.
cDNA was purified using Wizard Gel PCR Purification kit (Promega). qRT-PCR was
performed using Power SYBR Green PCR Master Mix (Applied Biosystems). Primer
efficiency was evaluated using serial dilutions of gDNA to generate a standard curve. The
slope of the standard curve for each primer pair was calculated. StepONEPlus Real time
PCR software was used to collect qRT-PCR data; the ACt method (where the Ct is the
threshold cycle) was used to analyse the data (Schmittgen 2008). Results are presented as
the normalised R value (where R value is calculated as 2°!) of three biological replicates;

tmRNA was detected with primers (Appendix 8.1) and used as a control.

Table 2.4 Oligonucleotides used for qRT-PCR

Oligo-

nucleotide  Sequence Description

Mo64 CGTCCGTATGTATATGCGC F for rpoD

M65 CCGTCTAGCTCTCTCTAATCGAGATTTCCGCAATGGATCC | cDNA synthesis rpoD

Mo66 GCGTAAACTGCTTCTGCAT F for rpoE

M67 CCGTCTAGCTCTCTCATGGCAAAAAGCCAGCTG cDNA synthesis rpoE

Mo68 TTTGAGAAACTGGCGTTTGG F for rpoH
CCGTCTAGCTCTCTCTAATCG

M69 ACTTCGGAAAGTTTGACACC cDNA synthesis for rpoH
CCGTCTAGCTCTCTCTAATCG

M70 ATGCTGTCGAGGGCGTTTCG cDNA synthesis for rpoN

M71 CAAGCCCTGACTGCATTGC F for rpoN

M72 CCGTCTAGCTCTCTCTAATCG cDNA synthesis for pilE
CCTTCAACCTTAACCGATGC

M73 AAGGTCAAAAATCCGCAGTG F for pilE

M74 CCGTCTAGCTCTCTCTAATCG cDNA synthesis for tmRNA
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AACCCGGTAGGAAACCAGTC

M75

AGTCGCAAACGACGAAACTT

F for tmRNA

M76

CCGTCTAGCTCTCTCTAATCG

qRT-PCR tag

2.9 Primer extension

Primer extension was carried out using 1 pg of RNA isolated from N. meningitidis grown to

mid-log phase (ODgoo= 0.4-0.5). Primers (P1 and P2, Appendix 8.1) were radiolabelled using

[y->*P]ATP (PerkinElmer). A mix of radiolabelled primers and RNA were incubated for 3

min at 95°C and rapidly cooled on ice for 4 min. Reverse transcription was performed using

Superscript II (Invitrogen) by incubating samples at 45°C for 60 min, then stopped by

deactivating the enzyme for 10 min at 70°C. Formamide loading dye (10 pl) was added to

each reaction and samples were heated briefly at 95°C. 15 pl of each sample was loaded on

12% denaturing polyacrylamide sequencing gel, and electrophoresis was performed for 2-3

hrs 20-25W until bromophenol blue dye reached the bottom of the gel. Products were

analysed using phosphoimager (FujiFilm).
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Table 2.5 Oligonucleotides used for primer extension

Oligonucleotide Sequence Description

P1 CCTTCTTACCAGCAAGCGGC P1 Primer extension

P2 CGTAATGTATTTGACCGTGG P2 Primer extension

C ATACGGATATTGTGCGGTGC C Primer extension (tmRNA)

2.10 Northern blot analysis

RNA (20 pg) was precipitated overnight in 3M NaAc (pH 5.2) and ethanol. After overnight
precipitation, RNA was pelleted by centrifugation at 20,000 x g for 30 min and resuspended
in 15 pl sample buffer (40 mM HEPES, pH 7.4, 2 mM EDTA, pH 8.0, 4 M formaldehyde,
60% formamide). RNA was denatured at 65°C for 3 min, and loading buffer (0.1% w/v
xylene cyanol, 0.1% w/v bromophenol blue, 0.1% w/v orange G, 10 mM EDTA, 95%
deionized formamide) was added before loading on 1.5% agarose formaldehyde gels in
HEPES buffer. RNA was transferred to Hybond-N membrane (GE Healthcare) overnight in
SSC buffer (Sambrook and Russel, 2006), then crosslinked to the membrane using a UV
crosslinker (Stratagene; 1500 x 100 pJ/cm?). The membrane was pre-hybridised in
Amersham Rapid-hybridisation buffer (GE Healthcare) for 2 hrs at 55°C. PCR fragments
complementary to the RNA transcript of interest were used as a probe, and radiolabelled
with [y->2P]JATP (PerkinElmer). Radiolabelled probes were added to the membrane in
hybridisation buffer and incubated overnight at 65°C. Prior to detection the membrane was
washed with 2 x SSC, 0.1% SDS and subsequently with 0.5 x SSC, 0.1% SDS for 20 min at

65°C. The membrane was exposed to Phosphor Screen and signals were detected using a
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Fuji FLA-500 laser scanner. An AIDA image analyser was used to quantify the signal

intensity.

Table 2.6 Oligonucleotides used for Northern blotting

Oligo- Sequence Description
nucleoide
M60 ACTCGACCACTGCGGATTTTTGACCTTCTGCCAAAG | pilE Northern Blotting
TCAGGGCTTCGGAC probe
M6l CACAGGCGGATTCTTGGTCGGAAAGCGGGTGTTCGC | rpoN Northern Blotting
ATACTTGCGCGTGC probe
M62 AACCCGGTAGGAAACCAGTC R for tmRNA Northern
Blotting probe
M63 AGTCGCAAACGACGAAACTT F for tmRNA Northern
Blotting probe

2.11 Differential gene expression analysis by RNA-sequencing

RNA was prepared from S4Pj..cP 46 and S4ery grown on three independent occasions.
Cultures were incubated with shaking at 180 rpm at 37°C until ODsoo ~ 0.4-0.5 and IPTG
(final concentration ImM) was added. Cultures were incubated for an additional 10 min,
after which bacterial pellets were collected by centrifugation. Purified RNA was checked for
degradation and purity using TapeStation (Agilent) and 20 ng of RNA from three biological
repeats was sent to Vertis Biotechnologies for RNA-sequencing. Vertis Biotechnologies
performed the sequencing, mapping to reference genomes and initial differential gene
expression analysis as follows: first, ribosomal RNA was removed from the total RNA using

RiboZero rRNA Removal Kit (Epicentre). Ribodepleted RNA was fragmented and adapter
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was ligated to the 3' end of the RNA. cDNA was synthesised using 3' adapter primer and M-
MLV reverse transcriptase, then purified and 5 [llumina TruSeq sequencing adapter was
added. The products were amplified by PCR before purification with Agencourt AMPure
XP kit (Beckman Coulter Genomics). TruSeq sequencing adapters contain TruSeq barcode
sequences which are part of the 5' and 3' TruSeq sequencing adapters. The cDNA pool was
size selected and sequenced on Illumina NextSeq 500 system using 75 bp read length. The
reads were aligned to N. meningitidis 8013 (NC_008767) and FAMI18 (NC 017501)
reference genomes and the quality of the data was assessed using FastQC. Differential gene
expression analysis was performed using DESeq2 (Love et al., 2014) and log, was used to

represent the fold change in gene expression (logz Fold change).

2.12 Statistical analysis

Statistical analyses of results from qRT-PCR was performed using either one-way ANOVA
(if single strain/condition was used) or two-way ANOVA and Tukey’s (if multiple
strains/conditions were used). Results from (-galactosidase assays were similarly analysed

using two-way ANOVA or using Student’s t-test (when two groups were compared).
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3 Results: Bioinformatic and functional analysis of class II pilE

promoters

The transcriptional activity of a gene is primarily determined by the sequence composition
of its upstream region, which consists of a) promoters that are recognized by different
factors, and additional upstream sequences that can interact with trans-acting factors that
modulate transcription. Bacterial promoters can be divided into two groups that differ in
sequence and in their ability to bind various o factors: group 1 is comprised of 7°-dependent
or -10 (TATAAT) and -35 (TTGACA) promoter elements, and group 2 consists of o™-
dependent promoters that are characterised by -12 (TTGC) and -24 (YTGGCACG)
recognition motifs (Feklistov et al., 2014). In addition to the sequence of the consensus
elements, the spacing between each element within the promoter group plays an important
role in promoter activity (Hawley & McClure, 1983). ¢’° -dependent promoter analysis
across bacterial species and atomic structures of RNAP-67° complex bound to the promoters
have shown that the -10 and -35 elements are 17+1 nucleotides (nt) apart. In contrast, group
2 promoter alignments demonstrated that there are 7 nt between the -12 and -24 promoter
elements. Group 1 promoters can be recognized by multiple 67 family members with
different efficiencies; housekeeping P has a strong preference for consensus -35 sequences
whereas alternative 6’° members modulate their promoter specificity by tolerating only
partially conserved -35 sequence (Paget, 2015). Group 2 promoters require activators
(bEBP) in addition to o. Furthermore, conserved -12/-24 sequences are essential for

optimal promoter function.
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In this chapter the upstream region of class Il pilE in N. meningitidis has been investigated.
Specifically we aimed to determine the conservation of promoter sequences and identify

factors that could play a role in class II pi/E transcription modulation.

3.1 Comparison of pilE promoter sequences among N. meningitidis isolates

Pilin gene transcription has been studied in N. gonorrhoeae which has class I pilE. Upstream
of gonococcal pilE there are two putative promoter elements, 6'°- and oN-dependent motifs,
that share high sequence identity with the consensus bacterial promoters (Fyfe et al., 1993;
Laskos et al., 1998). In addition, comparison of N. gonorrhoeae and N. meningitidis class |
pilE loci has revealed high homology between the two (Laskos et al, 1998). Both
gonococcal and meningococcal class I pilin promoters have similar spacing between the
individual promoter elements and position relative to the pilE start codon (Figure 3.1A).
However, sequence comparison has shown that despite the overall similarity in modular
composition of the promoter, the specific sequence of promoter elements differs between N.
gonorrhoeae and different class I pilE containing N. meningitidis isolates. For example, the
class I pilE expressing N. meningitidis strains MC58 and 8013 contain identical -10 and -12
promoter elements to those found upstream of gonococcal pilE, whereas the -24 and -35
sequences exhibit sequence variation compared to the corresponding promoter regions in N.
gonorrhoeae. In N. meningitidis 8013 the -12/-24 promoter has not been annotated as, unlike
the -24 element in N. gonorrhoeae and MC58 pilE and MCS58, it contains only two out of
the four key nucleotides at the -24 element suggesting the function of -12/-24 promoter may
vary in a strain-dependent fashion (Taha et al., 1996). Interestingly, N. gonorrhoeae and
meningococcal MCS58 class 1 pilE promoters have overlapping -10/-35 and -12/-24

recognition sequences (Figure 3.1A). However, only the 67-dependent promoter is involved
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in pilE expression in class I pilE containing Neisseria, and the pilE transcriptional start site
(TSS) is identical in both. These observations suggest that either a) the pilE oN-dependent
promoter is non-functional, b) o~ is inactive under the conditions tested, or c) activators
required for oN-dependent transcription are not present in these strains. Indeed, o™ has been
shown to be non-functional in N. gonorrhoeae and class I pilE expressing N. meningitidis
(Laskos et al., 1998). Interestingly, despite containing an inactive o, the cN-dependent pilE
promoter was shown to be functional in E. coli which contains functional ¢’° and oV.
Mutagenesis analysis of gonococcal pilE promoter regions in E. coli revealed that
transcription from the 6’°-dependent promoter decreases in the presence of the oN-dependent
promoter possibly due to o™ binding to the overlapping promoter (Carrick et al., 1997). This
has led to the hypothesis that the cN-dependent promoter located upstream of pilE in N.
gonorrhoeae is unable to initiate transcription in E. coli as the appropriate activator might
be absent (Carrick et al., 1997). Indeed, pilE promoter reporter fusions have demonstrated
that cN-dependent transcription of N. gonorrhoeae pilin can take place in E. coli providing
that NifA, o~ activator from Klebsiella, is present (Boyle-Vavra et al., 1993), further
suggesting that gonococcal ¢’’- and o™ -dependent pilE promoters are functional. o™-
dependent pilin gene transcription has previously been described in Pseudomonas
aeruginosa which contains pilA4, a homologue of pilE. Transcription of pilA4 originates from
a oN-dependent promoter and requires PilR, which is an activator of P. aeruginosa c™.
Analysis of N. meningitidis class I and gonococcal pilE promoter activity in P. aeruginosa
revealed that activity from the gonococcal pilE o -dependent promoter can be detected and
was dependent on the presence of P. aeruginosa PilR, a cN-dependent activator of pild

transcription (Carrick et al., 1997; Fyfe et al., 1995b).
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Figure 3.1 pilE promoter annotation in pathogenic Neisseria

A. Nucleotide sequence alignment of 126 bp region upstream of the pil/E start codon in N.
gonorrhoeae (Ng) MS11 and N. meningitidis (Nm) MCS58 and 8013 (class I pilFE). Transcriptional
start site (TSS) shown in bold and putative promoter elements -10/-35 and -12/-24 are boxed based
on promoter annotation reported previously (Carrick et al., 1997; Taha et al., 1996). Consensus
sequences ('’ and ") are shown in bold. B. Comparison of the putative promoters annotated
upstream of pilE from N. meningitidis FAM18 (class 1I pilE) by Aho et al. (Aho et al., 1997) with

E. coli consensus elements (in bold). Y is a pyrimidine, W stands for A or T, and N is any nucleotide.

The sequence upstream of class II pilE has only been annotated in one strain of N.
meningitidis, FAM18 (Aho et al., 1997). The sequence and number of promoters as well as
the relative position of the promoter sequences is distinct in class II pilE compared to class
I pilE (Figure 3.1B). The class II pilE promoter contains a putative extended -10 motif
(TGnTATAAT) which is not present in N. gonorrhoeae or the class I pilE locus. In E. coli
an extended -10 is known to enhance the strength of a -10 promoter in the absence of a
conserved -35 region (Keilty et al., 1987); of note, no consensus -35 sequence was identified
upstream of the extended -10 element of class II pi/E based on the FAM18 sequence (Aho
et al., 1997). An additional putative -10 sequence has been annotated upstream of class II

pilE in FAMI18 similarly without an obvious cognate -35 element. This is consistent with
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the recent work that has shown that the ¢’°-dependent promoters class I pilE expressing N.
meningitidis 8013 genome lacks consensus -35 promoter regions (Heidrich et al., 2017).
Unlike class 1 pilE, the class II pilE promoter region harbours two putative -12/-24
sequences, although only one -12/-24 element resembles consensus o™ -dependent sequence
(TGGCACG-N4-TTGC); the second -12/-24 motif (cGGg-N7-TTGC) contains only partial
homology to the consensus -24 region (two out of four consensus nucleotides) (Barrios et
al., 1999). In E. coli all four consensus -24 promoter residues play a crucial role in interacting
with o™ and determining the position of oV at the promoter site (Barrios et al., 1999;

Doucleff et al., 2007), and alterations within the -24 sequence impair o™ binding to promoter

site (Buck, 1986; Buck et al., 1985).

No overlap between putative pi/E promoter sequences is observed in FAM18 suggesting that
the transcription activation profile maybe different between class I and class II pilE
expressing N. meningitidis. To understand the divergence of regulatory signals between class
I and class II pilE and to identify possible promoter elements that could play a role in class
II pilE expression, we first aimed to determine the presence and conservation of putative

promoter regions across a range of N. meningitidis isolates.

As class 1 pilE promoter analysis has only been performed in two meningococcal isolates
(8013 and MC58), and the class I pilE upstream region has been bioinformatically annotated
in just a single N. meningitidis strain FAM18, we analysed the composition and sequence of
individual pilE promoters in a collection of meningococcal isolates comprising 213 class [
and 77 class II pilE sequences (Wormann ef al., 2014). The collection included strains from

27 different clonal complexes isolated in 34 different countries between 1937-2011
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(Wormann et al., 2014). The sequences of either class I or class II pilE loci were extracted
from the pubMLST database using full length pilin coding sequence and 500 bp of sequence
flanking pilE from either 8013 or FAM18 as the query sequence. The nucleotide sequences
of the pilE promoter regions and coding sequences of pi/E were aligned using Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/).  Alignment with previously described

meningococcal promoters (Aho et al., 1997; Fyfe et al., 1995a) and manual inspection for
bacterial promoter consensus sequences (Hook-Barnard & Hinton, 2007) was used to
annotate sequences corresponding to -10/-35 and -12/-24 motifs in the class I pilE upstream

region and extended -10, -10/-35 and -12/-24 sequences in class II pilE region.

Analysis of class I pilE loci revealed that the ¢’ and o™ -dependent promoter elements
reported previously were present in all 213 class I pi/E containing isolates, and the position
of the putative promoters relative to the class I pilE start codon was conserved among all
isolates (Figure 3.2). Detailed sequence analysis of the ¢’°-dependent promoters revealed
conservation of both -10 and -35 elements across class I pi/E-containing N. meningitidis; the
-10 promoter was exactly matched to the consensus -10 sequence (TATAAT), whereas the
putative -35 region contained only two out of six consensus nucleotides (caaACt and the
consensus TTGACA), which is in line with the observation reported in N. meningitidis 8013
and MC58 class I pilE analysis (Carrick et al., 1997; Heidrich et al., 2017). The mis-matches
in the putative -35 region demonstrated that the N. meningitidis pilE -35 promoter elements
although conserved among N. meningitidis strains, do not correspond to the consensus
sequence. The absence of full consensus -10/-35 promoter suggests that additional activators
might be required to compensate for the lack of -35 promoter region (Heidrich et al., 2017).

The overlapping -12/-24 sequence also showed divergence from the consensus sequence:
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138 out of 213 strains contained at least one nucleotide difference with the consensus -24
sequence, suggesting that this promoter might be inactive in these isolates, for reasons
discussed earlier in this section (Figure 3.2). One isolate, belonging to the ST-41/44
complex, had an additional mutation in the -12 region, further indicating that this promoter
might be dispensable for class I pi/E expression in meningococcus. The sequence upstream
of the putative -35 element was conserved in all 213 class I pilE containing N. meningitidis,

with only four nucleotides differences seen across all isolates.

Figure 3.2 Alignment of nucleotide sequence upstream of pilE in N. meningitidis

A. class I pilE and B. class II pilE. Clonal complex and the number of strains with the
indicated sequences is shown. Putative promoters corresponding to -10/-35 and -12/-24
elements are boxed and consensus promoter sequences are shown above the boxes in bold.

Nucleotides shown in red exhibit little or no conservation within promoter element.
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In the class II pilE promoter region, the extended -10 sequence and -10 sequence were
conserved across all 77 isolates examined and had only one mis-match compared to the E.
coli -10 sequence (Figure 3.2). The -35 promoter motif was annotated based on the
consensus -35 region in E. coli. Unlike the putative -35 sequence found in class I pilE
isolates, the class II -35 promoter sequence had higher resemblance to the -35 promoter and
containing four out of six conserved nucleotides (caGACA and consensus TTGACA). This
suggests that -10/-35 promoter might exhibit different c’° factor specificity in isolates with
class II pilE compared to isolates with class I pilE. The spacing between the class II pilE -
10 and -35 elements was variable due to the presence of a poly-A tract: 34 out 77 isolates
contained poly-Ag¢ tract rather than poly-A7. Class II pilE is not known to undergo phase
variation although polymorphic tracts present in close proximity to -35 elements are known
to mediate phase variation in number of genes (Browning et al., 2016; Sarkari et al., 1994).
Putative -12/-24 sequences were conserved among all 77 isolates and were identical to the
previously reported promoters in FAM18 (Aho et al., 1997). Similarly to FAM18 promoter
sequence, one of the -12/-24 promoters contained low homology of the -24 element (two out
of four nucleotides), which is likely to negatively impact its activity based on the reported
analysis of the -12/-24 promoters harbouring similar mutations in other organisms (Barrios
et al., 1999; Buck et al., 1985; Keseler et al., 1995). For instance, in N. meningitidis 8013
that harbours class I pilE, -12/-24 promoter was not annotated because -24 region contained
only two out of the four consensus nucleotides (Figure 3.1) (Taha et al., 1996). We therefore
did not consider this promoter in the subsequent analysis. The sequence of the other -12/-24
promoter was remarkably conserved, exhibiting 100% nucleotide sequence identity to the -

12/-24 consensus in 76/77 class Il pilE containing N. meningitidis (Figure 3.2). This

68



conservation and the non-overlap with the 67°-dependent promoter that is seen in class I pilE
raised possibility that -12/-24 promoter might be involved in class II pilE regulation. Since
the -12/-24 sequence requires o for transcription initiation, we next aimed to
bioinformatically examine whether class II pilE expressing strains contain oN-coding gene

rpoN.

3.2 Meningococcal isolates contain truncated rpoN with the majority of strains

retaining the RpoN box in the predicted o™ sequence

As discussed earlier in Section 1.5.1.4, o™ has been reported to be non-functional in N.
gonorrhoeae due to a frameshift mutation in the coding sequence that results in loss of the
HTH motif and the RpoN Box which are involved in binding to the -12 and -24 promoter
regions respectively (Laskos ef al., 1998; Rendon et al., 2013). In addition, the failure to
detect o™ in Neisseria using a mAb raised against S. typhimurium RpoN (Laskos et al.,
1998) as well as the lack of transcriptional activity from the oN-dependent pilin promoter in
N. gonorrhoeae provided further evidence that this o factor is non-functional in gonococcus.
This is in contrast to non-pathogenic species N. elongata, in which the rpoN gene encodes a
protein with both DNA binding motifs that binds the pilE promoter and activates pilE
transcription (Rendon et al., 2013). In the same study, it was reported that N. meningitidis
rpoN encodes a truncated o, which lacks an obvious HTH motif, but retains the RpoN box
(Rendon et al., 2013), although this may depend on the isolate. For example, comparison of
o sequences from several N. meningitidis isolates demonstrated that N. meningitidis 8013

rpoN encodes a truncated o similar to N. gonorrhoeae, whereas two other N. meningitidis
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isolates contained a different rpoN sequence that codes for a different truncated form of o™

which lacked HTH but retained RpoN box domain (Rendon et al., 2013).

o domain organisation has been studied extensively in E. coli and the protein is divided
into three functional regions: Region I, containing activator binding domain, Region II which
is a variable non-essential region involved in DNA melting, and Region III implicated in
interaction with RNAP, promoter recognition and binding (Figure 3.3) (Buck et al., 2000).
The C terminal Region III is of particular interest as it contains the DNA binding and
recognition motifs: the HTH and characteristic RpoN box (ARRTVAKYRE). Interestingly
mutagenesis studies in E. coli have demonstrated that oY interacts more strongly with the -
24 element. Furthermore, the RpoN box plays an important role in mediating o™ dependent
promoter recognition, as mutations in the RpoN box reduce the binding of oM to the target
promoter below 20% (Doucleff et al., 2007). In contrast to RpoN box, absence of HTH

domain deletion does not abolish N promoter binding (Wong et al., 1994).

Since there is a variation in the small number of meningococcal o™ sequences, we first aimed
to investigate the conservation of rpoN in the collection of 290 N. meningitidis isolates
(described in Section 3.1, (Wormann et al., 2014). rpoN sequence from FAM18 was used as
the query sequence to extract nucleotide sequences from meningococcal genomes in the
PubMLST database. The nucleotide sequences were then translated using EMBOss TRanseq
to determine deduced amino acid sequences which were then aligned using CLUSTAL
Omega. In total 288 out of 290 strains were subject to detailed comparison of 6N sequences:
two isolates belonging to ST-162 were excluded as we were unable to extract complete rpoN

sequence using whole genome sequencing (WGS) data in the pubMLST database.
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Figure 3.3 Conservation of o™ characteristic RpoN box motif in N. meningitidis isolates

Schematic representation of ™ in E. coli divided into three functional regions: Region I containing
activator binding site, Region II and Region III from the core of 6" and Region III also contains
DNA binding motifs including HTH and RpoN box (Buck ef al., 2000). The schematic of the deduced
o in commensal N. elongata (Nel 2931; amino acids 1 to 449) and N. gonorrhoeae (Ng FA1090,
amino acids 1-277) is shown together with the 288 isolates of N. meningitidis (Nm). A total of 17 N.
meningitidis strains harbour a frameshift mutation found in N. gonorrhoeae strains which results in
RpoN box being abolished. Amino acid sequence alignment of the conserved RpoN box of ¢™ from

E. coli, N. elongata and N. meningitidis is shown.

Bioinformatic analysis of the deduced o™ amino acid sequences revealed no extensive
variation in the meningococcal o™ sequences, on average exhibiting >95% sequence
homology (Appendix 8.2). Furthermore, we did not observe any association between a given
o™ sequence and class I or class II pilE promoter sequence. Some N. meningitidis isolates
(17/288) harboured a truncated form of o™ due to a frameshift mutation as described
previously (Laskos et al., 1998). The resulting premature stop codon puts the RpoN box out
of frame and leaves o™ without any putative DNA binding regions and therefore it is unlikely
to be functional. However the majority of N. meningitidis isolates (271/288) contained a
truncated o™ which lacked HTH motif but retained the signature RpoN box (Figure 3.3).

Given that in E. coli o™ harbouring RpoN box but not HTH can still bind the promoter
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(Taylor et al., 1996), the presence of conserved RpoN box in these meningococcal isolates
meant that we could not exclude the possibility that this form of o™ could retain binding to
the -24 element of the -12/-24 promoter and potentially regulate class II pilE promoter

activity.

Our analysis shows that N. meningitidis o\ shares 30% and 54% sequence identity with E.
coli and N. elongata o respectively and RpoN box domain is the only conserved domain
among these species. In E. coli Region I containing the activator-binding site has been shown
to interact with bEBPs whereas the core domain within Region III interacts with RNAP
(Figure 3.3). Considering that N. meningitidis o™ shares no homology with the E. coli
activator-binding site and core region, it is possible that meningococcal oV, if functional,

might have a distinct domain organisation and therefore interact with RNAP and activators

differently compared to E. coli c™.

3.3 pilE promoter sequences are functional in E. coli

To begin analysis of the activity of class II pi/E promoter, we investigated further whether
the putative promoter sequences identified by bioinformatic analysis in Section 3.1 can
activate transcription. The activity of each of the class II pilE upstream sequence harbouring
putative promoter elements was therefore analysed using a heterologous E. coli system. This
approach is preferable as it allows to investigate the activity of promoters in the presence of
known functional E. coli ’° and o™ factors as well as the activators necessary for E. coli
oN-dependent transcription. The class II pilE locus from N. meningitidis FAM18 was used
as a template for amplification of the following sequences upstream of the pilE start codon:

1) a 322 bp region comprising all putative promoters (extended -10, -10/-35 and -12/-24), ii)
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a 199 bp region corresponding to the -10/-35 and -12/-24 sequences, and iii) a 153 bp region
corresponding to the -12/-24 promoter alone. The three fragments were cloned into pRS415
upstream of lacZ reporter gene to create transcriptional fusions which contained the
ribosomal binding site (RBS) and 5' UTR of lacZ (Figure 3.4), enabling analysis of
promoters using [-galactosidase activity as a reporter. The plasmids were introduced into .
coli DH5a and the activity of the different pilE upstream regions was analysed during
bacterial growth at three time points: 2, 4 and 6 hours reflecting early exponential, mid
logarithmic and early stationary phases of growth respectively. E. coli containing either no
vector or pRS415 harbouring promoterless /acZ were used as controls. 3-galactosidase assay
shows that both control strains had background activity. Each reporter fusion containing
different pilE upstream regions was active in E. coli throughout growth as [-galactosidase
activity was significantly higher than in control strains (Figure 3.4). The activity of each pilE
upstream sequence followed the same pattern at every time point during the growth: the
highest activity was detected from the 322 bp fragment (extended -10 motif, -10/-35 and -
24/-12) and from the 199 bp fragment (-10/-35 and -12/-24 elements). There was no
statistical difference in [-galactosidase activity obtained with plasmids containing 322 bp
and 199 bp regions indicating that in this model the addition of the putative extended -10
motif of pilE has no impact on transcriptional activity of the upstream region; although it is
possible that extended -10 promoter of pilE requires additional upstream sequence for
efficient recognition by the 6’ RNAP holoenzyme, which was not present in this system.
Analysis of extended -10 in E. coli and other species has demonstrated that promoters
containing extended -10 contain often rely on additional transcription factors that bind

upstream of the extended -10 for full activation. Since we only tested the activity of 322 bp
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upstream of pilE, it is possible that in N. meningitidis where the appropriate activators are

present, the -10 motif could be functional.

dlass Il pilE locus ~ 1) " 082 11224 DIlE 20 bp

class Il pilE region £ 4 10 _10/35 -12/24 5’UTR JacZ
fused to /acZ-containing e lacZ
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Figure 3.4 Class II pilE promoter activity in E. coli

Three promoter fragments were cloned into the pRS415 /acZ reporter plasmid and analysed for
activity in E. coli DH5a. All three promoter sequences show [-galactosidase activity throughout
growth. Two strains were used as controls: wild-type E. coli (no plasmid) and E. coli harbouring
promoterless plasmid. The experiment was performed three times and analysed by two-way ANOVA

where * p< 0.05, ** p< 0.01, ***p<0.001, ****p<0.0001 and ns is non-significant p>0.05.

Interestingly, the 153 bp region possessing the -12/-24 element alone was active in E. coli
although had reduced activity compared to the regions where the -10/-35 and extended -10

elements are present. cN-dependent transcription is known to require an activator that binds
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to the DNA upstream of the -12/-24 sequence and is brought to the cN-RNAP holoenzyme
via DNA looping (as discussed in Section 1.5.1.4). Therefore, the reduced activity of the 155
bp pilE upstream region in E. coli could result from the lack of an activator in E. coli or/and
the absence of the activator binding sequence in 155 bp sequence. Indeed, other reports have
shown that the activity of pathogenic Neisseria class I pilE -12/-24 promoter is undetectable
in E. coli, but can occur in the presence of P. aeruginosa pilin activator PilR. PilR binds to
a specific upstream activator sequence (UAS) of the P. aeruginosa pilin gene, which is
positioned 122 nucleotides away from transcriptional start site, to trigger cN-dependent pilin
expression (Jin et al., 1994). Based on homology to known PilR binding sites, putative UAS
have been annotated 126 nucleotides upstream of N. gonorrhoeae class 1 pilE transcriptional
start (Fyfe et al., 1993). Furthermore, UAS has been shown to enhance N. gonorrhoeae class
I pilE promoter activity when studied in P. aeruginosa (Carrick et al., 1997), suggesting that
PilR-dependent o activation of Neisseria pilE -12/-24 promoter can occur. We therefore
decided to examine whether UAS are present upstream of class II pi/E and identify whether

any possible transcription factors could affect pilin expression.

3.4 Investigating the presence of UAS and the role of candidate transcription factors

in class II pilin expression.

UASs are present upstream of oN-dependent promoters and there can be multiple UASs,
which bind cognate bEBPs (Studholme et al., 2000). bEBPs recognise UASs via a HTH
motif in their C-terminus, and usually bind as hexamers (Contreras et al., 1988).
Interestingly unlike N. gonorrhoeae and class I pilE expressing N. meningitidis which both
have one predicted UAS upstream of pilE (Carrick et al., 1997), commensal N. elongata

pilE promoter contain three putative pilE UASs, which differentially affect commensal o™-
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dependent promoter activity (Rendon et al., 2013). Furthermore, N. elongata was reported
to contain a homologue of P. aeruginosa PilR termed Neisseria pil activator (Npa) protein
that recognises one of the UASs, and is required for pilin expression (Rendon et al., 2013).
We therefore decided to examine whether class II pilE contains an UAS and whether N.

meningitidis contains homologue of Npa.

3.4.1 Class II pilE promoter contains a putative UAS in N. meningitidis

We used the reported PilR binding sequence of P. aeruginosa to conduct bioinformatic
analysis of the upstream sequence of pilE in 77 class Il pilE expressing meningococcal
isolates. Three isolates were excluded due to the poor sequence of the contig harbouring this
region. Based on the analysis of 74 isolates, we found that the position of an UAS relative
to promoter elements is different in class I pilE expressing isolates compared to N.
gonorrhoeae or class | containing N. meningitidis (Figure 3.5). Furthermore, the UASs are
highly conserved among 74 isolates suggesting that this sequence might play a role in class
I pilE regulation. Similar to N. gonorrhoeae MS11 and meningococcal 8013 class I pilE

UAS, putative class II pilE UAS shares 60% sequence identity with the PilR binding site.
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P. aeruginosa | -10/-35 | [ -12/-24 | | Ext -10

[uas]
PilE
N. gonorrhoeae MS11 [67% 1 11 ATG
N. meningitidis class | 8013 1% 1 111 ATG
N. meningitidis class Il S4 [60% 1 EI 1 ATG

40 bp

Figure 3.5 UAS comparison in Neisseria

Position of putative UAS relative to promoter elements in N. gonorrhoeae, class 1 pilE expressing
N. meningitidis 8013 and 74 class Il pilE expressing N. meningitidis isolates represented by strain
S4. UAS was annotated based on the sequence identity (% values are shown in pink boxes) to a

known P. aeruginosa UAS (Fyfe et al., 1993).

Having identified putative UAS we next aimed to identify any putative bEBPs that could
bind UAS and regulate pilE. bEBPs are transcription factors (TF) that bind to UAS of the -
12/-24 promoters and are generally divided into five groups based on their structure
(Wigneshweraraj et al., 2005). bEBP contain three domain: 1) a central AAA+ domain (C)
that is conserved among all bEBPs and is involved in the hydrolysis of ATP necessary for
o activation, 2) a C-terminal HTH-containing DNA binding domain (D) that is present in
four out of five bEBP groups (Pelton et al., 1999) and 3) a regulatory domain (R) present in
some bEBP at the N-terminus which exhibits little or no homology between the bEBP groups
and is responsible to bEBP activation in response to diverse range of signals (Figure 3.6)
(Studholme & Buck, 2000). A characteristic sequence of the conserved C domain is
GAFTGA motif that interacts directly with o™ (Bordes et al., 2003). Mutagenesis studies of
bEBP showed that the GAFTGA domain is essential for ATP hydrolysis and cN-dependent

transcription (Gonzalez et al., 1998; Li et al., 1999)
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No GAFTGA-containing bEBPs have been reported in N. meningitidis or N. gonorrhoeae
(Studholme & Buck, 2000). In commensal N. elongata, the bEBP Npa has been identified
based on the homology to PilR from K. kingae and P. aeruginosa, which regulates pilin
expression (Ishimoto ef al., 1992; Rendon et al., 2013). Our comparison of N. elongata Npa
sequence with PilR revealed that Npa contains two putative key domains: 1) GAFTGA motif
which contains five of the six consensus residues and is identical to PilR sequence
(GSFTGA), and 2) HTH motif which shares 62% sequence similarity with PilR (Figure 3.6).
Deletion of Npa in N. elongata leads to marked downregulation of pilE transcript levels and
direct binding of Npa to UAS of N. elongata pilE promoter has been demonstrated by DNA-
binding assays (Rendon et al., 2013). BLASTn analysis of N. meningitidis FAM18, S4 and
8013 genomes revealed a homologue of Npa that shared 60% amino acid sequence identity
with N. elongata Npa. Despite high sequence identity, commensal Npa is a larger protein
containing 575 amino acids whereas putative meningococcal Npa is only 155 amino acid
long. Furthermore, the meningococcal homologue does not contain a GAFTGA motif.
However, it contains HTH motif which is highly homologous to N. elongata Npa (87%)

(Figure 3.6), suggesting that DNA binding could take place.
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Regulatory domain Core domain DNA binding domain

consensus GAFTGA -——-QTEVAQKLGVSTVSRFIN---

P. aeruginosa PilR GSFTGA RWNRTAAAQRLGLTFRSMRYRLKK
N. elongata Npa GSFTGA RYNRTQAAKLLGISFRSMRYRMER
N. meningitidis Npa absent EGNRTQAAKRLGISFRSMRYRMER

Lo KFkk kke kke sokxkkokxok ...

Figure 3.6 bEBP domain organisation and alignments of two domains of PilR and Npa

bEBPs typically contain three domains: regulatory domain that is an environmental sensor,
conserved core AAA+ domain involved in ATP hydrolysis and transcription initiation, and DNA
binding domain which contains a HTH. The core domain harbours the characteristic GAFTGA motif.
P. aeruginosa PilR and N. elongata Npa contain a highly homologous GAFTGA domain (GSFTGA),
which is absent in N. meningitidis Npa. Alignment of HTH domains shows high sequence homology
between PilR, N. elongata and N. meningitidis Npa. The consensus GAFTGA and HTH sequences
are shown in blue (Bordes et al., 2003; Dodd et al., 1990; Haydon et al., 1991) and identical residues

between consensus sequences and parts of the alignment are shown in bold blue.

Since no GAFTGA-containing bEBP candidates have been reported in N. meningitidis, we
decided to look for other TF that could potentially interact with the pilE promoter and affect
transcription. There are >30 TFs found in N. meningitidis (Heidrich et al., 2017). Among
bacterial TF families, HTH-containing TFs form the largest and most well characterised
group (Pabo et al., 1992). We therefore decided to focus our analysis on TFs that contain a
HTH motif. We reasoned that if a putative TF affects pilin expression, it is likely to impact
bacterial adhesion to host cells as Tfp are the major adhesin of N. meningitidis. Therefore,
out of the known TFs, we identified selected candidate factors that a) possess HTH motif
and b) are known to be involved in regulating N. meningitidis adhesion to host cells. A total

of six putative TFs that matched the parameters were selected based on a recent study by
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Capel et al. (Capel et al., 2016), which identified a number of genes involved in adhesion
to epithelial and endothelial cells by transposon directed mutagenesis of class I pilE-
expressing N. meningitidis 75463. These included: methionine operon regulator metR,
multiple transferrable resistance regulator m#R, NMA2107, NMA1375, NMA1020 and
contact-regulated gene A crgA. Tn insertion in mtrR leads to downregulation of
meningococcal adhesion to epithelial cells whereas Tn insertion in either meftR, NMA2107
or NMA1375 triggers upregulation of N. meningitidis adhesion to epithelial cells. Tn
mutagenesis of NMA1020 resulted in downregulation of N. meningitidis binding to
endothelial cells. In the same study crgd was identified as a negative regulator of
meningococcal adhesion to epithelial cells which is in line with previous reports (Deghmane
et al., 2002). In addition to the six candidate TFs, we extended our analysis to investigate
two additional regulators, Npa and Hfq. N. meningitidis homolog of N. elongata pilE
regulator Npa described earlier (Figure 3.6) contains a putative HTH motif but has not been
implicated in adhesion (Capel ef al., 2016). Hfq in turn does not contain HTH motif. It is an
RNA binding protein and functions as a global post-transcriptional regulator of proteins
involved in stress-response and metabolism in N. meningitidis (Pannekoek et al., 2009). Hfq
has been reported to modulate pilin expression in a number of class I pilE containing N.
meningitidis isolates and interestingly the effect exerted by Hfq on class I pilin expression
is strain-dependent. Deletion of Afq in class I pilE containing N. meningitidis H44/76 results
in downregulation of pilin. The opposite effect is observed in a different class I pilE
expressing N. meningitidis MC58: based on the proteomic analysis of WT and Akfg strains,
pilin was shown to be one of the 20 proteins that were upregulated in the absence of Afg
(Fantappie et al., 2009). Recently Hfq has been shown to regulate a small RNA NMnc0001
in class I pilE expressing N. meningitidis 8013. The expression of this SRNA correlated with

class I pilE expression and therefore it was proposed to be involved in pilin regulation

80



(Heidrich et al., 2017). The exact mechanisms of Hfq-dependent regulation of pilin remains
unknown and its role in regulation of class II pilE has not been addressed before. Therefore

we decided to include it in our analysis of possible pilE regulators.

We first examined whether the eight candidate genes (six candidate TFs, Npa and Hfq),
which were originally identified in class I pilE-expressing N. meningitidis strains (8013 and
75463) were also present in class Il pilE-expressing N. meningitidis FAMI18 and S4
(unpublished). Amino acid sequence identity was analysed and the candidate gene locus was
determined using the annotated FAM18 genome (Table 3.1). Based on our analysis, all eight
candidate genes were present in FAM18 and were near identical between two class I pilE-
expressing N. meningitidis. Furthermore, they exhibited high sequence homology with their
counterparts found in class I pilE-expressing isolates (Table 3.1), indicating that these genes

are conserved across N. meningitidis.
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3.4.2 Analysis of pilin levels in Ahfg and transcription factor knockout backgrounds

Having identified the presence of the conserved candidate genes in S4, we then aimed to test

whether these putative factors are involved in modulating pilin expression.

To construct mutant strains in class Il pilE containing N. meningitidis S4, two approaches
were used: 1) insert a transposon into the coding sequence of the candidate gene, or 2)
perform a complete deletion of the gene by replacement of the open reading frame (ORF)
with a kanamycin resistance cassette. S4 homologues of m#rR, metR, NMC RS09410,
NMC _RS08680 were previously inactivated in N. meningitidis 8013 by Tn insertion
(Geoffroy et al., 2003). The DNA regions flanking the transposon were amplified by PCR
from the genomic DNA from 8013 containing Tn mutants, and the resulting PCR fragments
were used for transformation into S4. The length of the homologous regions was determined
by sequence comparison between 8013 and S4 loci and only conserved sequences were
amplified to minimise the variation within the S4 locus upon transformation into S4. The
resulting strains harbouring transposon insertions included S4AmtrR, S4AmetR, S4A0914

and S4A04060. The ORFs of npa, hfq, crgd and NMC _RS04060 were replaced with a

kanamycin resistance cassette to yield S4Anpa, Ahfq, AcrgA and A04060.

Mutant strains and wild-type (WT) S4 were grown overnight on solid medium and cell
lysates were collected to examine pilin expression by Western blotting with anti-pilin
antibody. No apparent differences in pilin protein levels could be detected in any of the
mutants apart from Ahfg compared to the WT pilin levels (Figure 3.7). However, this
conclusion is based on single biological repeat and quantification of the Western blotting

was not performed, as anti-RecA antibody used to detect the expression of the RecA loading
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control resulted in high background activity. Thus, experiments are under way to analyse
pilin expression in these backgrounds with optimised loading control and additional

biological samples.

Based on one biological repeat we observe that the deletion of Afg lead to reduction in level
of pilin detected by Western blotting. This is in line with the observations in class I pilE
containing N. meningitidis H44/76 (Pannekoek et al., 2009). It remains to be determined
whether such downregulation is reproducible and whether this effect can be observed in
other class II pilE expressing isolates, considering that strain-dependent effect of Hfq on
pilin has previously been observed in class I pi/E expressing meningococcus. No changes in
pilin levels were recorded in S4Anpa (n=1) suggesting that in N. meningitidis Npa has a

distinct function compared to N. elongata Npa which functions as pilE activator.

Overall our analysis of candidate regulators of class II pilin is not comprehensive as we
studied only a single condition. Furthermore, the candidate transcription factors may be
involved in regulation of pilin at the transcription level as we did not examine the pilE

transcript levels in these strains.
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N. meningitidis S4

AcrgA AmirR AmetR A09410 Ahfq Anpa A05855A04060 WT

15 — < pilin (15.6 kDa)

< RecA (37.6 kDa)

Figure 3.7 Expression of pilin in class Il pilE-expressing N. meningitidis

Western blot analysis of pilin levels in S4 wild-type (WT), S4AcrgAd, S4AmtrR, S4AmetR, S4A09410,
S4Ahfq, SAAnpa, SAA05855 and S4A04060. Cell lysates were collected after overnight growth of N.
meningitidis on BHI plate and separated on 12% polyacrylamide gel. Pilin expression was detected
using anti-pilin antibodies. RecA detection was used as a loading control however the antibody used
resulted in cross-reaction therefore quantification of Western blotting based on the loading control

could not be performed. The experiment was performed once.

Summary

In this chapter we focused on the analysis of class Il pilE promoter elements. We only
considered promoter elements that match the canonical o-dependent promoter sequences.
However, a promoter is a combination of different structural features (Browning & Busby,
2016) and therefore it is possible that there are other elements within class II pilE upstream
region that may serve as regulatory elements in addition to the annotated consensus

promoters.

Bioinformatic analyses revealed conserved putative o’ and oN-dependent promoter
elements in 77 class Il pilE-expressing N. meningitidis isolates. The presence and position

of the class II pilE -12/-24 sequence was interesting as unlike in the promoter region of class

85



I pilE, -12/-24 sequence does not overlap with the -10/-35 sequence in the class II pilE
promoter region. Furthermore, our analysis of class Il pilE upstream sequences in E. coli
demonstrated that the class II pilE upstream region containing just putative -12/-24 element
is sufficient to trigger lacZ expression, suggesting that this sequence is functional in
transcription activation. Analysis of the genomes from 290 meningococcal isolates showed
that they harbour a gene encoding o™ lacking HTH but containing RpoN box. This led us to
speculate that recognition of -12/-24 element of the -12/-24 sequence in the promoter of class

I1 pilE by o™ could be possible.

The upstream sequence of class I pilE retains an UAS that is homologous to P. aeruginosa
pilin UAS, which is known to bind the pilin regulator PilR in this species. The presence of
UASs suggests that bEBP may be required for oN-dependent transcription of class II pilE.
No GAFTGTA-containing bEBPs have been reported in of N. meningitidis 8013 and
FAM18, making it challenging to study the role of putative bEBPs in class II pil/E regulation.
The absence of the canonical bEBP in meningococcal genomes could imply that either a)
oN-dependent transcription is not active in Neisseria, or b) meningococcal oM relies on
alternative o™ activators, or ¢) o~ in N. meningitidis functions in the absence of bEBP in a
non-canonical manner known as oM bypass transcription. Indeed in E. coli o™ bypass
transcription occurs by recognition of the -12/-24 promoters including those with a non-
canonical -12 element (Schaefer et al., 2015). Considering that meningococcal o™ lacks a
HTH motif that mediates the recognition of -12 sequence, the bypass form of o™ could be

employed by meningococcal oM.
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We considered putative TFs candidates that could be involved in pilin regulation. We
constructed N. meningitidis S4 mutants lacking the homologs of the N. elongata Npa, Hfq
or other putative TFs that we identified based on two criteria: a) they contain a HTH DNA
binding domain and b) they have previously been implicated in modulating adhesion in V.
meningitidis (Capel et al., 2016). Apart from Hfq deletion that lead to reduction in pilin
protein levels, mutation of the candidate genes had no effect on pilin expression based on
Western blotting analysis of pilin levels. However the loading control could not be used to
perform the accurate quantification and the experiment was performed once. We cannot
exclude the possibility that these putative factors could still be implicated in pilin regulation
under conditions that were not examined here. Furthermore, it is possible that other TFs,
which were not studied here, could regulate pilE transcription. One approach to identify
putative TF that regulate pilE at the class II pilE locus would be to employ a recently reported
method of genomic locus proteomics (GLoPro) (Myers et al., 2018). The method utilises a
single guide RNA corresponding to the locus of interest and dCas9 fused with protein
labelling compound. Upon activation and subsequent proximal protein labelling, proteomic
analysis is performed to identify the number and types of protein associated with a specific
locus. This approach, when applied to class II pilE locus analysis, could reveal the TFs
associated with pi/E and help validate whether putative UAS identified upstream of class 11
pilE is involved in interaction with any regulators. It would also allow to examine whether

there are any additional activator/repressor binding sites within class II pilE upstream region.

Identifying conserved promoter elements in class I pilE-expressing isolates, confirming the

functional activity of the -12/-24 and -10/-35 sequences of pilE and identification of a

meningococcal ™ that possess RpoN box and therefore could still retain binding, raises an
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important question about which promoters upstream of class II pilE are functional in N.

meningitidis.
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4 Results: RpoN is not involved in class II pilE regulation in M.

meningitidis

In the previous chapter bioinformatic analysis demonstrated that the class II pilE promoter
sequence, including the -12/-24 sequence, are conserved among 76 N. meningitidis isolates.
In N. gonorrhoeae and class 1 pilE-expressing N. meningitidis it has been shown that the -
12/-24 promoter is not involved in pilin transcriptional activity (Carrick ef al., 1997; Fyfe et
al., 1995). However, several lines of evidence suggest that cN-dependent promoter could be
active in class Il pilE containing N. meningitidis: 1) meningococcal genome analysis
revealed that the majority of N. meningitidis isolates with class I or class II pilE harbour an
rpoN gene that encodes a o™ lacking HTH but containing the -24 biding RpoN box, which
suggests that promoter binding could occur, 2) the -12/-24 sequence does not overlap with -
10/-35 promoter sequence in isolates with class Il pilE and 3) class II pilE promoter fusions
demonstrated that the promoter fragment containing only the -12/-24 element is functional
in E. coli. We therefore examined whether meningococcal oV is functional and if it can

contribute to class I pilE expression.

4.1 rpoN transcript but not the o™ protein can be detected in N. meningitidis

First we investigated whether o is expressed in N. meningitidis. Initially we determined
rpoN transcript levels in the class II pilE containing N. meningitidis strain S4. As a control,
S4ArpoN strain was constructed which carried a kanamycin resistance cassette in place of
the rpoN ORF. Wild-type (WT) S4 and S4ArpoN were grown in liquid BHI for 24 hours,
and growth was monitored by measuring the ODgoo of the cultures. Growth of the two strains

was similar (Figure 4.1A), indicating that the absence of rpoN does not impact bacterial
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fitness. Specific time points were chosen to collect total RN A, representing particular growth
phases: early-, mid-, late- logarithmic and stationary phases were represented by 3, 6, 8 and
22 hours respectively. qRT-PCR was used to measure relative expression of 7poN. Analysis
demonstrated that rpoN is expressed and is present throughout bacterial growth although at
low levels relative to the standard control tmRNA (Figure 4.1B). rpoN transcript varied
according to the growth phases with the highest expression in stationary phase (22 hours)
(Figure 4.1B). No transcript was detected in strains lacking 7poN.

Next we determined whether o™ is detected in S4. S4oN-His

was constructed which harboured
a gene encoding a C-terminal His-tagged oV, in place of the wild-type rpoN. Bacteria were
grown overnight on solid media and cell lysates were collected and analysed by Western
blotting. No protein corresponding to the expected size of ™ (31.5 kDa) was detected in

S4cNHis (data not shown) implying that either 7poN mRNA is not translated under the

conditions tested or that the amount of o is below the limit of the detection.
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Figure 4.1 Presence of rpoN transcript in class Il pilE N. meningitidis

A. N. meningitidis S4 WT and ArpoN were grown at 37°C in liquid BHI medium. Growth was
monitored at ODsoo. Arrows on the curve represent the time points when RNA was collected for
transcript analysis. Error bars indicate SD. B. rpoN expression was measured by qRT-PCR at
different time points (3, 6, 8 and 22 hrs). The amount of transcript is represented as the R value
standardised to tmRNA transcript levels. Two-way ANOVA was used to perform comparison of
relative transcript levels in WT S4. There was a significant difference between rpoN transcript levels
in WT S4 at 22 hrs and 8 hrs (p=0.0345); and 22 hrs and 6 hrs, (p=0.0267). No transcript was detected
in S4ArpoN. The experiment was performed three times using independent biological replicates,

analysed in triplicate.

4.2 N. meningitidis o does not function as a canonical cN-dependent promoter

activator when tested in E. coli

Given that o™ was not detected in N. meningitidis, we utilized E. coli to determine the activity
of N. meningitidis . Figure 4.2A shows the two vector system that was designed for this
analysis: one vector contains ¥poN under the control of an arabinose inducible promoter,
while the second vector harbours a known E. coli oN-dependent promoter for the phage
shock protein A (pspA) gene located upstream of lacZ reporter. pspA is part of the
pspABCDE operon and is a well characterised member of E. coli cN-dependent regulon

(Brissette et al., 1991). PpspA contains the oN-dependent promoter elements: 1) a canonical
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-12/-24 sequence that binds o~; 2) upstream activator sequence (UAS) that binds the E. coli
bEBP PspF; and 3) integration host factor (IHF) binding site recognized by IHF, which
brings together bEBP and oN-RNAP (Figure 4.2B) (Jovanovic et al., 1997). In the system
described in Figure 4.2A rpoN expression is induced in the presence of arabinose and its
ability to activate transcription is assessed using the activity of PpspA-lacZ as a reporter. To
construct the system, E. coli MG1655 lacking its endogenous copy of rpoN was generated
(MG1655ArpoN). The growth of this strain was assessed in liquid media (Figure 4.2C). The
absence of rpoN in E. coli renders it auxotrophic for glutamine as g/n4, which encodes
glutamine synthetase, is controlled by o™ (Reitzer et al., 1987). Therefore, growth of all E.
coli MG1655ArpoN strains was supplemented with 0.2% glutamine in subsequent
experiments to ensure that the growth of the mutant is comparable to WT MG1655. Next,
markerless deletion of lacZ was performed in MG1655ArpoN to remove the endogenous [3-
galactosidase activity for the subsequent analysis of o™ activity. MG1655ArpoNAlacZ was
then transformed with pBAD33 carrying N. meningitidis rpoN (pBAD33-rpoN"™), and
pRS415 harbouring lacZ as a reporter under the control of PpspA (pRS415-PpspA).
MG1655ArpoNAlacZ containing pBAD33 expressing E. coli rpoN (pBAD33-rpoNF-<) and
pRS415-PpspA, served as a positive control. Negative controls to detect background reporter
activity, included four MG1655ArpoNAlacZ derivatives: strain 1 and 2 harboured
promoterless pRS415 in combination with either pBAD33-rpoN"" or pBAD33-rpoN*: ¢°li
respectively, strain 3 contained pRS415-PpspA with empty pBAD33 (without 7poN) and

strain 4 contained empty pBAD33 and promoterless pRS415.
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Figure 4.2 E. coli two vector system for functional analysis of o™

A. Schematic diagram showing reporter plasmid (pRS415-PpspA) and rpoN expression plasmid
(pBAD33-rpoN) in MG1655ArpoNAlacZ designed for analysis of 6™ activity using B-galactosidase

assay. B. Organisation of MG1655 pspABCDE operon and pspA promoter region (adapted from

Model 1997). 170 bp of the upstream region of pspA is shown. -12/-24 promoter is highlighted in
black, UAS and IHF binding site are underlined. C. Growth curve of MG1655 WT and
MG1655ArpoN grown at 37°C in LB with or without 0.2% glutamine (glut).

Prior to performing -galactosidase assays in E. coli, the system was validated by detecting

oM expression from pBAD33 in response to arabinose induction. MG1655ArpoNAlacZ

containing pRS415-PpspA and pBAD33-rpoNE < or pBAD33-rpoN"" both carrying rpoN
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with a hemagglutinin (HA) tag at the C-terminus were grown at 37°C overnight. Overnight
cultures were used to inoculate fresh media containing 0.02% arabinose to induce rpoN

expression and growth was monitored over the next 4 hrs (Figure 4.3A). Cell lysates were
prepared at time points 1.5, 2.5 and 4 hrs after induction. o™ expression was assessed by
Western blotting using anti-HA antibodies (Figure 4.3B). Interestingly meningococcal o
expression from pBAD33 was only detectable at 1.5 and 2.5 hrs after induction, whereas E.
coli N was present at all time points in the presence of arabinose. For subsequent
experiments, samples were collected at mid-exponential phase (2.5 hrs post induction) as the
highest amounts of E. coli and N. meningitidis o™ was detected at this time point (Figure
4.3B). Using the (3-galactosidase assay, we observed the activity of psp4 promoter with E.
coli oN. Upon induction with arabinose, E. coli o™ led to a 1.5 fold upregulation of PpspA
compared to the isogenic strain where no arabinose was added (p=0.007, Figure 4.3C). Of
note, the activity of PpspA4 with E. coli oY in the absence of arabinose is significantly higher
than the control strains (empty pBAD33 vector and pRS415-PpspA), which suggests that the
uninduced expression of pBAD33-rpoNE<°! observed in Figure 4B is sufficient to activate
PpspA (Figure 4.3C). There was no detectable cN-dependent B-galactosidase activity when
N. meningitidis o was induced, as B-galactosidase levels in this strain were equal to
background activity in the control strain harbouring empty pBAD33 and pRS415-PpspA
(Figure 4.3C). This suggests that in this system, meningococcal o™ is non-functional as an

activator of transcription at the -12/-24 sequence.
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Figure 4.3 Functional analysis of N. meningitidis o~ in E. coli

A. Growth of MG1655ArpoNAlacZ expressing either E. coli 6™ or N. meningitidis 6™ from pBAD33
at 37°C in LB supplemented with 0.02% arabinose and 2% glutamine. Triangles indicate the time
points in hours at which the samples were collected for the analysis of 6™ expression (time point 1,
2, 3represent 1.5, 2.5 and 4 hrs respectively). B. Western blot analysis of 6™ in MG1655ArpoNAlacZ
expressing either E. coli 6" (6™ o) or N. meningitidis 6™ (6"xm) from pBAD33 system described
in A. before arabinose induction (time point 0) and after the induction with arabinose at time points
1, 2 and 3 as described in A. o factor expression is detected with anti-HA antibodies and RecA is
used as a loading control. Blot is a representative of three biological repeats. C. B-galactosidase
activity from PpspA with either E. coli or N. meningitidis c", or no c" in MG1655ArpoNAlacZ.
Activity is expressed in Miller units. PpspA activity is increased in the presence of E. coli 6"
(p=0.007, Student’s t-test). Experiments were performed three times with three technical replicates
on each occasion. D. "-dependent PpspA4 promoter activity in the presence of N. meningitidis and
endogenous E. coli ¢~ in MG1655AlacZ. PpspA activity remains unchanged in the presence of
induced N. meningitidis c". Experiment is a representative of two biological repeats. Error bars

indicate SD.

There are three potential explanations for this result. Firstly, the absence of PpspA activity
with meningococcal o™ could be due to the inability of N. meningitidis o™ to form functional
interactions with E. coli RNAP. Secondly, N. meningitidis o™ lacks HTH motif thus PpspA
recognition and binding might be impaired. Thirdly, providing meningococcal o™ binds to
the promoter, transcription may not take place because N. meningitidis ¢ may require a
cognate Neisseria-specific o™ activator. If this is correct, then N. meningitidis o™ could
repress transcription once bound to E. coli -12/-24 promoter. To address this possibility, we
measured the B-galactosidase activity in the presence of both E. coli oN and N. meningitidis
oM. If meningococcal oV is indeed a repressor, then once bound, it would occupy the
promoter thereby preventing E. coli oN-dependent activation of PpspA. We utilized

MG1655AlacZ containing pRS415-PpspA which harbours an intact endogenous copy of E.
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coli rpoN on the chromosome and N. meningitidis o™ on pBAD33 vector. We observed the
activity of PpspA in the presence of empty pBAD33 suggesting that endogenous E. coli o™
levels are sufficient to activate PpspA (Figure 4.3D). Interestingly, there was no change in
the expression of PpspA-lacZ when N. meningitidis ¢ was induced, indicating that
meningococcal 6N does not repress E. coli oN-dependent activation of PpspA4 (Figure 4.3D).
Therefore N. meningitidis o does not function as an activator or a repressor of canonical

oN-dependent pspA promoter in E. coli.

4.3 Pilin does not vary in the presence or absence of 6" in V. meningitidis

Analysis of the activity of meningococcal o in E. coli suggests that meningococcal o™ is
unable to interact with the canonical -12/-24 o™ binding sequence. However, to exclude that
this was due to the absence of putative meningococcal 6N activators or optimal promoter

arrangement, we next analysed whether meningococcal o™ regulates class 11 pilE.

First we examined the activity of putative class Il pilE promoters using lacZ fusions. The
lacZ gene was used to replace the ORF of pilE leaving the pi/E promoter sequence including
5'UTR intact (PpilE-lacZ). We introduced this PpilE-lacZ transcriptional fusion at the native
pilE locus in S4 and S4ArpoN. The resulting strains S4ApilE::PpilE-lacZ and
S4ArpoNApilE::PpilE-lacZ were plated onto solid BHI media containing 5-bromo-4-chloro-
3-indolyl-B-D-galactoside (X-gal), and the detection of blue colonies was used as a read out

to determine the activity of the promoter. After overnight growth, visual inspection of
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bacterial plates revealed that all strains including S4ArpoNApilE::PpilE-lacZ appeared blue

on the plates suggesting that 7poN is not required for pilE expression (Figure 4.4A).

Consistent with this observation, 7poN deletion had no effect on pilE transcript levels
throughout bacterial growth as measured by qRT-PCR (Figure 4.4B). Interestingly, the
relative expression of class II pilE was independent of the growth phase under these
conditions. Collectively these results demonstrated that in N. meningitidis c" is not required

for pilin expression under the conditions tested.
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Figure 4.4 Effect of rpoN deletion on pilin levels in N. meningitidis

A. S4, S4ApilE::PpilE-lacZ and S4ArpoNApilE::PpilE-lacZ strains were grown on a medium
containing X-gal. Blue colonies indicate expression of 3-galactosidase. B. Strand-specific qRT-PCR
analysis of pilin transcript at different time points during the growth in WT S4 and S4ArpoN. pilE
mRNA is present throughout bacterial growth. The amount of transcript is presented as R value and

normalized to tmRNA (n=3, error bars show SD calculated using two way ANOVA).
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4.4 Identification of pilE transcriptional start site

If all promoters upstream of class Il pilE are active, it is possible that the activation of one
promoter element masks the transcription from the other. Thus we next mapped the class II
pIlE transcriptional start site (TSS) to determine which of the putative promoter elements
are involved in transcription initiation of the class II pilE gene. Total RNA was prepared
from N. meningitidis S4 grown in liquid BHI at 37°C to mid-exponential phase. Figure 4.5A
shows the region upstream of class II pilE containing putative promoter elements, and the
primers (P1 and P2) which were designed to capture potential transcripts generated from
either or both the -10/-35 and -12/-24 promoters (P2), or only from the -10/-35 promoter
(P1). Initially different amounts of total RNA were used to determine the optimal amount of
template RNA needed to identify the TSS. A total of 1 pg and 2.5 pg of RNA was used to
generate cDNA with radiolabelled P1 and P2; the products were analysed on a denaturing
polyacrylamide gel. A control reaction was performed where radiolabelled tmRNA specific
primer was used for cDNA synthesis and the product was analysed on the gel. The control
reaction resulted in a ~40 nt transcriptional product (C) corresponding to the TSS of the
tmRNA as previously reported (Heidrich et al., 2017). However additional smaller products
were detected, possibly due to cross hybridization of the probe with other transcripts (Figure
4.6B). The c’°-dependent -10/-35-associated product (P1a, ~35 nt) was obtained with primer
P1 (Figure 4.5B). Similarly, a ~74 nt product was generated with the P2 primer (P2b), also
corresponding to a TSS associated with the putative -10/-35 promoter. Interestingly, a ~68
nt product (P2b') was generated with the P2 primer. However, at present it is not clear
whether this is an alternative TSS associated with the -10/-35 promoter (mapped 14 nt away

from -10 box) or is a degradation product (Figure 4.5B).
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Importantly, no product of ~38 nt was detected using primer P2 indicating that the class II
pilE region containing -12/-24 promoter is not involved in class II pilE transcriptional

activation under these conditions.

To determine the nucleotide sequence of the extension products a dideoxy chain termination
sequencing reaction with P2 was run in parallel using a PCR fragment of the upstream region
of class II pilE as the template. The class Il pilE TSS was mapped to nt “C” which is 8 nt

downstream of the -10 box (Figure 4.5B) consistent with activity from the -10/-35 promoter.
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Figure 4.5 Identification of the class II pilE TSS

A. Region of class II pilE upstream sequence used to design primers for primer extension analysis.

Arrows correspond to regions bound by P1 and P2. Putative promoter elements found upstream of

the pilE start codon are boxed. B. Primer extension of 1 pg or 2.5 pg of RNA prepared from N.

meningitidis S4 grown at 37°C in liquid BHI to mid exponential phase. Arrows indicate product sizes

generated with the control probe (C) and either P1 primer (Pla) or P2 primer (P2b and P2b').

Sequencing gel was run in parallel with P2 primer to determine the nucleotide position of the class

I pilE TSS which is indicated by a red arrow. Nucleotide position shown in blue corresponds to P2b'

product generated with P2 primer.
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4.5 Class Il pilE levels but not the TSS vary under different stress conditions

It has been reported previously that oN-dependent transcription requires environmental
stimuli for upregulation of bEBPs. The experiments described this chapter so far were
performed under standard laboratory conditions which may not mimic the conditions
required for expression of 6N or oN-dependent activators necessary for promoter activation.
Therefore N. meningitidis S4 was subjected to a diverse panel of stress conditions, and pilE
transcript levels as well as the TSS were examined. The panel of stresses chosen for the
analysis was originally described for enteric bacteria (Christiansen et al., 2004). Although
the conditions do not necessarily have physiological relevance for N. meningitidis, these can
provide insights into transcriptional responses in N. meningitidis. N. meningitidis S4 was
grown at 37°C in liquid BHI, and when the ODeoo of the cultures reached mid-exponential
phase (ODes00~0.5) bacteria were exposed to salt (SM NaCl), acid (HCIL, pH 2.5), oxidative
(0.15% H203) or envelope (5% ethanol or 5% Triton) stress for 10 min. In addition, S4
grown to the same ODgoo but not exposed to any stress was used as a control (WT). RNA
was collected and pilE transcript levels were assessed by Northern blot using a radiolabeled
probe generated by amplifying 70 bp of pilE coding sequence. Interestingly, a number of
conditions affected pilE transcript levels (Figure 4.6A). These include a) NaCl which
downregulates pilE consistent with the previous findings in class 1 pilE-expressing N.
meningitidis (Tan et al., 2015), and b) pH which increased pilE transcript level. The effect
of ethanol, Triton and H>O; was difficult to assess because of the RNA degradation in
samples as shown by Northern blot (Figure 4.6A). We also investigated whether rpoN
transcript could be affected by the 10 min exposure to the stress stimuli. No 7poN transcript
was detected by Northern blot analysis (Figure 4.6A) indicating that it is possible that rpoN

mRNA levels are below the detection limit of this method, which is in line with the
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observation in Figure 4.1B showing low relative expression of rpoN as measured by qRT-
PCR. Primer extension was also performed to detect whether any of the stress conditions
affect the class II pilE TSS. Wild type N. meningitidis S4 (WT) exposed to no stress was
used as a control, and primer P1 and P2 were used to generate the extension products. We
detected products of ~35 nt with P1 (P1a) and ~74 nt with P2 (P2b), which are similar in
length to those identified in Figure 4.5B. In addition to the ~68 nt product (P2b’) which was
detected previously with the primer P2 (Figure 4.5B), a smaller ~47 nt product (P2¢c) from
bacteria exposed to Triton was detected (Figure 4.6B). Whether this is an RNA degradation
product or an alternative TSS will be investigated in future. However we did not detect ~38
nt product with the primer P2, and there were no changes in primer extension products
between WT and stress induced S4. Together the results suggest that pilE transcription is
initiated from the 67° -10/-35 promoter and there is no transcript initiated from the -12/-24

sequence under different environmental conditions (Figure 4.6B).
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Figure 4.6 pilE transcript levels in response to stress conditions

A. RNA was collected from N. meningitidis S4 exposed to different stresses for 10 min, and was
analysed by Northern blotting. Blot is representative of two biological repeats. B. Mapping TSS of
pilE in bacteria subjected to different stress conditions using primers P1 and P2. No difference in
class II pilE TSS was observed in bacteria exposed to no stress (WT) and those exposed to different
stresses (shown). An additional primer extension product (P2c) was detected in Triton-treated
samples. Experiment was performed on two independent occasions using two sets of biological

replicates.
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We considered the possibility that the low amount of rpoN transcript and the absence of
detectable o™ could result in the lack of oN-dependent transcription activation of class II
pilE. Therefore we could not rule out that rpoN plays a role in pilE expression in specific

conditions.

Therefore, as a final experiment we tested the effect of inducing rpoN expression on pilin
levels. N. meningitidis S4 harbouring meningococcal C-terminal FLAG-tagged rpoN at the

ectopic locus under IPTG-inducible promoter was constructed (S4PicNm oNFLAG) In

parallel, we constructed N. meningitidis S4P.cNel cNTEAC

strain containing IPTG-inducible
N. elongata rpoN, which is known to be an activator of pilE transcription in N. elongata
(Rendon et al., 2013). Pilin levels in S4 overexpressing either N. meningitidis or N. elongata
rpoN were analysed by Western blotting of cell lysates collected after overnight growth on
solid medium supplemented with ImM IPTG to induce rpoN expression. S4ery harbouring
erythromycin resistance cassette at the same ectopic locus was used as a control. The
expression of o™ in S4Pi.cNel oNF-AG and S4P.Nm oNFHAG was confirmed with anti-FLAG
antibody (Figure 4.7A). No difference in PilE protein levels were detected in S4Pj.cNm o™
FLAG following rpoN expression compared to S4ery control. Since the expression of the rpoN
in its native host does not affect class II pilin levels we conclude that meningococcal o™ is

unlikely to bind to pilE promoter, and therefore does not function as an activator of the pilE

-12/-24 promoter in N. meningitidis.

Strikingly, the expression of N. elongata rpoN in N. meningitidis S4 led to reduction in PilE

expression (Figure 4.7A). This was surprising as N. elongata has been reported to activate
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pilE transcription (Rendon ef al., 2013). N. elongata o™ was shown to be functional in N.
elongata grown to logarithmic phase (Rendon et al., 2013) and in our experiment we tested
N. elongata oN effect in overnight cultures which are in late stationary phase. Therefore to
determine whether the effect of N. elongata rpoN overexpression observed in Figure 4.7A
is growth phase dependent, S4Pi.cNel oNFLAS was grown in liquid BHI at 37°C with or
without IPTG and cell lysates were collected at different growth phases corresponding to 1,
3, 5 and 6 hrs following the o™ induction. N. elongata o expression was confirmed by
Western blotting with anti-FLAG antibody and pilin expression was analysed with anti-pilin
antibody (Figure 4.7B). In line with our previous observation, induction of N. elongata c™
leads to a reduction in pilin expression compared to the isogenic control strain where no
IPTG was added (Figure 4.7B), suggesting that under different growth phases N. elongata
oM represses pilin expression in N. meningitidis. This interesting observation led us to
speculate that when expressed in N. meningitidis, N. elongata c can engage with the -12/-
24 promoter upstream of class II pilE but is unable to initiate transcription possibly due to
the absence of necessary bEBP in N. meningitidis, and this interaction of N. elongata c™
with -12/-24 sequence blocks the transcription from the -10/-35 pilE promoter, hence

decreasing pilin expression.
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Figure 4.7 N. elongata o™ reduces pilin expression in N. meningitidis

A. Western blotting showing pilin expression in N. meningitidis S4 expressing N. elongata c" or N.
meningitidis " after overnight growth on solid BHI at 37°C. Expression of 6" was checked using
anti-FLAG antibody and RecA was used as a loading control. No change in pilin expression was
detected in the presence of induced N. meningitidis ¢~ whereas induction of N. elongata o™ reduced
pilin expression. B. S4Pj,:Nel ™49 was grown in liquid BHI at 37°C with or without IPTG (final
concentration 1mM). Full length N. elongata " is detected in the presence of IPTG. Expression of

N. elongata o™ leads to downregulation of class II pilin. Coomassie was used as a loading control.

Summary

In this chapter the role of meningococcal oN in class II pilE regulation was studied. We
found that N. meningitidis o does not function as a canonical cN-dependent activator when
tested in E. coli. The lack of functional activity of meningococcal o in E. coli could be
attributed to the absence of Neisseria specific bEBP activators or additional -12/-24-
dependent transcriptional elements such as IHF necessary for oN-dependent transcription.
We therefore focused on understanding the function of N. meningitidis c" in Neisseria to

eliminate differences that could arise by studies in a heterologous system.
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rpoN transcript was detectable during N. meningitidis growth although the expression was
low relative to the control tmRNA. However the absence of detectable o™ protein suggests
that rpoN is either not transcribed or the levels of o™ are below the detection limit. The latter
might well be correct because in E. coli the concentration of alternative ¢ factors is low

compared to the housekeeping o under standard laboratory conditions (Jishage et al., 1996).

Earlier studies of pilE in pathogenic Neisseria showed that N. meningitidis class I pilE and
N. gonorrhoeae pilE transcription relies the c’°-dependent rather than the oN-dependent
promoter. Our work shows that despite having a distinct promoter arrangement, class Il pilE
expression is similarly initiated from the c’°-dependent promoter. Mapping the TSS of class
I1 pilE further highlighted that 6’°-dependent transcription is responsible for class II pilE
expression and validated the presence of the -10 element of the putative -10/-35 promoter
located 8 nt away from the TSS. The absence of 7poN had no effect on pilin transcript levels
and similarly overexpression of o™ did resulted in any change in pilin protein levels,

indicating that o is not essential and has no implication for class II pilE regulation.
g p p g

As each o factor is associated with the response to a particular stress, the level of a given &
increases rapidly in the presence of an appropriate stimulus (Sharma et al., 2010). Originally
identified in the nitrogen starvation response, o™ has since been implicated in the response
to a diverse range of stimuli in numerous organisms (Buck et al., 2000). Because there is no
known meningococcal oN-specific stimulus, we tested a panel of extreme stress conditions
to establish whether we could detect any change in rpoN (and pilE) transcript. Although
changes in pilE levels in response to acid, salt and ethanol stress were recorded, these

changes seem to be independent of o™ as the TSS associated with the ¢’’-dependent
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promoter remained unchanged under these conditions. Understanding the regulation of the
class II pilE transcript in response to selective stimuli that lead to up- or downregulation of
pilE merits further investigation, and may provide insights into the transcription factors

involved in class II pilE modulation.

To bypass the need for a potential specific environmental stimuli for activation of o, we
designed a system where N. meningitidis S4 contained a copy of rpoN at an ectopic locus
under an inducible promoter, allowing us to test class II pilin regulation when oV is present
in excess. Comparison of pilin levels in the presence of induced N. meningitidis or N.
elongata o™ demonstrated that class II pilin levels are affected by N. elongata o™ expression.
However unlike in N. elongata where cN-dependent pilE activation is observed, class II PilE
levels are reduced in N. meningitidis when N. elongata o is expressed. This observation
raises interesting questions as to how this effect is mediated. It remains to be determined
whether reduction of class II pilin in the presence of N. elongata oV is a direct effect and
whether it is taking place at the level of transcription. It is possible to address this by looking
at the molecular mechanisms of N. elongata o interaction with the meningococcal class II
pilE promoter which harbours a mutated -12/-24 promoter sequence. It is not clear why the
rpoN gene is conserved among N. meningitidis isolates and why we are able to detect rpoN
transcription in N. meningitidis. One possible explanation is that o™ in N. meningitidis has

other roles and does not function as a canonical o~ that binds consensus -12/-24.

In conclusion the results collectively demonstrate that class II pilE transcription is

independent of o™ and is initiated from -12/-35 promoter.
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5 Results: Role of 67° family members in class II pilE regulation

In the previous chapter we determined that o™ does not regulate class II pilE suggesting that
-12/-24 promoter upstream of pilE is not involved in pilin expression. Furthermore, our
analysis of class II pilE promoter activity in E. coli together with the primer extension
analysis revealed that the -10/-35 promoter upstream of class II pilE is responsible for pilin
expression. Interestingly, some -10/-35 promoter sequences are able to recruit different
factors belonging to ¢7° family (Rhodius et al., 2005; Wade et al., 2006). For instance, the -
10/-35 sequence upstream of cP-coding gene in E. coli can bind o, ot and ¢° (Cho et al.,
2014). There are three ¢’° members in N. meningitidis which have been identified based on
their sequence similarity to orthologues found in E. coli: o®, ¢! and o encoded by rpoD,
rpoH and rpoE respectively (Heidrich et al., 2017). Therefore, we aimed to investigate
which if any ¢’° family members present in N. meningitidis play a role in class II pilE

expression.

Binding of multiple ¢’ factor at the same -10/-35 site poses an interesting mechanism of
gene regulation. If different 7-like factors bind the same promoter with different affinity,
the strength of the promoter activation will vary, thus changing the gene expression (Huerta
et al., 2003; Rhodius et al., 2010). Since members of the 6’° family are activated in response
to specific stresses, binding of different 6% could also ensure that a gene of interest is
expressed under different conditions. Interestingly, promoters that can be recognized by
more than one o factor usually contain non-consensus -10/-35 sequences (Cho et al., 2014;
Lee et al., 2001), which can in part explain their ability to bind different ¢ factors. For

example, in E. coli the 6°-10 recognition sequence is highly homologous to that of cP,
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whereas o5-dependent -35 sequence is degenerate (Typas et al., 2007). This allows c° to

bind both o°- and oP-dependent promoter sequences (Weber e al., 2005).

Considering that class II pilE -10/-35 promoter contains near consensus -10 element but the
putative -35 sequence shares low homology with the cP-dependent -35 consensus sequence,
we hypothesised that class II pilE promoter may be regulated by another, or multiple ¢'°-
like factors. Since little is known about the 67° family members in N. meningitidis, we first
determined the presence and the conservation of ¢’° family members in N. meningitidis
during bacterial growth, then examined pilin levels in mutants lacking or overexpressing

different c’° factors.

5.1 Bioinformatic analysis of 67’ family members in N. meningitidis

To date three 67° family members have been identified in several strains of N. meningitidis.
Therefore, we first aimed to determine the presence and the conservation of the three ¢”°
family members (cP, of and ') in N. meningitidis. We analysed the genomes of 290
meningococcal strains (same dataset as described in Chapter 3) and compared the domain
organisation of the deduced ¢ factor sequences with homologues in E. coli. As an extension
of this analysis, we also determined the presence and conservation of ¢’ family coding
genes in the publicly available genomes of other Neisseria species: two strains of N.

gonorrhoeae (FA1090, MS11), and five commensal species including N. cinerea (14685),

N. lactamica (23970), N. elongata (29315), N. mucosa (25996) and N. subflava (9703).
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oP. Using full length rpoD sequence from N. meningitidis 8013 and BLAST analysis, rpoD
homologs were identified in all 290 meningococcal isolates. The sequences were extracted,
translated and aligned using CLUSTALW. P was found to be highly conserved, exhibiting
>99% amino acid sequence identity among the 290 meningococcal isolates (Figure 5.1A).
There was no association between a specific 6P sequence and class I or class II pilE. The
comparison of the predicted oP protein sequences between N. meningitidis 8013 and other
Neisseria species also revealed that the sequence of this protein is highly conserved in all

Neisseria spp. (Figure 5.1A).

Protein domain composition was assessed by comparing the deduced meningococcal o
sequence to the known E. coli cP (Severinova et al., 1996). N. meningitidis c® shares 54%
amino acid sequence identity with E. coli 6P (Figure 5.1B). E. coli 6P contains four regions
(Region 1-4) each associated with a specific function (discussed in section 1.5.1.1). The
DNA binding motifs are located in Region 2.4 and 4.2, which mediate the recognition of -
10 and -35 promoter elements respectively. Region 2.3 contains a signature RpoD box
domain which is also involved in mediating interactions with the DNA (Gopal et al., 1997).
Comparison of the 6P domains demonstrated that Region 4.2, 2.4 and RpoD box are almost
identical between E. coli and N. meningitidis, suggesting that ¢ interaction with -10/-35
promoter might be similar in these species (Figure 5.1B). This observation is interesting
considering that N. meningitidis genome lacks the conserved -35 element of the -10/-35
promoters (Heidrich et al., 2017). E. coli 6P also contains the non-conserved region (NCR)
positioned between Region 1.2 and Region 2.1 (Figure 5.2B) (Kumar ef al., 1995). NCR,
identified in only a few housekeeping o factors, is the most diverse region of o, which is

known to contribute to ¢’° binding to RNAP (Leibman et al., 2007). The NCR alignment
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between E. coli and N. meningitidis revealed low sequence identity (24%) suggesting that

the two species might interact with the cognate RNAP differently.

A Conservation with
Species 8013 o”
. meningitidis class | pilE 213 strains >99
. meningitidis class |l pilE 77 strains >99
. gonorrhoeae FA1090 99
gonorrhoeae MS11 96
cinerea 99
. lactamica 23970 99
. elongata 29315 82
mucosa 91
subflava 89

(Nm S4 54% identity)
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Nm S4 HTLEEVGROFDVTRERIROIEAKALRKLRHPTRSDRLRSFLDSEDSKL* 642
I T

Figure 5.1 Bioinformatic analysis of meningococcal o
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A. Percentage identity of ¢”in class I and class II pilE expressing N. meningitidis and comparison

of the deduced ¢ amino acid sequences in other Neisseria species to the reference 6° sequence from

8013. B. Comparison of 6° domains between E. coli and N. meningitidis S4 (Nm) c°. N. meningitidis

o shares 54% identity with E. coli c”. Colour-coded bars above the sequence represent the

conserved regions of E. coli c°: 1.1, grey; 1.2 pale orange, NCR non-conserved domain; 2.1-2.4,

blue; 3, dark orange; 4.1 and 4.2, red. Schematic of domain organisation found in E. coli is shown

above the alignment.
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of belongs to the Group 4 extracytoplasmic factors (ECF) which are structurally the most
diverse group of o’ proteins. Approximately 94 different groups of ECFs have been
identified in bacteria and the difference between the groups lies in a) their amino acid
sequences, b) the presence of an anti-c factor, c) the genomic locus and d) the o-dependent
promoter elements associated with the ECF (Anna et al., 2009). E. coli c* is a member of
ECFO02 group and is characterised by two domains: 1) Region 2 which is responsible for
RNA polymerase and promoter recognition and 2) Region 4 that mediates interaction with
a cognate anti-c factor (RseA), which are the most well characterised regulators of ECF
activity (Tam et al., 2002). E. coli anti-c* contains two modules: 1) N-terminal anti-sigma
domain (ASD) that blocks o activity and 2) membrane-bound C terminus that allows anti-

o to sense the extracytoplasmic stress signals and release ot for transcription initiation

(Campbell et al., 2007).

N. meningitidis o* belongs to ECF13 group (Anna et al., 2009). N. gonorrhoeae and N.
meningitidis c* are the only two members of ECF13 for which functional data is available (
Gunesekere et al., 2006a; Hopman et al., 2010). Unlike E. coli, meningococcal anti-c*
contains a soluble C-terminal domain suggesting it functions as a cytoplasmic, rather than a
membrane sensor. Indeed in N. gonorrhoeae ot has been reported to respond to changes in
the cellular environment for example during oxidative stress (Gunesekere et al., 2006).
Meningococcal anti-c® is also predicted to have ASD domain which contains a zinc-

containing anti-c factor (ZAS) domain that is absent in E. coli anti-c* (Hopman et al., 2010).
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Similar to o analysis, we used the full-length sequence of N. meningitidis 8013 c* and anti-
of to conduct BLAST searches of meningococcal genomes containing either class I or class
IT pilE. Results, as shown in Figure 5.2A, demonstrate that both class I and class II pilE
carrying isolates have o homologues, and amino acid identity of oF and anti-c* among all
isolates is near identical irrespective of which class of pilE they have. Comparison of other
Neisseria co®/anti-c* sequences revealed that both N. gonorrhoeae and N. lactamica c*
display high sequence identity (>90%) with N. meningitidis 8013 anti-c*/c® (Figure 5.2A).
However lower sequence homology was observed between 8013 anti-c* / o and several
other commensal species including N. mucosa (51% / 73%), N. subflava (46% / 73%/) and
N. elongata (43% / 41%/). Interestingly, the ASD of anti-c® is conserved among Neisseria
species (Hopman ef al., 2010) implying that they may interact with their cognate c® in the
same manner. The lack of conservation in the anti-ot C-terminal region in some pathogenic
and commensal Neisseria may suggest that there are differences in the mechanisms of

regulation of o® and possibly variation in the stress stimuli that anti-c® respond to.

Comparison of the o domain organisation between E. coli and N. meningitidis highlighted
differences between the two species (Figure 5.2B). E. coli o® shares 26% amino acid
similarity with meningococcal oF and 26% identity with anti-c®, in line with the observation
that two o factors belong to two distinct ECF groups. Furthermore there was little homology
between the DNA binding recognition domains of E. coli and N. meningitidis ot (region 2.4

and 4.2) (Figure 5.2B). Thus activity and regulation of these two o might be different.
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A Conservation with 8013
Species o" anti-o"
N. meningitidis class | pilE 213 strains >99 >99
N. meningitidis class Il pilE 77 strains >99 >99
N. gonorrhoeae FA1090 98 95
N. gonorrhoeae MS11 98 95
N. cinerea 94 90
N. lactamica 23970 97 93
N. elongata 29315 41 43
N. mucosa 73 51
N. subflava 73 46
B
(Nm S4 26% identity)
777777777777777777777 [ 2.1 I 22 23 2.8 o recognition) |-~ -----==---==-====-==---
E. coli -MSEQLTDQVLVERVQKGDQKAFNLLVVRYQHKVASLVSRYVPSGDVPDVVQEAFIKAYRALDSFRGDSAFYTWLYRIAVNTAKNYLVAQGRRPPSSD—~VDAIEA—————————- ENFE 107
Nm S4 MPLPDLTDAELIES RKLLLHFA RLQ-LPDHPDLAEDLVQETLLSAYSAGDSFQGRALVNSWLFAILKNKIIDALRQIGRQRKVFTTLDDELLDEAFESHFSQNGHWT 106
------------------ I 41 I 4.7 (535 recognition) fooeee-
E_ COIi SGGALKEISNPENLMLSEELRQIVFRTIESLPEDLRMAITLRELDGLSYEEIAAIMDCPVGTVRSRIFRAREAIDNKVQPLIRR-————— 191
Nm S4 PEGQPQHWNTPEKSLNNNEFQKILQSCLYNLPENTARVFTLKEILGFSSDEIQOMCGISTSNYHT IMHRARESLRQCLOQIKWFNQENPK* 195

Figure 5.2 Bioinformatic analysis of meningococcal c*

A. Percentage identity of ¢* and anti-c" in Neisseria species compared to the deduced " sequence
from N. meningitidis 8013. B. Alignment of amino acid sequences between E. coli and N.
meningitidis (Nm) S4 c" and sequence identity between the two 6" (26%). E. coli = domain boxes

shown above. Domains are colour coded (see Figure 5.1B)

o!l. The o' encoded by rpoH from N. meningitidis 8013 (Heidrich et al., 2017) was used to
perform BLAST searches of meningococcal isolates. rpoH was present in all N. meningitidis
genomes analysed. The deduced meningococcal ! sequences displayed high amino acid
conservation, and similar to 6’ and o, there was no correlation between o' sequence and
pilin class. Amino acid sequence comparison of N. meningitidis 8013 o' and other Neisseria

species showed high sequence similarity among the Neisseria (>83%). (Figure 5.3A)
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N. meningitidis c" shares 50% amino acid sequence identity with E. coli c*. Alignment of
the known E. coli o' domains with N. meningitidis o' demonstrated that several key DNA
binding sites exhibit near identical sequence (Figure 5.3B). Meningococcal o' contains the
characteristic RpoH box, present in other bacterial o™ (Nakahigashi et al., 1995) which plays
a role in o' interaction with RNAP (Arséne et al., 1999). Furthermore, Region 2.4 which
mediates -10 promoter recognition in E. coli shows 81% amino acid sequence identity
between N. meningitidis and E. coli. Region 4.2 which is involved in -35 promoter
recognition in E. coli displayed 62% amino acid sequence similarity with the meningococcal
o'l. The high sequence identity in the promoter recognition domains of E. coli and N.
meningitidis ¢ suggests that both 6! may recognise similar -10/-35 promoter elements. This
is interesting considering that no o'-dependent promoters have been identified in N.
meningitidis (Heidrich et al., 2017) and putative c''-dependent promoters annotated in N.
gonorrhoeae are distinct from the known E. coli c'-dependent -10/-35 sequence

(Gunesekere et al., 2006).
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A Conservation with
Species 8013 o'
N. meningitidis class | pilE 213 strains >99
N. meningitidis class Il pilE 77 strains >99
N. gonorrhoeae FA1090 99
N. gonorrhoeae MS11 99
N. cinerea 97
N. lactamica 23970 98
N. elongata 29315 83
N. mucosa 95
N. subflava 94

(Nm S450% identity)

------------------- 1.2 -1 2.1 | 2.2 1 2.3 1[2.4 (10 recognition)
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———————————— I 3.1 o 32 e 41
E. coli NWRIVKVATTKAQRKLFFNLRKTKORLGWFNQODEVEMVARELGVTSKD ODMTFDLSSDDDSDSQPMAPVLYLODKS SNFADGTEDDNWEEQAANRLTDAMOGLDERSQDT 239
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-1 4.2 (:35 recognition)
E. coli TRARWLDEDNKSTLOELADRYGVSAERVROLEKNAMKKLRAATEA—————— 284
Nm S4 VESRWLODDGGLTLHQLAAEYGVSAERIRQIEAKAMOKLRGFLTEEAEAV* 287
DLrkkkrih,  Kkpikk kkkEAkRikksh skkrkRE,

Figure 5.3 Bioinformatic analysis of meningococcal o'

A. " amino acid identity between class I and class 11 pilE expressing N. meningitidis and in Neisseria
species compared to the deduced 6" sequence from N. meningitidis 8013. B. CLUSTALW alignment
of c" sequences between E. coli and N. meningitidis S4 (Nm). E. coli c" shares 50% amino acid
identity with N. meningitidis c". E. coli " domain boxes are shown above the alignments and colour

coded (see Figure 5.1B).

5.2 Levels of different o factors during N. meningitidis growth

The presence of conserved genes encoding 6P, o!! and oF factors in N. meningitidis led us
to determine the expression levels of three o factors in S4. We examined transcript and

protein levels of 67-like factors under steady state during bacterial growth.

To measure rpoD, rpoE and rpoH expression WT S4 was grown in BHI liquid at 37°C for

22 hours and RNA samples were collected at 3, 6, 8 and 22 hours during the growth. Each
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time point represents a bacterial growth phase thus allowing us to monitor any growth phase-
dependent changes in expression of the ¢ factors. Relative transcript levels were measured
using qRT-PCR and the experiment was performed using three independent biological
repeats. All three o factors were expressed throughout bacterial growth. However, the
relative expression levels varied among the three 6’ members (Figure 5.4). Interestingly,
rpoH transcript was the most abundant among the three ¢ factors (Figure 5.4C) and rpoE
transcript levels were the lowest relative to the standard control tmRNA (Figure 5.4B),
which is consistent with previous reports stating that during mid-log phase the
meningococcal 7poE transcript is almost undetectable (Hopman ef al., 2010). The relative
transcript levels of all three ¢ factors remained unchanged throughout the growth (Figure
5.4). This is in contrast to other bacterial species including E. coli where rpoD, rpoE and
rpoH growth phase-dependent expression has been observed (Fujita et al., 1994; Klein et

al., 2016; Wagner et al., 2009).
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Figure 5.4 Relative expression levels of three ¢’ family factors in N. meningitidis

Strand-specific qRT-PCR analysis of relative A. rpoD, B. rpoE and C. rpoH levels in S4 at different
time points during the growth (3, 6, 8 and 12 hrs). Amount of transcript is represented as R value
standardised to tmRNA transcript levels. Error bars represent standard deviation and the experiment
was performed three times using three independent replicates analysed in triplicate. No statistical
difference in the relative expression of A. rpoD, B. rpoFE or C. rpoH transcript was detected during

the growth (One-way ANOVA).
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Given that o factors transcripts were detected, we next examined protein levels during
bacterial growth. In order to determine o factor expression, S4 strains expressing C terminal
FLAG-tagged o factors were constructed. Attempts to make S4 carrying FLAG tagged cP
were unsuccessful therefore we were unable to study oP expression during meningococcal

growth. S4ctFLAG

was constructed successfully and cell lysates were collected during
bacterial growth for 22 hours in BHI liquid. c" protein levels were examined at 3, 6, 8 and
22 hours which corresponded to early-, mid-, late-logarithmic and stationary phases. c'! was
detectable throughout bacterial growth and the expression was upregulated during mid-, late-
logarithmic and stationary phases (6, 8 and 22 hrs respectively) compared to early-
logarithmic phase (3 hrs) (Figure 5.5A), based on one biological repeat. Experiments are
currently underway to perform additional repeats and quantifications based on the loading
control RecA expression levels. Furthermore, S4c5A6 has been constructed and was
grown overnight on solid BHI medium and cell lysates were collected to measure c®
expression. o© was detected after overnight growth (Figure 5.5B). We are in the process of

examining the expression of ot during bacterial growth in order to conduct the comparison

of the expression levels of the 6! and ot in N. meningitidis.
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Figure 5.5 o' and ot expression in N. meningitidis

A. S4 containing FLAG-tagged endogenous rpoH was grown in liquid BHI at 37°C for 22 hrs. Full
length " was detected using anti-FLAG antibody and RecA was used as a loading control. 6" was

present throughout bacterial growth (n=1). B. Western blot analysis of " levels in whole cells lysates

E-FLAG

collected from S4c grown overnight on solid BHI medium, using anti-FLAG antibody. S4

lacking rpoE (S4ArpoE) was used as a negative control and RecA was used as a loading control

(n=1).

5.3 Pilin levels in ¢7° family mutants

The number of RNAP molecules within the cell is limited therefore a successful formation
of the RNAP-c factor complex depends on the concentration of free ¢ molecules and their
affinity for RNAP (Osterberg et al., 2011). Previous studies in E. coli indicate that the level
of RNAP does not vary throughout bacterial growth whereas the concentration of ¢ factors
can change in response to different stresses (Jishage ef al., 1996) and changes in the level of
o factors lead to activation of specific o-dependent promoters. The information about o
factor regulation in N. meningitidis is very limited. Meningococcal o regulon has been
shown to be comprised of 11 genes but did not include pilE, although the analysis was
performed in class I pilE expressing N. meningitidis H44/76 (Huis in 't Veld et al., 2011).

o' has been identified in a closely related pathogen N. gonorrhoeae (Du et al., 2005; Laskos
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et al., 2004) but 6" regulon has not been described in N. meningitidis. c° has been annotated
as the housekeeping o factor although there has been no functional analysis of
meningococcal oP. Therefore, we hypothesised that if the pilE -10/-35 promoter can bind
different ¢’° members, changing the levels of one of the 6’%-could impact pilin expression.
Therefore we constructed N. meningitidis mutants either lacking or overexpressing the ¢’°

family factors and examined pilin protein levels in these backgrounds.

oP. Housekeeping ¢7° factor cP is essential in E. coli. Based on the analysis of essential
genes in N. meningitidis 8013 and N. gonorrhoeae FA1090, rpoD is also essential in
pathogenic Neisseria species (Capel et al., 2016; Remmele et al., 2014). We attempted to
perform ORF replacement of rpoD with a kanamycin cassette in N. meningitidis S4, but this
was unsuccessful. Interestingly, however, a transposon (Tn) insertion mutant in 7poD of N.
meningitidis strain 8013 constructed by V. Pelicic was viable and had no phenotypic growth
defect when grown on solid media (unpublished). The Tn insertion was mapped between
Region 1 and Region 2 of 67, which corresponds to a putative non-conserved region (NCR)
based on the alignment with E. coli ¢’°. The NCR is present in the majority of the rpoD
factors of Gram-negative bacteria although there are some exceptions (Vingadassalom et al.,
2005). Deletion of NCR of ¢’ in E. coli leads to 6’°-dependent elongation pausing as ¢”°
fails to leave the promoter and is followed by impaired growth (Leibman & Hochschild,
2007). To examine whether pilin expression is affected by the presence of Tn insertion
within the putative NCR of N. meningitidis rpoD, the Tn insertion was introduced into N.
meningitidis S4 using PCR amplified rpoD:Tn locus from 8013. Three single colonies
generated from three independent transformations were collected and the rpoD locus was

checked by PCR for the presence of Tn insertion. Three single colonies of S4rpoD::Tn were
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grown overnight, and cell lysates were collected to determine pilin expression by Western

blotting. No changes in pilin expression were detected in 7poD:Tn background compared to

WT S4 control suggesting that under the condition tested the disruption of rpoD at the native

locus by Tn insertion does not affect pilin expression (Figure 5.6A). However, at present it

is not clear whether the Tn insertion within the NCR affects the folding or functional

characteristics of the meningococcal c7°.
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Figure 5.6 Pilin levels in o factor mutants
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Western blotting analysis of pilin levels in whole cell lysates collected from the following strains

grown overnight on solid BHI medium at 37°C: A. three independent single colonies (sc 1-3) of

S4rpoD::Tn and two control strains S4 ApilE and S4 wild type (WT), and B. S4 ArpoE, S4p..G"

FLAG H-FLAG
. S4 P lacO

and control strain Sdery. The expression of IPTG-induced 6" and " (1mM IPTG

final concentration) was examined using anti-FLLAG antibody. Coomassie (A) and RecA (B) were

used as a loading controls and each blot is a representative of two independent experiments.

o has been shown to be essential in N. meningitidis and N. gonorrhoeae (Capel et al., 2016;

Laskos et al., 2004). Our attempts to construct a S4ArpoH strain were also unsuccessful.

Therefore, to address whether o' plays a role in class II pilin expression regulation, we
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H-FLAG

measured pilin levels in the presence of induced o' expression. S4Pi.cc was

constructed harbouring a C terminal FLAG tagged rpoH under IPTG-inducible /ac promoter

at the ectopic locus (between trpB and igd genes). S4Pj,.cHLAG

was grown overnight and
o'l expression was induced by addition of ImM IPTG. In the presence of induced o', pilin
levels were comparable to WT S4 (Figure 5.6B). No difference in pilin expression was
observed between S4Pj,.cHFLAG and an isogenic S4Pico!! harbouring non-tagged rpoH,

suggesting that FLAG tag does not interfere with ¢! function (data not shown). We can

conclude that induced expression of o' does not affect pilin levels under the condition tested.

of. Unlike P and o, meningococcal cF is not essential (Huis in 't Veld et al., 2011).
Therefore we were able to generate S4ArpoE by replacing the ORF of rpoE with an
erythromycin resistance cassette. Based on the analysis of c® in N. meningitidis, rpoE is
arranged in an operon of six genes (Heidrich ef al., 2017). Immediately downstream of rpoE
there is a gene encoding anti-rpoE and under steady state the expression of the operon is
relatively low. However, deletion of anti-rpoE leads to upregulation of rpoE (Huis in 't Veld
etal.,2011). Low basal ot expression can mask any potential effect of this o factor, therefore
S4 strain overexpressing rpoE was constructed by inserting rpoE with or without a C-
terminal FLAG tag at the ectopic locus under the control of a lac promoter, resulting in
S4P1acoPFLAG and S4Pi.oF respectively. The strains were grown overnight on solid BHI and
rpoE expression was induced by addition of ImM IPTG. Pilin levels were examined in the
presence of induced o*fAG and in oF negative background (Figure 5.6B). Pilin levels

E-FLAG or in Ac® background (Figure 5.6B).

remained unaffected in the presence of induced ¢
To exclude the possibility that no changes in pilin expression are observed because FLAG

tag obstructs the function of o, we examined pilin levels in S4Pj..c* following o® induction.
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No difference in pilin protein levels were detected in S4Pj..c® compared to S4Pj.cEFHAC or

S4ery (data not shown). This implies that ot is not essential for pilin production.

Summary

N. meningitidis contains three ¢’° family factors and our analysis demonstrates that the
sequences of these o factors are conserved across meningococcal isolates and other
Neisseria species, with the exception of the c%/anti-c* which is different in N. elongata.
Furthermore, the expression of rpoD, rpoE and rpoH was detected throughout bacterial
growth and no growth phase-dependent transcriptional regulation was observed for any of
the o factors. It would be interesting to address whether any stimuli such as nutrient
limitation, acid or temperature stress which have been shown to regulate ¢ factor
transcription in E. coli (Durfee et al., 2008; King et al., 2010; Tilly et al., 1986) could affect
the transcription of meningococcal c factors, as this will provide insight into the mechanisms
of ¢ factor regulation in N. meningitidis. In addition, quantitative Western blotting can be
performed to measure the relative levels of each o factor and determine how the ¢ factor

protein levels correlate with the corresponding transcript levels during bacterial growth.

The comparison of promoter recognition domains of o and o' between E. coli and N.
meningitidis revealed high (>90%) sequence identity implying that -10/-35 association with
-10/-35 sequence might also be similar between the two species. This is interesting
considering that E. coli and N. meningitidis c'’-recognition site sequences are different. The
majority of N. meningitidis genes contain conserved consensus -10 promoter element and

only 7% of these genes are predicted to have canonical -35 o’’-dependent sequences
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(Heidrich et al., 2017). Furthermore, in contrast to E. coli, global promoter analysis did not
identify any o''-dependent promoter consensus sequences in N. meningitidis or N.
gonorrhoeae (Heidrich et al., 2017; Remmele et al., 2014). Thus the absence of distinct
promoter sequences for o' and P suggests that in N. meningitidis -10/-35 promoter
sequences can be recognised by multiple 6’° members, which offers an additional regulatory
mechanism for N. meningitidis to control the expression of genes. Experiments to test this
prediction will include ChIP-seq using the tagged ’° factors, which will provide a map of

o factor recognition sequences across meningococcal genome.

The possibility that multiple ¢ factors can recognise the same -10/-35 sequence lead us to
consider whether the class Il pilE gene, which contains a consensus -10 and degenerate -35
could be regulated by any of the ¢’° members found in N. meningitidis. In line with this
hypothesis, the class I pilE promoter, which has long been thought to be regulated by oP has
recently been bioinformatically annotated as o promoter (Heidrich et al, 2017). This
annotation was based on the sequence homology between putative class I pi/E -35 box and
E. coli of -35 consensus sequence however no experimental analysis was performed to
validate promoter annotation, and earlier studies showed that class I pilE was not part of
meningococcal o regulon (Huis in 't Veld et al., 2011). Nevertheless, it supports the
hypothesis that at least class I pilE promoter could be recognized by both oF and 6. Our
analysis of class II pilin levels revealed that ot is expressed but it is not essential for pilin
expression under the growth conditions tested. Furthermore, the overall conclusion that
emerged from these experiments is that none of the o’ factor mutants tested here result in
changes in pilin expression. There are several possible explanations as to why pilin remains

unchanged in these mutants. One possibility is that the pilE -10/-35 promoter is regulated by
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only housekeeping o and does not bind any other ¢ factors. We attempted to prove this
using S4 strains with Tn insertion at the rpoD (Figure 5.6A). However at present we are
uncertain whether Tn insertion in NCR of P affects o® promoter binding and function and
therefore we cannot draw meaningful conclusion from this experiment (Figure 5.6A).
Deletion of NCR in E. coli P was reported to induce severe growth defects (Leibman &
Hochschild, 2007). Thus it is unlikely that Tn insertion in meningococcal rpoD had any
impact on its activity, since it did not result in any growth defective phenotype. Further work
is necessary to validate the proposed meningococcal 6P domain organisation, and to

characterise cP-dependent promoter recognition in N. meningitidis.

In this work we did not quantify levels of ¢ factors therefore we cannot compare the relative
expression of these factors following the induction of o' or ct. Furthermore, pilin levels
were measured after overnight growth on solid media where o factor expression was induced
continuously throughout the growth. Next step would be to perform the analysis of pilin
levels in liquid cultures where o factor upregulation can be variable and controlled over

time.

Lastly, o factors orchestrate a transcriptional response, however in the present study we only
examined pilin protein levels and not pilE transcript. Therefore regulation of pilE transcript
in the o factor mutation backgrounds should be addressed and these experiments are in
progress. In addition, it is worth examining the pilE TSS in the context of ¢ mutants as

induction of ¢’° family members may reveal additional promoter sites upstream of pilE.
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6 Results: Characterisation of c''-regulon in N. meningitidis

6.1 Introduction

Studying the role of o factors in pilE regulation led me to consider more broadly the
transcriptional response of N. meningitidis during host adaptation and pathogenicity.
Specifically, T decided to study heat stress and the role of c'l, the putative heat shock

response G factor in N. meningitidis.

Adaptation to temperature is thought to play a major role in the meningococcal lifestyle
(Lappann et al., 2016; Loh et al, 2013). When N. meningitidis colonises the upper
respiratory tract, it is exposed to temperatures around 32-34°C which can fluctuate
depending on the temperature of the inhaled air (Keck et al., 2000; Virji, 2009) (Figure 6.1).
When meningococcus successfully colonises the host and proliferates on the surface of
nasopharyngeal epithelia, it can occasionally shift from being a commensal to an invasive
pathogen. In these rare cases N. meningitidis crosses the epithelial and endothelial barrier,
and reaches the bloodstream where it causes systemic disease. During invasion and disease
progression, N. meningitidis is exposed to different temperatures, ranging from 37°C to
>40°C during septic shock. Furthermore, in the nasopharynx during viral co-infection, local
inflammation may trigger temperature upshift exposing meningococci to a changing
environment (Gentile ef al., 1998). Therefore, adaptation to temperature is a key strategy for

bacterial survival both as a commensal and as a pathogen during disease.
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Figure 6.1 N. meningitidis exposure to different temperatures within the host

N. meningitidis enters the host via respiratory droplets and resides in the upper respiratory tract where
it is exposed to a wider variety of temperatures. Occasionally N. meningitidis can cause the invasive
disease progressing through the body and entering the brain. Infection of meninges and cerebrospinal
fluid may lead to septic shock where bacteria will be exposed to elevated temperatures. Adapted

from (Virji, 2009) and Dumenil lab.

The response to temperature in bacteria is complex. It involves multiple temperature sensing
strategies that allow bacteria to adapt to sudden temperature changes as well as prolonged
heat stress. Temperature sensors include nucleic acids (DNA and RNA), lipids, as well as
proteins. RNA thermosensors are temperature sensitive secondary structures present in the
5' end of RNA transcripts which prevent ribosomes from interacting with the mRNA thereby
blocking the transcription at lower temperatures. Studies in our lab have shown that some
meningococcal virulence genes possess RNA thermosensors. These include cssA
(polysaccharide biosynthesis gene), fHbp (factor H binding protein) and /st (enzyme

involved in LPS sialylation), which all show increased expression during transition from
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32°C to 42°C (Barnwal et al., 2016; Loh et al., 2013). Some organisms possess DNA sensors
which function by imposing structural changes on the genome thereby affecting gene
transcription. In addition to nucleic acid, bacterial lipid membrane thermosensing
mechanisms have been described. For example, in Bacillus subtilis, the transmembrane
thermosensor DesK can modulate the fluidity of the membrane which in turn affects the
cellular response to the environment (Inda ef al., 2014; Sengupta et al., 2013). The principal
mediators of heat sensing and heat shock response in bacteria are heat shock proteins (HSP).
In E. coli HSP include virulence factors, proteases, some metabolic regulators and
chaperones (Arsene et al., 2000; Guisbert et al., 2004). In E. coli the master regulator of heat
shock response is o', which is present in low amounts under steady state but increases

rapidly during heat shock.

6.1.1 o"inE. coli

o'l recognises a subset of heat shock genes that contain a defined -35/-10 consensus
sequence: TTGAAA (N)1s CCCATAT (Nonaka et al., 2006). The regulation of heat shock
genes is controlled by activity and stability of ! that in turn responds to temperature change
in multiple ways (Figure 6.2). Firstly o' is regulated at the level of transcription. There are
five (P1, P3-P6) promoters upstream of rpoH which are controlled by different & factors.
The P1 promoter can be transcribed by o or housekeeping o depending on the growth
phase. P3 is ot-dependent linking the regulation of rpoH with membrane stress response. P4
and P5 are regulated by o” whereas P6 is under the control of o™ (Janaszak ef al., 2009;
Nagai et al., 1990). Secondly, rpoH mRNA contains a thermosensor which forms three stem
loops (Kortmann et al., 2012). Temperature change from 30°C to 42°C destabilises the

secondary structure of the mRNA leading to translation initiation. o' protein is highly
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unstable and under steady state it is sequestered by major heat shock chaperones DnaKJE
and GroELS (Yura, 1996), which direct 6" to FtsH protease-dependent degradation, thereby
preventing o' from interacting with RNAP. Within the first 5 min of elevated temperatures,
as misfolded proteins accumulate, the chaperones are titrated away and c'! becomes free to
activate o''-dependent genes. This results in upregulation of HSP allowing bacteria to
respond adequately to temperature stress. Once the cellular homeostasis is restored,
chaperones bind o', decreasing free o'l levels via a negative feedback loop. Recent
experiments revealed additional mechanisms of regulation of ! stability: rather than being
a cytoplasmic o factor, o' is tethered to the inner membrane via signal recognition particle
(SRP) that in turn is bound by SRP receptor (SR) (Lim et al., 2013; Miyazaki et al., 2016).
The interaction between o' and SRP is mediated via homeostatic control region, which is a
short motif within Region 2.1 of o' important for " activity (Obrist ef al., 2005; Yura et
al., 2007). It has been proposed that c'! tethering to the membrane may allow o' to respond
not only to accumulation of misfolded proteins in the cytoplasm but also to monitor

membrane protein unfolding during heat stress (Roncarati et al., 2017).
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Figure 6.2 o' control in E. coli

Schematic diagram of c" control in E. coli. " is regulated at the level of transcription with five
promoter described. Post-transcriptionally rpoH mRNA contains three stem loops which are melted
in response to elevated temperature leading to upregulation of mRNA. Feedback control loops
control 6" concentration during steady state and in response to high temperature. Adapted from

(Roncarati & Scarlato, 2017).

There is limited information available on the function and regulation of " in Neisseria.
Early studies using RNA dot blot hybridization in a closely related pathogen N. gonorrhoeae
showed that the expression of rpoH increased gradually upon exposure to heat over 20 min
(Laskos et al., 2004). However subsequent microarray analysis did not identify any
upregulation of rpoH transcript when N. gonorrhoeae was exposed to heat shock for 10 min
(Gunesekere et al., 2006) suggesting that RNA thermosensing regulation is absent in .
gonorrhoeae. Induction of N. gonorrhoeae o' leads to upregulation of only a small subset
of genes, some of which are involved in protein homeostasis including the chaperone

DnaKJE and GroELS systems (Gunesekere et al., 2006). Furthermore, most of these genes
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showed increased expression when N. gonorrhoeae was exposed to 42°C, suggesting a link
between c'! regulon and heat stress response. Despite the attempts to characterise N.
gonorrhoeae ! regulon, c'-dependent promoter consensus elements have not been
identified in N. gonorrhoeae or N. meningitidis (Gunesekere et al., 2006; Heidrich et al.,

2017) and the role of ! in N. meningitidis has not been investigated.

The aim of my experiments in this chapter is to establish whether meningococcal c''is a heat

shock factor and define the o regulon in N. meningitidis.

6.2 o''role in heat shock response in N. meningitidis

The bioinformatic analysis presented in chapter 5 revealed that there is 98% sequence
identity between N. meningitidis and E. coli ¢! suggesting that some functional similarities
may be conserved among the two species. Unlike E. coli, where o'l is only essential at >40°C
(Yura et al., 1984), N. meningitidis ! is essential at 37°C, as demonstrated by the failure to
construct a rpoH null mutant (Capel et al., 2016; Pelicic et al., 2000), and has been proposed
to be transcribed from a c’%-dependent promoter (Heidrich et al., 2017). Preliminary
bioinformatic analysis of 6! and its regulatory regions in N. meningitidis performed in this
study demonstrated that, similar to E. coli, N. meningitidis c'! contains the homeostatic
control region (78% sequence identity with E. coli region) and the homologues of the
SRP/SR system (67%/48% sequence identity, respectively) (Figure 6.3), implying that
meningococcal ! may also be bound to the inner membrane and respond to accumulation

of the cytoplasmic and membrane misfolded protein in the same manner as E. coli o'l
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Figure 6.3 c'! homeostatic control region and SRP/SR homologs in N. meningitidis

A. Homeostatic control region alignment between 6" E. coli and N. meningitidis S4. Key residues
involved in 6" regulation in E. coli are shown in red (Miyazaki et al., 2016). B. Amino acid sequence

identity (%) between E. coli SRP/SR and putative homologs N. meningitidis S4.

Since E. coli ! is known to be regulated by higher temperatures (Yura, 1996), we first
determined whether meningococcal o' is induced upon heat shock. N. meningitidis S4 o'
FLAG described in chapter 5 was grown in BHI broth at 37°C until mid-exponential phase
(ODg00=0.4-0.6). At that point, the culture was split into four equal volumes of 15 ml (Figure
6.4A). Two subcultures were subjected to two different heat stress conditions: transient heat
shock (42°C for 20 min) and prolonged heat shock (42°C for 50 min) (Figure 6.4A). The
remaining two 15 ml subcultures served as controls and were exposed to 37°C for either 20
min (control 1) or 50 min (control 2). RNA and protein samples were prepared from the four
subcultures. Two controls were used because bacteria grown for 20 min at either 37°C or
42°C reach a different ODsoo compared to cultures grown for 50 min at either 37°C or 42°C.
Therefore, in addition to temperature, bacterial growth is another variable that could affect

the analysis. To account for this, we compared RNA and protein levels of o' between
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samples collected at 37°C after 20 min or 50 min (control 1 vs control 2) and between

transient (42°C for 20min) and prolonged heat shock (42°C for 50 min).
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Figure 6.4 Meningococcal 6! in the heat shock response

A. Schematic workflow for generating samples from N. meningitidis S4 ¢"F-A¢

exposed to transient
(42°C for 20 min) and prolonged (42°C for 50 min) heat stress. Bacteria were grown at 37°C until
mid-logarithmic phase, and then split into four equal volumes (15 ml) which were incubated at 37°C
and 42°C either for 20 min or 50 min. Samples were collected to analyse protein and mRNA. B.
Western blot analysis of 6" expression at 42°C after 20 min or 50 min. 12% acrylamide gels were
used to fractionate the cell lysates and protein expression was detected using anti-FLAG antibody.
The experiment is a representative of two biological repeats. Relative mRNA expression of rpoH
was measured by qRT-PCR relative to tmRNA control (n=2). C. The expression of candidate genes

ftsJ, marR and cIpB was measured using strand-specific qRT-PCR and levels were expressed relative

to tmRNA. The experiment is a representative of two biological repeats.
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o levels were assessed by Western blotting (Figure 6.4B) which suggested that ! is
upregulated at 42°C compared to 37°C. Interestingly, the longer exposure to temperature was
also associated with higher o!! levels (Figure 6.4B). o' expression levels were comparable
between two control group samples (Figure 6.4B, n=2). Next we aimed to determine whether
temperature-dependent o regulation can also be observed at the transcriptional level. There
was no apparent difference in rpoH expression following heat stress compared to expression
at 37°C (Figure 6.4B, n=2), suggesting that heat-driven upregulation of ¢! in N. meningitis

detected at 42°C is mediated post-transcriptionally.

Previous analysis of 6''in N. gonorrhoeae identified 11 genes belonging to the 6" regulon
(Gunesekere et al., 2006). Of these, 8 genes have also been shown to be upregulated upon
exposure to 42°C for 10 min (Gunesekere et al., 2006). To determine whether similar overlap
between heat shock regulon and o regulon can be detected in N. meningitidis, we analysed
the expression of several homologues of gonococcal heat shock and c-dependent genes
using the RNA prepared as described in Figure 6.4A. Three candidate genes were chosen:
a) clpB (chaperone) and marR (transcriptional regulator) which belong to the gonococcal ot
regulon and are also induced by heat stress and b) fisJ (cell division protein) which is induced
by elevated temperature but is not a member of the gonococcal o' regulon (Gunesekere et
al., 2006). Expression of these candidate genes was assessed by qRT-PCR using tmRNA as
a control. The relative expression of these genes differed from the expression pattern found
in N. gonorrhoeae: ftsJ remained unaffected by either transient or prolonged exposure to
heat stress whereas expression of marR seemed to be downregulated in response to heat
shock (n=2). Only clpB expression was upregulated in N. meningitidis similar to N.

gonorrhoeae; however the upregulation was only observed after prolonged (50 min)
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exposure to 42°C in N. meningitidis as opposed to gonococcal clpB upregulation, which
occurs after 10 min of heat stress (Figure 6.4C). However, these observations are drawn from
two biological repeats and in order to establish whether there is any statistically significant
difference in relative gene expression additional experiments will be performed with more

biological repeats.

Based on our analysis of ¢! protein levels during elevated temperature, we can conclude that
ot levels are upregulated in response to increased temperature in N. meningitidis and

therefore oM could be implicated in the adaptation to heat stress.
p p

6.3 Differential gene expression analysis in o' overexpressing strain (RNA-seq)

6.3.1 Designing a system for 6" regulon analysis in N. meningitidis

Next, we aimed to identify the ot regulon in N. meningitidis using RNA-seq. Since we were
unable to make N. meningitidis ArpoH mutant, the ¢! regulon was determined by inducing
rpoH expression rather than comparing a null mutant with the wild-type. S4Pja.ctLAG
contains a second copy of rpoH at an ectopic locus under the control of an IPTG inducible
promoter. The strain was grown in BHI broth at 37°C until mid-logarithmic phase, then IPTG
was added for 10 min to induce the expression of the additional copy of rpoH. Based on
studies in E. coli 10 min is optimal time to measure o' transcriptional response (Nonaka et
al., 2006; Yura ef al., 1984). An isogenic strain was similarly grown until mid-logarithmic

phase with no addition of IPTG and was used as a control (Figure 6.5).

Difference in gene expression between S4Pi.6F-46, where rpoH is induced with IPTG,

and S4Pi..c" A6 grown without IPTG, could result from: 1) upregulation of c!! protein
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upon IPTG induction of rpoH, or 2) addition of IPTG inducer for 10 min, or 3) disruption
of the ectopic locus by insertion of additional DNA sequence. Therefore, to ensure the
present analysis identifies changes in gene expression that result solely from the upregulation
of o, Sdery strain was used as a control (Figure 6.5). S4Pj,.6"-F-AG contains erythromycin
selection marker downstream of the rpoH gene at the ectopic locus. Therefore, S4ery strain
was constructed containing only the erythromycin resistance cassette at the same ectopic
locus to account for any changes in gene expression that could result from the polar effect
of the ectopic locus disruption. S4ery culture was grown in duplicates to mid logarithmic
phase and IPTG was added to one of the cultures for 10 min (Figure 6.4). Comparing the
samples taken from S4ery with or without IPTG would allow us to determine whether
differential gene expression detected resulted from the addition of IPTG and/or ectopic locus
disruption. By excluding these genes from the differentially expressed genes identified by
comparing S4Pj,.c"FLAG samples with or without IPTG, we can reliably determine -

dependent gene expression.
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Figure 6.5 Library preparation from N. meningitidis S4P1,.6""*1AC and Sdery

Duplicate bacterial cultures grown in BHI until the ODsoo reached 0.4-0.6 and IPTG was added for
10 min to one flask. Cell lysates were prepare for Western blot analysis of 6" expression and bacterial
pellets were collected for RNA extraction. Total RNA from three independent biological repeats was
used for library preparation and sequencing and was subjected to differential gene expression
analysis using DESeq2 workflow (Love ef al., 2014). RNA-seq analysis resulted in identification of
two subsets of differentially expressed genes: subset Nel and subset Ne2. Any candidate genes that
were present in both subsets were excluded (subset Nel- subset No2) therefore allowing the

identification of c"-dependent genes.
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Initially the overexpression of o' system was validated by examining FLAG-tagged o
levels by Western blotting (Figure 6.6A). Tagged o was detected in S4Pj,cc™FLAG treated
with IPTG for 10 min which demonstrated that 10 min is sufficient to induce ! expression.
Using qRT-PCR we also examined rpoH mRNA levels in S4Pj,.c A6 with or without
IPTG. Relative mRNA levels of rpoH increase significantly in the IPTG-induced S4Pia.c™

FLAG further validating the system (Figure 6.6B).

Before conducting global RN A-seq analysis, we also examined the expression of c/pB as we
know from the previous result (Figure 6.4C) that c/pB is upregulated in response to heat
stress (n=2) and therefore, similarly to N. gonorrhoeae, could also be a member of
meningococcal ot regulon. clpB mRNA levels were comparable between IPTG induced and

non-induced S4Pj,.cHFLAG

samples suggesting that clpB, despite being upregulated in
response to elevated temperature, might not be under the control of . This result suggests

that N. meningitidis has c'-independent mechanisms of responding to heat shock which

might be different from N. gonorrhoeae.
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Figure 6.6 ¢'! overexpression in N. meningitidis S4 Pa 6" FLAG

A. Western blotting of 6" levels using an anti-FLAG antibody and Coomassie as a loading control.

The blot is a representative from three biological repeats. B. RNA isolated from S4 Pj,.c" ¢ grown

with or without IPTG was analysed by qRT-PCR for rpoH and clpB mRNA. Transcript abundance
is shown as relative to tmRNA. The experiment is a representative of three repeats, performed three
times with three independent biological samples and analysed by Student’s t-test where **p

value=0.0043, ns is p>0.05.

6.3.2 Differential RNA-seq analysis of ¢! regulon

To identify genes regulated by o', total RNA from bacterial pellets was isolated from
samples as described in Figure 6.5 and subjected to RNA-seq analysis (Vertis
Biotechnologies). RNA-seq approach for studying o-dependent gene expression is
preferable because it offers a number of advantages: a) it has a higher throughput, as unlike
commercial microarray technology it is not restricted to mRNA transcripts, b) it displays
high resolution allowing detection of single nucleotide variations as well as identifying
transcription start sites (using additional treatment (Sharma et al., 2010); not performed here)
and c) unlike hybridisation methods, it does not require detailed knowledge about the

reference genome that is used for transcript mapping. Altogether it allows accurate
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quantification and annotation and has previously been used to define gene expression in .

meningitidis (Capel et al., 2016; Heidrich et al., 2017).

Library preparation and sequencing were performed by Vertis Biotechnologie AG
(Germany) using Illumina NextSeq 500 system and a 75 bp read length. Sequencing reads
were processed by first trimming the adapter sequences and then mapping the reads to a
reference genome. Two reference genomes were used for mapping the reads: the N.
meningitidis 8013 (NC 017501) genome and N. meningitidis FAM18 (NC_008767), the
latter belongs to the same clonal complex as the S4 isolate used in the study. Transcription
of each gene was presented in reads per kilobase per million mapped reads (RPKM) and
differentially expressed genes were identified using the DESeq2 workflow (Love et al.,
2014). Gene expression levels were presented as log, fold change (logx FC) and for
convenience a fold change (FC) value was calculated using the following formula: FC=2°¢,
FC_ Statistical analysis was performed to take into account multiple testing and the resulting

p value was presented as p adjusted (p adj) (Love et al., 2014).

In order to interpret the RNA-seq data, we arbitrarily considered that following o
overexpression, a gene having a log> FC > 1 and adjusted p value of < 0.05 was positively
regulated by rpoH, while a gene with logz FC < -1 was negatively regulated. In total 172
transcripts were found to be differentially regulated upon o' induction with adjusted p value
< 0.05. Of these, no genes were identified as negatively regulated by c! (no genes had log,
FC < -1) and only two transcripts, rpoH itself and NMC RS08415 (putative type II toxin-
antitoxin system Phd/YefM family antitoxin), had log> FC value > 1. The biological system
designed here contains a native copy of rpoH and we predict that it is expressed, based on

our observation of the native rnoH mRNA levels (Chapter 5, Figure 5.4). Thus there is a
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possibility that upregulation of rpoH from the ectopic locus may result in only subtle
induction of putative candidate genes. For this reason we adjusted the threshold values to
logz FC > 0.1 and adjusted p value of < 0.05 for any gene to be considered positively
regulated after 6! induction. Since ¢! is known to be an activator of the heat shock response
in in E. coli (Nonaka et al., 2006) and c" induction in N. gonorrhoeae did not result in any
down-regulated candidate genes (Gunesekere et al., 2006), we did not readjust the threshold
for identification of genes which are negatively regulated by o induction. Thus in this study

we focused on identifying genes whose expression increases following induction of o',

Using logz FC > 0.1 and adjusted p value of < 0.05 as the new threshold, we identified 75
OREFs to be upregulated in response to 6l induction. We utilised a publicly available platform
for microbial gene annotation “NeisseriaScope” within MicroScope (Vallenet et al., 2006)
(http://www.genoscope.cns.fr/agc/microscope/home/index.php) to a) determine gene
clustering based on the annotated function (eggNOG pipeline (Huerta-Cepas et al., 2016))
and b) to identify essential genes using data from N. meningitidis 8013 and FAMI18 as
reference (Minimal Gene Set genomic tool, MicroScope; (Gil et al., 2004)). Among 75 genes
upregulated following o' overexpression, 25% were involved in cellular processes (Group
1), 28% in information storage and processing (Group 2), 20% in metabolism (Group 3) and

27% were genes of unknown function (Group 4) (Table 6.1).

Group 1. Group 1 genes link the c'-dependent regulon with protein homeostasis, which is
similar to the E. coli " regulon. Genes encoding chaperone systems (groES, groEL, dnaJ)
were induced along with the protease encoding gene, fisH, known to degrade o in E. coli.
Genes encoding the protein transport system, (secB and NMC RS08785) and genes

implicated in signal transduction mechanism, (mazE and NMC_RS06080) were also found
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to be induced. Interestingly, o' overexpression leads to upregulation of three components of
the Tfp machinery: pilX, pilO and pilQ but not pilE, indicating that o' may play a role in
modulating pilus functions including adhesion. In our study c" induction led to upregulation
of several genes associated with cell wall, membrane and envelope biogenesis (bamC,
NMC RS10645, porA). This implies that similarly to E. coli, N. meningitidis may possess a
functional cross-talk between the ¢ regulon and the membrane stress response. In E. coli,
ob is a known membrane stress response regulator and during heat shock o upregulation
induces rpoH expression via the rpoH ot-dependent P3 promoter, thereby linking membrane
stress with heat shock response. Unlike E. coli, N. meningitidis rpoH is not regulated by c*
(Du et al., 2005; Huis in 't Veld et al., 2011) and our data shows that rpoE expression is
independent of heat stress (Chapter 5). Therefore further analysis is needed to determine any

possible ot'-ct interplay in N. meningitidis.
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Group 2. Several genes in Group 2 are involved in maintaining genome integrity (ruv.X, ihf4,
ihfB, recN, gyrB, ssB). These genes are not only necessary for bacterial survival but could
confer advantage under stress conditions such as heat shock, when temperature may alter the
topology of the chromosome. In E. coli higher temperatures promote 6-dependent induction
of a number of transcription regulators and proteins involved in RNA production and
stability (Nonaka et al., 2006). Interestingly, 67% of Group 2 genes were found to be
involved in transcription and translation. This is in line with E. coli where c'-dependent
upregulation of genes implicated in transcription and translation has been implicated in

bacterial resistance to high temperature (Qi et al., 1996).

Group 3. Metabolic genes that form Group 3 were found to be predominantly associated
with amino acid transport (priC, hisJ3, asd, NMC RS11390 and putP) and energy
production and conversion (sdhD, ppc, NMC _RS02745, ackAl and NMC_RS00035). Other
candidates which were found to be differentially expressed included inorganic transport and
metabolism genes (norC, norB, hemO, hpuB), and rpe associated with carbohydrate

transport and metabolism (Derkaoui ef al., 2016; Richardson et al., 1999).

Group 4. RNA-seq analysis identified 20 genes that were upregulated in response to o'
expression whose function is poorly understood. One of these genes NMC RS05400 has
previously been shown to be upregulated in response to heat stress in N. meningitidis, further

demonstrating the overlap between ¢! and heat shock regulation in meningococcus.

We also compared our list of upregulated genes with the recently identified library of

meningococcal host colonisation genes (Capel et al., 2016). Out of the 75 genes, ten are

147



known to be implicated in adhesion to host epithelial and endothelial cells, suggesting that
o' may be involved in regulating bacterial adhesion. Strikingly, among 75 upregulated genes
30% were essential (Capel et al., 2016; Vallenet et al., 2006). This indicates that in N.
meningitidis c"'-dependent transcription is necessary for cell survival and viability which is
consistent with the evidence that rpoH itself is essential in N. meningitidis. Taken together
it raises an interesting hypothesis that meningococcal 6! may function as an additional
housekeeping ¢ factor by activating the expression of the essential genes under standard

growth as well as during stress conditions.

Summary

Understanding the role of o factors led us to investigate the o' regulon in N. meningitidis.
We found that meningococcal cH expression is increased upon heat stress which is similar

to E. coli. However, this increase was only observed at the level of protein.

Further evidence that o" could be implicated in adaptation to elevated temperature in N.
meningitidis comes from our RNA-seq analysis of the ¢! regulon. Following the induction
of o, we identified a set of genes that have previously been implicated in the heat shock
response in other species. Among these candidates are genes encoding chaperone systems

GroEL/ES and Dnal and FtsH protease which has been shown to degrade rpoH in E. coli.

Our findings suggest that the meningococcal ot regulon consists of 75 genes (~4% of the
genome). In addition to the previously described heat shock response genes, 6! expression
led to changes in a number of genes involved in a wide range of cellular functions:

metabolism, DNA maintenance, transcription, translation and membrane homeostasis. Such
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multifactorial response to o' expression suggests that the o' role might extend beyond the
heat shock response in N. meningitidis. This hypothesis is further supported by the evidence
that among 75 upregulated genes, 22 were essential. Thus ¢! may play a major role in
maintaining meningococcal homeostasis during both steady state and continuous

temperature fluctuations that bacteria is facing as a human-specific pathogen.

Interestingly, of the 75 genes that were positively induced following o upregulation, ten
genes have previously been implicated in meningococcal adhesion to host cells (Capel et al.,
2016). Among these ten candidates only NMC RS07160 has been shown to be a positive
regulator of N. meningitidis adhesion to epithelial cells. In our analysis, pilE was not detected
as differentially expressed gene in response to o' induction. Nine other candidates were
identified as negative regulators of adhesion to either endothelial cells (pilO, cafA4), epithelial
cells (NMC RS10830, NMC RS00025, NMC RS10340) or both cell types (secB,
NMC RS10805, pilQ, NMC RS10680). These results suggest that o' may be involved
modulating adhesion in response to stress stimuli such as temperature upshift. Indeed,
previous studies examined the role of the gonococcal o' in pathogenesis showed that o' is
important for cell invasion but not adhesion (Du et al., 2005). Furthermore, recent analysis
of N. meningitidis proteome demonstrated that induction of rpoH does not lead to increased
biofilm formation. Altogether 6! may function by downregulating adhesion during bacterial

exposure to stress stimuli.

Current analysis did not explore whether induction of c!! leads to any changes in sSRNA

expression. This is particularly important considering that meningococcal SRNAs are known

to form an important post-transcriptional regulatory cascade in Neisseria and other species
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(McClure et al., 2014; Storz et al., 2011). However, the present study identified 20 genes of
unknown function that were positively regulated following o'l induction. It would be

interesting to explore the function of these genes in future.

The immediate steps following this RNA-seq analysis include validation of the putative o'l
dependent target and characterisation of any common promoter features that could constitute
meningococcal ot-dependent promoter. This would be particularly useful considering that
no o' consensus sequences have been identified in N. meningitidis based on c'! sequences
in E. coli (Heidrich et al., 2017). This knowledge will help us elucidate the regulatory

mechanisms that govern o' activity and the role of this ¢ factor in N. meningitidis.
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7 Discussion

Regulation of class Il pilE gene in N. meningitidis has not been investigated before. The
main objective of this project was to explore how N. meningitidis class I pilE is regulated
at the transcriptional level. In this work I characterised regulation of class Il pilE, which
contains several putative promoter sequences including -12/-24, extended -10 and -10/-35,
annotated based on the consensus sequences found in E. coli. The class I pilE also contains
-12/-24, extended -10 and -10/-35 promoter sequences, however the position, as well as
sequence, differs from those found upstream of class Il pilE. Class I pilE transcription is
driven by the -10/-35 promoter (Fyfe ef al., 1995a) and is thought to be activated by cP.
However, there is no experimental evidence showing that it is o rather than another ¢”°
family o factor that is acting on the promoter. In contrast, commensal N. elongata pilE
contains only a -12/-24 promoter which is activated by o™ (Rendon et al., 2013). In these
species pilE also involves Npa, a o™ activator, which binds upstream to the -12/-24 sequence,
and is required for oN-dependent transcription. Npa has recently been shown to interact with
Neisseria pilus sensor (Nps) kinase to form a two-component response regulatory system
that integrates a yet unknown stimulus via a phosphorylation cascade to regulate c™-
dependent pilE transcription (Rendon et al., 2018). This model of pilE regulation offers a

new insight into Neisseria transcriptional regulation.

Using bioinformatic analysis we found that the ¢’°-dependent -10/-35 sequence, and c™-
dependent -12/-24 sequence, are highly conserved in the promoter region of the class II pilE
in N. meningitidis. Moreover, these class II pi/E promoters, including the -12/-24 sequence

alone, were active when tested in E. coli which contains ¢’° family and o™ factors. The
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conservation and activity of the class Il pilE -12/-24 region was particularly interesting
because this promoter is not well conserved in class I pilE strains. Thus we hypothesized
that the -12/-24 promoter may provide an alternative mechanism of class II pi/E regulation.
To address this hypothesis, we first showed that all meningococcal isolates harbour an rpoN
gene. But unlike N. elongata, pathogenic Neisseria species harbour an rpoN gene which
encodes a o™ which lacks the HTH domain mediating -12 sequence recognition, but retains
the -24 sequence recognition domain known as the RpoN box. This suggests that promoter
interaction could still take place. However, our analysis of class II pilE levels in ArpoN or
o overexpressing mutants of N. meningitidis revealed that neither the absence nor the
overexpression of o™ affected pilin expression. Furthermore, wild type pilin levels were
detected in N. meningitidis strain harbouring a deletion of the homolog of the commensal
Neisseria o activator-encoding gene (npa). This is in contrast to N. elongata where the
deletion of Npa has been shown to downregulate pilE expression (Rendon et al., 2013).
Taken together our data suggests that class I1 pilE is not regulated by c. Primer extension
analysis supported this observation by demonstrating that class Il pilE transcription is
initiated from the -10/-35 ¢’%-dependent promoter. We attempted to determine which ¢”°
family member drives pilE transcription. Our analysis indicates that o is likely to drive
class II pilE transcription as changes in the concentration of other c’’-like factors (c* and
o) did not alter pilin expression. However we do not exclude the possibility that ¢! and c*
could play a role in pilin regulation under a specific stimulus. Detailed analysis of the
interaction of ¢’%-like factors with pilE promoter sequence will benefit our understanding of

class II pilE transcription initiation.
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Our findings indicate that meningococcal o™ does not function as a canonical o~. It is unable
to activate a known E. coli cN-dependent promoter, despite the presence of the RpoN box.
Furthermore, we conclude that meningococcal o is unlikely to form any interaction with
the consensus oN-dependent -12/-24 sequence, because no downregulation of the -12/-24
promoter activity was observed when both E. coli and N. meningitidis o are expressed in
E. coli. Whether meningococcal o has acquired an alternative function remains to be
determined. Our data shows that meningococcal 7poN mRNA is present throughout bacterial

growth, but since no protein could be detected, rpoN in N. meningitidis could serve a

regulatory role at the RNA level, or could be a pseudogene.

In parallel we considered other elements that could regulate class Il pilE transcription.
Several transcription factors have previously been implicated in class I pilE regulation,
including the RNA chaperone Hfq and the transcriptional regulator CrgA (Deghmane et al.,
2000; Pannekoek et al., 2009). Using a bioinformatic analysis of meningococcal genomes
with class 11 pilE, we identified eight candidate transcription factors including Hfq and CrgA
homologs, all containing a HTH DNA binding domain and/or implicated in adhesion (Capel
et al., 2016). By examining pilin levels in these transcription factor mutant backgrounds,
only the deletion of 4fg leads to a decreased expression of pilin. Interestingly, recent reports
identify Hfg-dependent sSRNA in the class I pilE locus as a candidate for pilE regulation
(Heidrich et al., 2017). Thus further work is needed to determine the exact mechanism of

Hfg-dependent downregulation of class II pilin.

In addition to transcription factors, earlier studies reported that gonococcal pilin is regulated

by several stresses such as high osmolarity, temperature, acid stress and iron depletion
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(Larribe et al., 1997). Furthermore, high osmolarity has been shown to downregulate class
I pilE expression in N. meningitidis (Tan et al., 2015). Therefore, we exposed class Il pilE
containing N. meningitidis to a panel of stress conditions and examined pi/E mRNA levels.
In line with previous reports in class [ pilE expressing N. meningitidis, high osmolarity
lowers pilE transcript levels. Interestingly, acid stress (pH 2.5) upregulated class II pilE
mRNA. It was beyond the scope of the present analysis to determine the mechanisms
underlying the response to these stresses. However, future work will focus on understanding
the signaling network that allows bacteria to sense the stimuli and trigger differential pilE
expression. Collectively this knowledge will contribute to our understanding of

meningococcal adaptation to niches within the host under steady state and during disease.

An important observation that emerged from our analysis is that in a variety of M.
meningitidis mutant backgrounds, as well in the presence of extreme stresses, pilE
expression was never abolished. Considering the importance of Tfp for bacteria-bacteria
interactions, DNA competence and adhesion to host cells, we speculate that pathogenic .
meningitidis may have adopted a constitutive expression of pi/E to increase its fitness and
preserve virulence capacity. Truncation of 7poN and loss of oN-dependent transcription from
the -12/-24 sequence upstream of class II pilE might be an evolutionary way to circumvent
negative regulation of class II pilE. Our work showing that expression of N. elongata o™ in
meningococcus downregulates pilE supports this hypothesis. We propose that pathogenic M.
meningitidis is undergoing a loss of cN-dependent function through the loss of activators and
DNA binding motifs. At present there are no other genes apart from pilE that are known to
be activated by o™ in N. meningitidis. Identifying other cN-dependent commensal genes will

allow us to draw comparisons between commensal gene regulation and regulation of the
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homologues in pathogenic Neisseria. Understanding the distinct regulatory cascades that
govern homologous genes may provide additional clues about what differentiates

commensal from pathogenic Neisseria.

Studying o™ function in N. meningitidis led me to consider other o factors in N. meningitidis.
Three ¢’° family o factors have been previously identified in N. meningitidis: c®, o' (both
essential) and oF. The bioinformatic analysis performed in this study identified that rpoD,
rpoH and rpoE genes are conserved among N. meningitidis isolates and share high sequence
identity with genes in commensal species, apart from oF which exhibited the lowest

homology between N. meningitidis and N. elongata.

The role of o' in N. meningitidis has not been described and recent reports to define the
primary transcriptome of N. meningitidis failed to bioinformatically identify any
meningococcal o! specific promoter recognition motifs (Heidrich ez al., 2017). Considering
that adaptation to temperature fluctuations is vital for N. meningitidis during both
asymptomatic carriage and disease, I focused my subsequent analysis on studying o

expression at the elevated temperatures and characterizing the o™ regulon in N. meningitidis.

We identified that upon exposure to high temperature (42°C), c*! expression was increased
in N. meningitidis. Interestingly however, unlike in E. coli, N. meningitidis rroH mRNA was
not induced in elevated temperatures. Several protein homologues which are known to
control o' levels in E. coli have been identified in N. meningitidis including GroEL/DnaKJ

chaperones, signal recognition particle (SRP) and the FtsH protease. It would be interesting
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to examine the mechanisms of meningococcal ot regulation and compare them with the

well-defined regulatory loops described in E. coli.

Having determined that meningococcal o' is implicated in the heat shock response, we
examined whether o' induction can impact gene expression. We used RNA-seq to define
the o' regulon in N. meningitidis S4 strain. 172 transcripts were differentially regulated
following o' induction. In the present work we only considered genes that were positively
regulated by o' overexpression (logz FC>0.1) and out of the 172 transcripts 75 were
identified as upregulated. Bioinformatic clustering of these genes based on the annotation in
other N. meningitidis isolates resulted in identification of four distinct groups associated with
1) cellular processes, 2) information storage and processing, 3) metabolism and 4)
uncharacterised genes. Genes upregulated in response to c'! induction included candidates
that have previously been described to be upregulated in response to heat stress in N.
meningitidis, suggesting that c'! plays a role in the heat shock response. Interestingly, the
presence of differentially regulated genes which are not known to be involved in adaptation
to heat stress indicates that c'’-dependent regulation in N. meningitidis might function
beyond the canonical heat shock regulation. One of the most striking observations that
emerged from this analysis was that 29% of the upregulated genes are essential. Taking into
account that o' is essential itself, it is possible to predict that ' is an important regulator of
general meningococcal homeostasis under both steady state and in response to elevated
temperature. In future, it would be interesting to explore the extent of the overlap between

heat stress and the o' regulon in N. meningitidis.
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The most differentially expressed gene in the RNA-seq analysis presented in this thesis had
logz FC=1.5 (NMC_RS08415). There are several possibilities why the relative upregulation
levels did not display higher log> FC values. Firstly, the present system contains the
endogenous copy of rpoH. Therefore, endogenous ot may already “saturate” the promoters:
assuming that under steady state enough o' is made, then c"-dependent promoters are
already occupied by c'-RNAP complex which leads to gene expression. Any further
increase in o' may have little impact on those promoters as saturated promoters become
relatively insensitive to changes in ¢ factor presence (Mauri & Klumpp, 2014). Promoter
saturation has been proposed as a mechanism to mediate constitutive gene expression
thereby protecting some genes from variation of the factor levels in response to external
stimuli.

Secondly, it may be that c'-dependent regulation is more pronounced when the
concentration of o' reaches a certain threshold. Even though here we induce ! expression
from an ectopic locus, we did not quantitatively assess the number of ! molecules present
in the system. Furthermore, " was induced for 10 min which has been shown to be sufficient
for E. coli o" to activate its regulon. However, the dynamic range of meningococcal c'l-
dependent promoters is not known. Examining gene expression following o' induction over
time would provide answers to how quickly o' is degraded and when c'-dependent
regulation reaches its peak in N. meningitidis. Experiments to test whether the top 10
upregulated candidate genes identified in the RNA-seq analysis change their expression with

time following o'! induction will be performed in future.

Thirdly, one of the major limitations of these analyses is studying bacteria in a laboratory

setting. We conducted our analysis at 37°C in BHI broth, which only partially mimics the
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physiological state. Therefore, in the physiological settings upregulation of the genes
presented in the analysis might be more pronounced. We are currently focusing on validation
of the candidate genes and future work will be directed towards characterization of any

specific phenotype associated with ot induction.

Validation of the candidate genes identified in the RNA-seq is also necessary to determine
whether o!! induction leads to differential expression of the genes via direct binding to the
promoters upstream of the genes or indirectly via ot effectors. Future work will involve
annotation of the putative promoters upstream of the candidate genes using primer extension.
Based on the preliminary analysis of the 50 nt sequences upstream of the start codon of the
top 13 upregulated genes, we could not identify a consensus c'-dependent promoter
sequence homologous to that in E. coli. This is consistent with the observation that in V.
meningitidis 8013 there are only oP- or oP-dependent consensus promoter elements
(Heidrich et al., 2017). We hypothesise that 6! might not contain a defined promoter binding
site in N. meningitidis. Instead, it might be able to recognise multiple ’° dependent promoter
regions however the successful activation is determined not only by the o' interaction with
the promoter, but also by the upstream sequence that binds transcriptional regulators. In E.
coli for example regions upstream of the c"-dependent promoters have been shown to
modulate the activity of the cF-dependent genes (Rhodius & Mutalik, 2010). Therefore in
our subsequent experiments we will consider putative promoter regions of the c'-induced

genes as well as regions beyond the promoters that might be involved in regulating promoter

strength.
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We did not investigate any of the genes that were downregulated following c'! expression.
97 transcripts were downregulated with -1<log, FC<0. This may suggest that c'! exert some
partial repressive function that has not been previously reported in other species. For
instance, > which is a known activator of stationary response in E. coli has recently been
reported to repress the promoter activity by binding to the promoters and occluding the
transcription otherwise mediated by o (Lévi-Meyrueis et al., 2015). This in turn provides
additional mechanisms of stress adaptation: repressing genes that are dispensable in a
stringent response increases the fitness level of bacteria under stress. It would be interesting

to investigate whether meningococcal o' uses the same regulatory loops.

Finally, genome-scale studies looking at the binding sites of o' in N. meningitidis using
ChIP-seq analysis would facilitate our understanding of meningococcal o' regulon.
Combining this data with similar ChIP-seq with two other 6"° like factors, o® and ¥, will
allow us to picture how the transcriptional space is divided between these three regulons and
determine whether any  factor cross-talk is present in N. meningitidis. This global analysis
will also provide insight into which o factors are responsible for regulating virulence

determinants and how G factors govern stress-specific adaptation in N. meningitidis.
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Figure 7.1 Summary of the results and future work
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8 Appendix

8.1

Primers used in the study

8.1.1.1 The following oligonucleotides were used in this study. F is Forward primer, R is

Reverse primer.

glilcglgo tide Sequence 5'-3' Description
Ml CACGAATTCTTTTCATTCAGCCACAAAT F for fragment 1 for rpoN
deletion in S4 with
Kanamycin
M2 CCAGGTACCGATAATGTGGGAGAAATTGT R for fragment 1 for rpoN
deletion in S4 Kanamycin
M3 CCAGGTACCAATTGTGTCTCAAAATCTCTGA F for fragment 2 for rpoN
deletion in S4 Kanamycin
M4 CCAGGTACCCGATGCATGCCAACAGATAA R for fragment 2 for rpoN
deletion in S4 Kanamycin
M5 CCAGGTACCTTGCTGAATAATCTTATAAAGAC F for fragment 3 for rpoN
deletion in S4 Kanamycin
M6 CCAGGATCCTTTCGGTCATTTCTGATAAAC R for fragment 3 for rpoN
deletion in S4 Kanamycin
M7 GATCCTCTAGAGTCGACCTGCAGGCATGCACTTTTAGACGGCA | F for fragment 1 for rpoE
TTTTGGCACTG deletion in S4
MR CCCGTTGAATATGGCTCATAGTATCGGGAACAAGGTAAT R for fragment 1 for rpoE
deletion in S4
M9 AATTACCTTGTTCCCGATACTATGAGCCATATTCAACGGG F for fragment 2 for rpoE
deletion in S4
M10 GTAAATACCCGTGCGGTGTTTTAGAAAAACTCATCGAGCATC R for fragment 2 for rpoE
deletion in S4
Ml1 GCTCGATGAGTTTTTCTAAAACACCGCACGGGTATTTAC F for fragment 3 for rpoE
deletion in S4
M12 CAGGAAACAGCTATGACCATGATTACGCCATGCTGCTTTTGAA | R for fragment 3 for rpoE
GCGTG deletion in S4
Mi13 CAATTGAATCCGAGCTGAACCCTGTTTTG F for 152 bp pilE
upstream region
M14 GCATTGAATCCAAATACCCATACCAGACA F for 199 bp pilE
upstream region
MI15 GCATTGAATCCCCGCGTTGATATAAAAAA F for 322 bp pilE
upstream region
M16 CACGGATCCTTGGATGACTCCTGTTTGAA R for pilE promoter lacZ
fusion construction in
pRS415
M17 CAGTCTAGAAGGAGAGTACGATTCTGAACATGACCCTGCTGG F for rpoN? <" cloning
GC into pPBAD33
M18 CAGAAGCTTTTATTCTGCGGTTTT R for rpoNE <! cloning
into pBAD33
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M19 CAGTCTAGAAGGAGAGTACGATTCTGAACAT F for rpoNN’" cloning into
pBAD33
M20 CACGCATGCTCAAACGAGTTGTTTACGCTG R for rpoN"" cloning into
pBAD33
M21 GGATCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATA | R for rpoNF<?-HA
GTCAGGAACATCGTATGGGTAAACGAGTTGTTTACGCTGGTT
M22 TATCCCTATGACGTCCCGGACTATGCAGGATCCTATCCATATG | F for rpoNF<°"-HA and
ACGTTCCAGATTACGCTTAAAAGCTTGGCTGTTTTGGC rpo. NV HA
M23 ATAGGATCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGC R for rpoN""HA
ATAGTCAGGAACATCGTATGGGTATTCTGCGGTTTTACGTTTA
TGG
M24 AGCTCAACCAGCGGCTGCAACA F for fragment 1 for rpoN-
His construction
M25 TTTATAAGATTATTCAGCAATTAGTGGTGGTGGTGGTGGT R for fragment 1 for
rpoN-His construction
M26 ACCACCACCACCACCACTAATTGCTGAATAATCTTATAAA F for fragment 2 for rpoN-
His construction
M27 CAGAGATTTTGAGACACAATTATTTCTGATAAACCCCCG R for fragment 2 for
rpoN-His construction
M28 CGGGGGTTTATCAGAAATAATTGTGTCTCAAAATCTCTG F fragment 3 for rpoN-His
construction
M29 GCTTTTGAGTTTCGGTCCGATGCATGCCAACAGATAA R fragment 3 for rpoN-
His construction
M30 TTATCTGTTGGCATGCATCGGACCGAAACTCAAAAGC F fragment 4 for rpoN-His
construction
M31 GGGCGGAATCGGTCTGGATTCG R fragment 4 for rpoN-
His construction
M32 GATCCTCTAGAGTCGACCTGCAGGCATGCACCCAAAGAGGCA | F for fragment 1 for
CAAGACA rpoH-FLAG
(endogenous) construction
M33 TCGTTAAATTTTCACTTGTCGTCGTCGTCCTTGTAGTCGATGTC | R for fragment 1 for
GTGGTCCTTGTAGTCACCGTCGTGGTCCTTGTAGTCAACCGCTT | 1poH-FLAG
CGGCTTCTTC (endogenous) construction
M34 AAGGACGACGACGACAAGTGAAAATTTAACGATCACTCATCA | F for fragment 2 for
TGT rpoH-FLAG
(endogenous) construction
M35 CGACTGGAAAGCGGGCA R for fragment 2 for
rpoH-FLAG
(endogenous) construction
M36 ACCTCACTGCCCGCTTTCCAGTCGAATATACGCAATAAAATAC | F for fragment 3 for
CCGACAAATTG rpoH-FLAG
(endogenous) construction
M37 CAGGAAACAGCTATGACCATGATTACGCCAATATTTCCGCTGC | R for fragment 3 rpoH-
TCATGT FLAG (endogenous)
construction
M38 CCTTGTAGTCACCGTCGTGGTCCTTGTAGTCTTATTCTGCGGTT | R for rpoN™ (no FLAG)
TTGCGTTT cloning into pNMC2
M39 TTACGAATTCCCGGATTAATTAAAAGCTTGGAGTAATTTTATG | F for rpoN™ (no FLAG)
ACC cloning into pNMC2
M40 CCCAAGCTTGGAGTAATTTTATGACCTTACTCGGAATAAAGCT | F for rpoN""-FLAG and

rpoN"" (no FLAG) and
cloning into pNMC2
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M41 TTATTTTGCTATGAGGGATCCGCTAGCACTAG R for rpoNN’"—FLAG
cloning into pNMC2
M42 TTACGAATTCCCGGATTAATTAAAAGCTTGGAGTAATTTTATG | F for rpoN"*' and rpoNVel-
ACATTGCTCGGATTAAAACT FLAG cloning into
pNMC2
M43 CTTGTAGTCACCGTCGTGGTCCTTGTAGTCGATCCTGCGTTGGT | R for rpoN¥-FLAG
GTGC cloning into pNMC2
M44 CTTGTAGTCACCGTCGTGGTCCTTGTAGTCCTAGATCCTGCGTT | R for rpoN™ (no FLAG)
GGTGTGC cloning into pNMC2
M45 ACCATGATTACGAATTCCCGGATTAATTAAAGGAGTAATTTTA | F for rpoHNm—FLAG and
TGAATAACGCTTTCGC rpoH"™ (no
FLAG)cloning into
pNMC2
M46 TCGTTAAATTTTCACTTGTCGTCGTCGTCCTTGTAGTCGATGTC | R for rpoH¥"-FLAG
GTGGTCCTTGTAGTCACCGTCGTGGTCCTTGTAGTCAACCGCTT fragment
CGGCTTCTTC
M47 GGATCCTCTAGAGTCGACCTGCAGGCATGCATCACTTGTCGTC | R for rpoH"-FLAG
GTCGTC cloning into pNMC2
M48 CCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCATCAAACC | R for rpoH" (no FLAG)
GCTTCGGCTTC cloning into pNMC2
M49 CCATGATTACGAATTCCCGGATTAATTAAAGGAGTAATTTTAT | F for rpoE™-FLAG and
GCCGCTACCCGACCT rpoEN™ (no FLAG)
cloning into pNMC2
M50 GATCCTCTAGAGTCGACCTGCAGGCATGCATTACTTCGGGTTT | R for rpoE™" (no FLAG)
TCTTGGTTGA cloning into pNMC2
M51 TCACTTGTCGTCGTCGTCCTTGTAGTCGATGTCGTGGTCCTTGT | R for rpoEM-FLAG
AGTCACCGTCGTGGTCCTTGTAGTCCTTCGGGTTTTCTTGGTTG cloning into pNMC2
AAC
M52 CGCGGAATTCTCATGTTTGACAGCTTATAAGCGCGAAGACTTG | F for fragment 1 pNMC2
AACCAC construction
M53 CTAGTGCTAGCGGATCCCTCATAGCAAAATAAAATGCCGT R for fragment 1 pNMC2
construction
M54 TTATTTTGCTATGAGGGATCCGCTAGCACTAG F for fragment 2 pNMC2
construction
M55 AACAAAATTTAACGATCACTCATCATGTTC R for fragment 2 pNMC2
construction
M56 GAACATGATGAGTGATCGTTAAATTTTGTTAATCCACTATAAA | F for fragment 3 pNMC2
AATGCC construction
M57 GAGATTTCGATTCCACCGCCGCCTTATGCAGTCAGCACCAATA | R for fragment 3 pNMC2
C construction
M58 AAGGCGGCGGTGGAATCG F for fragment 4 pNMC2
construction
M59 ATAAGCTGTCAAACATGAGAATTCCGC R for fragment 4 pNMC2
construction
ML77 ATTAACCAATTCTGAGCCCTTCCCGGGGA R for fragment 2 for rpoN
deletion in S4 with
erythromycin
ML78 TCCCCGGGAAGGGCTCAGAATTGGTTAAT F for fragment 3 for rpoN
deletion in S4 with
erythromycin
ML79 GCGGGAATTCGATATCCCACCAACCCACT F for fragment 1 for
PpilE-LacZ
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MLSKO TGAATCCGTAATCATGGTCATTTGGATGACTCCTG R for fragment 1 for
PpilE-LacZ

MLS81 CAGGAGTCATCCAAATGACCATGATTACGGATTCA F for fragment 2 for
PpilE-LacZ

MLS82 TGTCCTTATTTGGTGTTATTTTTGACACCA R for fragment 2 for
PpilE-LacZ

ML83 TGGTGTCAAAAATAACACCAAATAAGGACA F for fragment 3 for
PpilE-LacZ

ML84 CGAATTCACTAGTGATTCACGATAGGCGAG R for fragment 3 for
PpilE-LacZ

8.2 Alignment of deduced amino acid sequences of o™ in N. meningitidis
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For full dataset description see Chapter 3. Amino acids are coloured based on their degree
of conservation (red: non-conserved residues,). RpoN box is in brackets and RpoN box

consensus sequence is shown in bold.

PubMLST ID class | pilE-expressing isolates

ST-4 22 MTLLGIKLKQTQQOLNQRLOOSTLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
13/14 MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS

| 114 MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
360 MTLIGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARES
50/60 MTLLGIKLKQTOQLNQRLOOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
ST-41/44 2/60 MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARFS
2/60 MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS

360 MTLLGIKLKQTQOLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEES

ST-32

ST-23 19119 MTLLGIKLKQTQQLNORLOOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEES
46/47 MTLLGIKLKQTQQLNQRLQOSLRVLOMSGIELEREIENWLSDNPLLERKDTDEFSDAGES

ST-269 1147 MTLIGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARFS
ST-213 13713 MTLIGIKLKQTQOLNORLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARES
55 MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS

ST-167 33 MILLGIKLKQTQQLNQRLOQOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEES

sk ok ok g e ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok g ok ok ok ok ok ok ok ok ok ok ok ko ok ok Rk ok ok k kK

ST4 o HYTAPARQIGGDEGEDMLSNIAGEQDEFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
1314 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
ST-32 1114 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
3/60 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY

so/60 HYTAPARQTGGDEGEDMLSNTAGEQDFKQYLHAQVCEHPLSDQESACVHTILIDFLDEQGY
ST-41/44 | 2/60 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
260 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
sT23 19119 HYTAPAROIGGDEGEDMLSNTAGEQDFKQYLHAQVCEHPLSDOESACVHILIDFLDEQGY
4647 HYTAPAROIGGDEGEDMLSNIAGEEDFKQY LHAQVCEHPLSDOESACVHILIDFLDEQGY

ST-269 1147 AYTAPARQIGGDEGEDMLSNTAGEQDFKQYLHAQVCEHPLSDOEAACVHTLIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY

3/60

ST-213 13/13

ST461 55 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY

ST-167 HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
- 303 ok ok ok e ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok g ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok g ok ok ok ok ok ok ok ok ok ok ok ok ok ok

ST-4 oo LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK

13114 LTDSIEDILDHTPLEWMLDEAMLQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
1114 LTDSIEDILDHTPLEWMLDEAMLOHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
360 LTDSIEDILDHTPLEWMLDEAMLOHALTALKKFDPAGVAAADLNESLILOIERLGECAAK
5060 LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQTERSGECAAK
ST-41/44 2/60 LTDSTEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQTERLGECAAK
2/60 LTDSIEDILDHTPLEWMLDEAMLQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK

ST-32

oT23 if% LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLT LOTERSGECAAK
46147 LTDSIEDILDHTPLEWMLDEAMLKQALTALOKFDPAGVAAADLNESLILOTERSGECARK

ST-269 4147 LTDSIEDILDHTPLEWMLDEAMLOHALTALKKFDPAGVAAADLNESLILOTERLGECAAK
ST213 1313 LTDSTEDILDHTPLEWMLDEAMLQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
ST.461 5 LTDSIEDILDHTPLEWMLDEAMLKOALTALKKFDPAGVAAADLNESLILOIERSGECAAK
ST167 33 LTDSTEDILDHTPLEWMLDEAMLKQALTATKKFDPAGVAAADLNESLILOTERSGECAAK
ek ko ko ko k ok ko g 5 Kk k ok ok ko ko k ko ko ko

ST4 op  PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAVGFASSTP

13/14 PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

114 PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

360 PAALHIVRNALDSIDGNRSQTLARIK

50/60 PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
ST-41/44 2/60 PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

2/60 PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

360 LIAALHIVRNALNSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

ST-32

ST23 19119 PSALHTVRNALDSTDGNRSQTLARTKKRLPOTDSGTLEAALDLIASLNPFPAAGFASSTE
46147 PAALHIVRNALDSTINGNRSQTLARTKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

ST-269 1147 PAALHIVRNALDSIDGNRSQTLARIK

ST213 1313 PAALHIVRNALDSIDGNRSQTLARIK

ST.461 o5 PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

ST167 33 PSALHIVRNALDSIDGNRSQTLARIKKRLPOTDSGTLEAALDLIASLNPFPAAGFASSTP

ook ok ok ok ok ok ok ok 3k okok ok ok ok ok ok ok ok ok ok 3 ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ks k| ok ok ok ok ok

ST-4 22 TPYSDEALANLLAFRGMEVSRRTIAKYRHSFEIPAAHKRKTAE
ST-32 13/14  TPYSDEALANLLAFRGMEV|SRRTIAKYRESFEIPAAHKRKTAE
114 TP
360 -

50/60 TPYSDEALANLLAFRGMEVSRRTIAKYRHSFEIPAAHKRKTAE
ST-41/44 2/60  TPYSDEALANLLAFRGMEV[SRRTIAKYRESLEIPAAHKRKTAE
2/60  TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
360 TPYSDEALANLLAFRGMEVSSRRTIAKYRESFEIPAAHKRKTAE
ST-23 1919 TPYSDEALANLLAFRGMEV|SRRTIAKYRESFEIPAAHKRKTAE
46/47 TPYSDEALANLLAFRGMEVISRRTIAKYRESFEIPAAHKRKTAE

ST-269
1/47 -
ST-213 1313 -
ST-461 5/5 TPYSDEALANLLAFRGMEVISRRTIAKYRESFEIPAAHKRKTAE
ST-167 33 TPYSDEALANLLAFRGMEVISRRTVAKYRESFEIPAAHKRKTAE

ok ok ok ok ok k ok ok ok ok ok ok ok ok k| Kk ok ok 3k ok kK K sk ok ok ok kK ok ok ok ke k
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PubMLST ID class | pilE-expressing isolates

ST-364
ST-198
ST-1157
ST-1136
ST-18
ST-226
ST-865
ST-37
ST-103
ST-282
ST-22

ST-35
ST-60

ST-364
ST-198
ST-1157
ST-1136
ST-18
ST-226
ST-865
ST-37
ST-103
ST-282
ST-22

ST-35
ST-60

ST-364
ST-198
ST-1157
ST-1136
ST-18
ST-226
ST-865
ST-37
ST-103
ST-282
ST-22

ST-35
ST-60

ST-364
ST-198
ST-1157
ST-1136
ST-18
ST-226
ST-865
ST-37
ST-103
ST-282
ST-22

ST-35
ST-60

ST-364
ST-198
ST-1157
ST-1136
ST-18
ST-226
ST-865
ST-37
ST-103
ST-282
ST-22

ST-35
ST-60

7
n
7
n
7
1/
1/
1/
4/
2.
313
1/5
4/5
8/8

N & X33

n
n

17
n
1/
1/
1/
4.
2.
33
1/5

N KR XX X

8/8

n
mn

17
17
1/
1/
1/
4/
2/
33
1/5
4/
8/8

N X XX 3

G

17
17
17
17
7
n
n
n
414
212
313
1/5
4/5
8/8

n
17
17
17
17
1/
1/
1/
4/
2
33
1/5
4/
8/8

N & X3 X

G

MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELERE IENWLSDNPLLERKDTDEFSDAGES
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEF'S
MTLLGIKLKQTQQLNQRLQQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARF'S
MTLLGIKLKQTQQLNQRLOQQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARE'S
MTLLGIKLKQTQQLNQRLOQOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFES
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARES
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEEFSDAEES
MTLLGYKLKQTOQQLDRRLOQSLRVLOMSGIELEREVEDWLSDNPLLERKDTDEEFSDAGES
MTLLGIKLKQTOQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEES
MTLLGIKLKQTOQQLNOQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEEFSDAEE'S
MTLLGIKLKQTQQLNOQRLOQOQSLRVLOMSGIELEREVENWLSDNPLLERKDPDEFSDAGE'S
MTLLGIKLKQTQQLNQRLQOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEEFSDAEE'S

dkokkk ok ok ok ok ok ok ks gk k ok sk kR ok sk ko k ok ok ko k ok ok ok sk sk k ok ok ok kR ok ok ok ok ok ko k ok ok Kk

HYTAPARQIGGDEGEDMLSNIAGEEDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPACQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPACQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDEFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEEDFKQYLHAQVCEHPLPDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDEFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDEFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY

Kok kokkk  kokk ok ok ok ok ok ok kk ok ok ok kokk s kkkkkkkkkkkk ok ok ok kkok sk k ok ok ok ok ok ok ok ok ok ok ok kK

LTDSIEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLOHELTALKKEFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALOQKFDPAGVAAADLNESLILOIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLOHELTALKKEDPAGVAAADLNESLILOIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKEDPAGVAAADLNESLILOIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALOKFDPAGVAAADLNESLILOIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLOHELTALKKEDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALOKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKEDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLQHELTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLQHALTALKKFDPAGVAAADLTESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK

Kokk ok kkkokkkkkkkkkkkkhkkk s o kkkok s kkkhkkkkkkkk _ kkkkkkkkk ko kkkk

PAALHIVRNALDSIDGNRSQTLARIKKHLP

PAALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKRLPOQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
TAALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

+ ok ok k ok ok ok ok ok ok ok ok ok ok ok ok sk k k ok k ok ks ok ok ok sk ok ok ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok kK k.

TPYSDEALANLLAFRGMEV|ISRRTVAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVISRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVISRRTVAKYRHESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVISRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVISRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVISRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|SRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|ISRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|ISRRTVAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|ISRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|ISRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|ISRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEV|ISRRTIAKYRESFEIPAAHKRKTAE

* Kk ke k ok ke k ok sk ok ok ok ok ok ok ok ok ok [k ok ok ke H k***k*:*********‘k‘k*
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PubMLST ID class | pilE-expressing isolates

422

417

19965
20060
20227
20321
20354
20367

422

417

19965
20060
20227
20321
20354
20367

422

417

19965
20060
20227
20321
20354
20367

422

417

19965
20060
20227
20321
20354
20367

422

417

19965
20060
20227
20321
20354
20367

MTLLGIKLKQTQOLNQRLOOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQOLNQRLOQOSLRVLOMSGIELEREIENWLSDNPLLERKDTDEFSDAGES
MTLLGIKLKQTQQOLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDPDEFSDAGES
MTLLGIKLKQTQQOLNQRLOQOSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQOLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARFES
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARFES
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARES

Kk hkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkhkhkhkk o hkkkkkkhkkhkhkkhkhkhk Khkkkkk Kk

HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPVRQIGGDEGEDMLSNIAGEEDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEASCVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEYPLSDQEAACVHILIDFLDEQGY

Sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk sk sk sk ok e Sk ok ok ok ok ok ok ok ok ok ke k. ok ke ok ok ok ke e ok ok ok ok ok ok ok ok ok ok ok ok ok ok

LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLOQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLOQHALTALKKFDPAGVAAADLTESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLOQHELTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMSDEAMLOQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK

Khkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhk hhkkhkkeo hhkkhkkohhhkhkhhkhkhkhkhkhkd Khkkkhkhhkhkkh kokkkkik

PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSINGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

Koo kok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ko ko ok ok ok ke sk ok ok ok ok ok ke sk ok ok ok ke ok ke sk ok ok ok ok ok ke sk ok ok ok ok ok ok ok ok ok ok

TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLVFRGMEVERRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVERRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE

kok ok ok ok ok ok ok ok ok k ok ok ki ke ki ko Pk ok ke ke ke ke ke ke kb e ok ke ok ok ok ok ok ok ok ok ok ok
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PubMLST ID class Il pilE-expressing isolates

9/33

ST-11 complex/ET-37 complex| 7/33

ST-4 complex/subgroup 1V

ST-1 complex/subgroup /11

ST-8 complex/Cluster A4
ST-5 complex/subgroup 1lI

ST-174 complex

ST-11 complex/ET-37 complex

ST-4 complex/subgroup 1V

ST-1 complex/subgroup /11

ST-8 complex/Cluster A4
ST-5 complex/subgroup 1lI
ST-174 complex

ST-11 complex/ET-37 complex

ST-4 complex/subgroup 1V

ST-1 complex/subgroup I/11

ST-8 complex/Cluster A4
ST-5 complex/subgroup 1lI
ST-174 complex

ST-11 complex/ET-37 complex

ST-4 complex/subgroup 1V

ST-1 complex/subgroup /11

ST-8 complex/Cluster A4
ST-5 complex/subgroup 1lI
ST-174 complex

ST-11 complex/ET-37 complex

ST-4 complex/subgroup 1V

ST-1 complex/subgroup /11

ST-8 complex/Cluster A4
ST-5 complex/subgroup 1lI
ST-174 complex

17/33
1n
214
10114
114
114
418
418
1212
9/9

9/33
7133
17/33
n
2/14
10/14
114
114
4/8
4/8
12/12
9/9

9/33
7/33
17/33
n
214
10114
114
114
418
418
12/12
9/9

9/33
7133
17/33
n
2/14
10/14
114
114
4/8
4/8
12/12
9/9

9/33
7133
17133
n
2/14
10/14
114
114
4/8
4/8
12/12
9/9

MTLLGYKLKQTQQLNQRLOQSLRVLOMSGIELEREVEDWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNOQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDARFES
MTLLGIKLKQTQQLNORLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFES
MTLLGIKLKQTQ----RLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEEFSDARES
MTLLGIKLKQTQQLNOQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGYKLKQTQQLDRRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFS
MTLLGIKLKQTQQLNQRLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEFSDAEFES
MTLLGIKLKQTQQLNORLOQSLRVLOMSGIELEREVENWLSDNPLLERKDTDEEFSDAEFS

Kok okok ok ok ok ok ok ok ok Kokkkkkkkkhkkkkkkkkkkkk e kkkkkkkkkkkkkkkkkkk  **

HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQEAACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEEDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEEDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY
HYTAPARQIGGDEGEDMLSNIAGEQDFKQYLHAQVCEHPLSDQESACVHILIDFLDEQGY

ok sk ke ok ok ok k ke ok ok ok ok sk ok ok ok ok ok ok ok ok ke ok k ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ek ki ok ok ok ke ok ok ok ok ok ok ok ok ok

LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLOQHALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLOHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLQHALTALKKFDPAGVAAADLNESLILQIERLGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALQKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK
LTDSIEDILDHTPLEWMLDEAMLKQALTALKKFDPAGVAAADLNESLILQIERSGECAAK

Kok kkkkkkkkkkkkkkkkkkkkk o s kkkkk e kkkkkkkkkkkkkkkkkkkkkk  *kkkxx

PSALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAVGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKHLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
TTALHIVRNALNSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP
PSALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAVGFASSTP
PAALHIVRNALDSIDGNRSQTLARIKKRLPQTDSGTLEAALDLIASLNPFPAAGFASSTP

cokkkkokkkkk e kkkkkkkkkkkhkkkk e kkkkkkkkkkkkkhkkkkkkkkkkk _kkkkkkk

TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESLEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE
TPYSDEALANLLAFRGMEVSRRTIAKYRESFEIPAAHKRKTAE

ok ke k ok ok ok ke ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ke ok Kk ok ok ke ok ok ok ok ok ok
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