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Abstract  

The meningococcal autotransporters Adhesion and penetration protein (App) 

and Meningococcal serine protease A (MspA) are secreted S6-peptidase family 

autotransporters which have previously been demonstrated to have various 

roles in meningococcal virulence including functioning as adhesins. One study 

from our group showed previously that FITC-labelled recombinant App or MspA 

passenger domain could be taken up by dendritic cells (DCs) and localised to 

the nucleus; App and MspA can also bind to, and cleave, recombinant histone 

H3. It was hypothesized the nuclear localisation of App and MspA occurred via 

nuclear-localisation sequences (NLS) present within them. This study aimed to 

shed more light on the nuclear localization of these autotransporters, and to 

identify the NLS of App and MspA.  

In this study, nuclear localization was studied by expressing fluorescently 

labelled App and MspA fusion proteins using the expression plasmid pDsRed. 

Before identifying the NLS sequence of App and MspA, the nuclear localisation 

of DsRedApp and DsRedMspA were determined by confocal laser scanning 

microscopy. To achieve this, plasmids encoding DsRed-tagged proteins were 

transfected into Hep-2 cells (human epithelial carcinoma cell line) and HEK293T 

cells (human embryonic kidney cells with SV40 T-antigen) by transient 

transfection. The data confirmed that App and MspA were localized to the 

nucleus when expressed in either cell type. Proteolytic activity was not required 

for their nuclear localisation, as mutant proteins DsRedAppS267A and 

DsRedMspAS241A were also translocated.  

In order to identify the motifs required to direct App and MspA to the nuclear 

compartment, various deletions were introduced into DsRedApp and  
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DsRedMspA, and the impact on nuclear localisation assessed. Three different 

mutants of App and two different mutants of MspA were expressed and their 

nuclear localisation properties assessed. Differences in the nuclear localisation 

patterns were observed between the wild-type and mutant App fusion proteins, 

with the mutant DsRedApp molecules lacking the putative NLS not showing 

nuclear localisation but remaining in the cytosol. Subsequent site-directed 

mutagenesis of serine residues within the deleted region also resulted in 

disruption of nuclear trafficking, confirming the localisation of a potential NLS 

within App between residues 933R and 940R. 

In contrast, no classical NLS was predicted in MspA and a number of 

deletion mutants behaved like the wild type protein with respect to their nuclear 

localisation patterns. However, deletion of 933D to 1073A of MspA resulted in a 

different pattern of localisation (punctuate cytoplasmic localisation) which was 

not observed with the other MspA mutants. The reason for this difference was 

unclear. 

An additional aim of this study was to further characterise the proteolytic 

activity of App and MspA against histones, in terms of specificity and the 

requirement for histone post-translational modifications (PTMs), as it is known 

that histone clipping can influence chromatin structure and function. In histone 

clipping assays, a wide range of recombinant histones and epithelial cell-derived 

histones were used as cleavage substrates and the clipping products visualised 

by immunoblot analysis. Prior to these experiments, recombinant App and MspA 

were shown to have proteolytic activity against recombinant H1, H2B and H3 

and against Hep-2 cell-derived H1, H2B and H3 (which possess post-

translational modifications not found on the recombinant versions), 

demonstrating that histone PTMs do not effect App- and MspA-mediated 
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cleavage.  Furthermore, by adding recombinant App or MspA to host cells in 

vitro and detecting histone cleavage products, we show that histone clipping 

occurs in intact cells following uptake and nuclear localization of the 

meningococcal autotransporters. Moreover, histone clipping was also observed 

in histones derived from sub-cellular chromatin preparations, indicating that the 

App and MspA-mediated proteolytic processing of histones occurs within intact 

chromatin. 
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1.1. Meningococcal disease 

Meningococcal disease refers to infection caused by Neisseria meningitidis (also 

known as the meningococcus). It has a high mortality rate if it is not 

immediately treated. The most notable clinical manifestations of meningococcal 

disease are meningitis and meningococcal sepsis. Meningitis is caused by the 

inflammation of the lining around the meninges, resulting from the penetration 

of organisms across the blood-brain barrier into the cerebral spinal fluid [1]. It 

is regarded as a medical crisis due to the rapid and severe neurological effects 

that are associated with the disease [2, 3]. Meningitis can be divided into two 

main types: bacterial and aseptic meningitis. Three principal organisms mainly 

cause bacterial meningitis: Neisseria meningitidis, Haemophilus influenzae and 

Streptococcus pneumoniae, whereas aseptic meningitis may be caused by non-

bacterial organisms such as viruses, parasites or fungi, or by neoplasia and/or 

(less commonly), by certain drugs [1, 2]. Only N. meningitidis can cause both 

endemic and epidemic outbreaks.  

N. meningitidis is a human nasopharyngeal commensal which persists in 

the upper respiratory tract, usually without causing disease symptoms [4], but 

occasionally, in susceptible hosts, it can cause invasive disease with high 

morbidity and mortality [5]. On average, the meningococcal carriage rate is 

approximately 10% of the population at any given time [6, 7]. Invasive 

meningococcal disease is the result of interplaying factors, including virulence 

factors of the organism, environmental conditions and host susceptibility [8]. In 

the case of hyper-virulent meningococci, the organism can invade the epithelial 

layers and can enter into the blood stream resulting in meningococcal sepsis, 

and can in some cases breach the blood-brain barrier (BBB) to cause meningitis  
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[9]. Meningococcal disease mainly affects infants, pre-school children, 

teenagers, and those older than 65 years. There is also an increased risk of 

meningococcal disease (due to increased transmission) where large groups of 

people get together, for example college students or military recruits [9]. 

Meningococcal disease has a prevalence rate which ranges from <1 to 

1,000 cases/100,000 people per year which varies geographically and 

temporally [6, 10]. 10% of disease cases are lethal and around 30–50% of 

survivors of meningococcal disease develop permanent sequelae including 

neurologic disabilities, loss of hearing or visual loss, seizures, mental retardation 

or cognitive impairment, renal failure, hydrocephalus, and limb(s) amputation 

[11-13]. The incidence of the meningococcal disease has been reduced in the 

last few decades due to the development of vaccines [5].  

1.2. History of meningococcal disease  

Historically, meningitis has been described since the period of Hippocrates and 

possibly pre-renaissance physicians like Avicenna knew of meningitis. In 1768, 

Sir Robert Whyte was accredited with the first description of meningitis (in this 

case caused by M. tuberculosis). However, Gaspard Vieusseux was the first who 

gave a clinical description of meningococcal meningitis following the epidemics 

of meningococcal meningitis in Geneva in 1805 [14]. Another important 

milestone was in 1884, when the Italian pathologists Ettore Marchiafava and 

Angel Celli, first observed Gram-negative diplococci in the cerebrospinal fluid 

(CSF) from a meningitis patient’s sample [14]. In 1887, the Austrian pathologist 

Anton Weichselbaum established the connection between the bacterium 

“Diplococcus intracellularis meningitidis”, and the epidemic form of meningitis  
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[14]. Finally, the organism was renamed Neisseria meningitidis, after the 

German scientist and clinician Albert Neisser, who first described the closely 

related bacterium Neisseria gonorrhoeae [15].  

Epidemics of meningococcal meningitis were also described in 1806 in 

New Bedford, Massachusetts and in the early 1900s in the African meningitis 

belt [16]. The disease patterns vary over time and with geographical areas, age 

group, and bacterial serogroups [10]. The late 19th century witnessed the 

identification of the causative agents of meningitis including H. influenzae, S. 

pneumoniae, and N. meningitidis.  

The treatment of meningococcal disease by serum therapy was 

introduced in 1917 by Flexner [17] and sulfonamides were introduced in 1937 

[18]. The first vaccine against meningococci was promoted in the 1960s [19]. 

During the pre-serum therapy and pre-antibiotic eras, 70–85% of disease cases 

were fatal. The development of new therapeutic methods including antisera, 

sulphonamides and penicillin resulted in a significant decline in mortality during 

the past century [8]. Currently, despite the availability of therapeutic and 

prophylactic antibiotics and immunizations against some serogroups, 

meningococcal meningitis is still reported in both developing and developed 

countries [10].  
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1.3. Neisseria meningitidis  

The scientific classification of N. meningitidis is: 

 

The genus Neisseria contains 25 species based on 16S rRNA gene sequence 

analysis, among them two well-characterized human pathogens N. meningitidis 

and N. gonorrhoeae that are the causative agents of meningitis/sepsis and 

gonorrhoea, respectively [20]. N. meningitidis is an obligate human commensal 

[21]. However, occasionally it causes nasopharyngitis, sepsis and meningitis. 

The organism is an encapsulated Gram-negative aerobic diplococcus; it is 

oxidase and catalase-positive, non-spore forming, aflagellated, and 

approximately 0.8 μm in diameter [22]. It’s only known natural host is man. 

Other human commensal Neisseria species include N. cinerea, N. elongata, N. 

flavescens, N. lactamica, N. mucosa, N. perflava, N. polysaccharea, N. sicca and 

N. subflava [23]. 

1.3.1. Classification 

Traditionally, meningococci have been classified serologically into serogroups, 

serotypes, serosubtypes and immunotypes, based on the surface structures  

polysaccharide capsule (serogroup), outer membrane proteins (OMPs; serotype 

and subtype) and lipooligosaccharide (LOS; immunotype). Based on the 

polysaccharide capsule structure or genetic differences in the capsule  

biosynthesis locus, meningococci are classified into 13 serogroups namely 

serogroups A, B, C, D, E, H, I, K, L, W, X, Y and Z [24-26]. Of the 13 serogroups, 
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six types, namely A, B, C, W, X, and Y, are responsible for the majority of 

invasive infections [27]. 

Based on differences in LOS structure, twelve immunotypes (L1 to L12) 

of meningococci can be distinguished [28] where L1 to L8 are common in 

serogroup B and C isolates and L9 to L12 more often associated with serogroup 

A. 

Serotypes and serosubtypes are based on differences of the major outer 

membrane proteins PorB and PorA, respectively; N. meningitidis can be 

classified into 20 serotypes and 10 subserotypes [29, 30]. However, the phase 

and antigenic variation of surface antigens complicate the serological 

classification of meningococci.  

  N. meningitidis can also be classified by Multi Locus Sequence Typing 

(MLST), which is as a useful tool for epidemiological studies and population 

diversity studies. MLST is based on the DNA sequences of fragments of seven 

housekeeping genes (abcZ, adk, aroE, fumC, gdh, pdhC, pgm) allowing 

classification into sequence types (STs) [21, 31]. In this technique, small DNA 

fragments (433-501bp) from the seven housekeeping genes are amplified, 

sequenced and assigned with an allele number, the combination of the alleles 

defines an isolates sequence type (ST) [32]. Interestingly, this approach has 

demonstrated that most invasive meningococcal disease is caused by a limited 

number of genetically related strains, known as the "hyper-invasive 

lineages"[21, 33]. The MLST approach is increasingly being used using core 

genome sequences (cgMLST) to provide even greater resolution [34].  

1.3.2. Epidemiology 

Meningococcal meningitis remains a significant public health threat with 1.2 

million cases and 170,000 deaths reported annually worldwide [35]. The 
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epidemiology of this organism is highly changeable through significant 

fluctuations in serogroup distribution and disease incidence. The reasons for the 

geographical serogroup variations are unknown but possible responsible factors 

are differences in environmental factors and the immunity of local populations. 

Meningococcal disease is mostly associated with six serogroups which are 

considerably diverse in their global distribution. In Europe and America, most 

cases of meningitis in modern times have been caused by serogroups B and C 

[36]. The main serogroup causing disease in the UK is serogroup B, and 

serogroup C was also common before the introducing of the MenC vaccine at 

the end of the last century. Nonetheless, cases of serogroup W disease in the 

UK have risen since 2009. Public Health England had shown that since 2008/9, 

when serogroup W accounted for only 1-2% of meningococcal cases, it has 

increased to cause 24% of cases in 2014/15 [37], However, MenW cases began 

to increase and exceeded 200 cases in 2015/16; the increase was due to a 

hypervirulent strain [38]. Despite 71% MenACWY vaccine coverage, the 

carriage of MenW increased substantially during 2015-2016 [39]. MenW disease 

has since slowed, however, and by August 2016, a 69% decrease was observed 

among English school leavers in 2015 (the first cohort to be immunised) 

compared to expected cases from pre- vaccination trends [40]. 

Serogroup A is the predominant serogroup responsible for meningococcal 

epidemics in the African meningitis belt [41]. It was also responsible for minor 

epidemics in China and Russia [22]. Serogroup W is not frequently encountered  

worldwide but was notable for a global epidemic following the 2000 Hajj 

pilgrimage [42]. Serogroups X and Y do not typically cause outbreaks, but 
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serogroup Y has emerged in the USA and Latin America, while serogroup X has 

been reported to cause small epidemics in parts of Africa [41, 43]. 

1.4. Clinical Manifestations  

Meningococcal disease (MD) include bacteraemia with or without sepsis, sepsis 

with or without meningitis, meningoencephalitis, conjunctivitis, pneumonia, 

septic arthritis, pericarditis, myocarditis and endocarditis [44]. The most 

common clinical manifestations of MD are meningococcal meningitis and 

meningococcal sepsis that may co-exist. Initial symptoms of MD are usually 

non-specific and are very similar to self-limiting viral illnesses i.e. fever, nausea 

and loss of appetite, making recognizing the infection very challenging at the 

early stage [45]. Soon after, symptoms differ depending on whether the 

infection is in the bloodstream or the meninges; around 60% of patients develop 

meningococcal meningitis [22], and up to 20% progress to meningococcal 

sepsis, while others experience a combination of both clinical conditions [45].  

The early symptoms of meningitis resemble upper respiratory infections. 

Headache, drowsiness, fever and neck stiffness are the usual presenting 

features. In severe bacterial meningitis, the patient may be exhausted and later 

there may be focal neurological signs. Meningococcal meningitis is associated 

with a purpuric rash in 70% of cases. Without septic shock, developing 

meningitis is the most typical clinical presentation of invasive meningococcal 

disease [22].  

When meningitis is accompanied by sepsis it may present very rapidly 

with an abrupt onset of obtundation due to cerebral edema, probably as a result 

of endotoxin or cytokine release and it may also cause circulatory collapse 
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 followed by septic shock. In meningococcal sepsis, non-blanching petechial 

hemorrhagic lesions are spread on the chest and extremities as a mirror image 

of the distributed intravascular coagulation [46, 47]. 

Chronic meningococcemia is a rare condition in which patients can be 

unwell for weeks or even months with recurrent fever, sweating, joint pain and 

transient rash. Pivotal complications of meningococcal sepsis are shock, 

intravascular coagulation, renal failure, peripheral gangrene, arthritis and 

pericarditis [48] which can result in death or permanent disability[22, 49]. Other 

signs that a patient can experience include nausea, vomiting, photophobia and 

altered mental status. Additionally, inflammation and bleeding in small blood 

vessels, including those under the skin can result in a skin rash [50]. Non-

specific symptoms including reduced feeding, irritability, a high-pitched cry and 

a bulging fontanelle are typical among infants and young children suffering from 

meningitis [46].  

Early diagnosis and management, including rapid administration of 

antibiotics (such as ceftriaxone or penicillin), are essential for a full recovery. 

Otherwise, the mortality rate associated with meningococcal disease can be as 

high as 70–90%. Unfortunately, even with early management, around 25% of 

meningococcal disease survivors develop permanent sequelae [12]. 

1.5. Virulence factors 

N. meningitidis develops several strategies to evade the human immune 

response and to survive inside the host. The major virulence factors are surface  

structures including capsule, lipooligosaccharide (LOS), pili, outer membrane 

protein (OMPs), adhesins, host-specific iron acquisition systems, surface-

exposed and secreted virulence-associated proteins [36] (Figure 1.1). Many of 
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these virulence factors (such as capsule, pili, LOS, adhesins etc.) can undergo 

antigenic and phase variation whereby expression of the encoding genes is 

switched on or off enabling the bacterium to pre-adapt to its environment [51]. 

This can be accomplished by a variety of mechanisms including slipped strand 

mispairing [52] and insertion of mobile elements [51, 53]. 

 

 

Figure 1.1: Cross sectional view of the meningococcal cell membrane.  

The major virulence factors of N. meningitidis are depicted. Pili pass through 

the capsule and are the most protruding adhesins of encapsulated N. 

meningitidis. In addition, outer membrane (OM) adhesins are known to mediate 

interaction with specific host-cell receptors in appropriate phenotypes. 

Lipooligosaccharide (LOS) may interfere with the adhesion functions of OM 

proteins but can also contribute to cellular interactions by interacting with 

various cellular receptors. Adapted from: Rosenstein et al. [11]. 

1.5.1. Capsule  

The capsule is one of the main virulence factors of N. meningitidis. This highly 

hydrated surface structure protects meningococci against environmental factors 
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as it extends meningococcal survival in aerosol droplets during transmission to 

a new host [54]. Once the bacteria are inside the host, the capsule provides 

defence against several host immune processes including phagocytosis, 

defensins, opsonisation and complement-mediated bacterial lysis [55, 56]. 

Encapsulation helps the bacteria to survive in the blood by its anti-phagocytic 

and anti-opsonic properties [57, 58]. High capsule expression can inhibit 

complement-mediated lysis by bactericidal antibodies [59]. However, capsule 

expression is also phase variable due to slipped-strand mispairing or through 

the reversible insertion of mobile elements [60]. In the carrier state, 

meningococci are often non-encapsulated, whereas the isolated invasive strains 

from patients are encapsulated [61].  

The meningococcal capsule can hamper adhesion via some outer 

membrane adhesins; thus, the absence of capsule can promote meningococcal 

colonization of the nasopharynx [9, 62].  

Molecular mechanisms involved in N. meningitidis capsule biosynthesis 

have also been identified, and genes involved in this process and in cell surface 

translocation are clustered at a single chromosomal locus termed cps. The 

biosynthesis and polymerization of capsular polysaccharide is mediated by 

genes clustered at the capsule biosynthesis locus [60]. The capsule biosynthesis 

genes termed as css followed by a letter representing the serogroup.  Thus, 

sialic acid capsule biosynthesis genes are termed as cssA-C where cs refers to 

capsule synthesis and the final s indicates sialic acid [26].   

Serogroups B, C, W and Y capsules are composed, wholly or partly, of 

sialic acid derivatives whereas serogroup A contains N-acetyl mannosamine 

residues [24, 25]. Sialic acid is a common component of human tissues. This 

molecular mimicry helps encapsulated bacteria to modulate the host immune 
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system [63] by bestowing the bacteria with anti-phagocytic properties which 

facilitate survival in the bloodstream or central nervous system [4].  

1.5.2. Lipooligosaccharides 

Meningococcal lipooligosaccharide (LOS) is similar to the LPS of some other 

Gram-negative bacteria, but lacks the repeating polysaccharide O-antigens 

[64]. Meningococcal LOS contains an oligosaccharide (OS) core which comprises 

with a distinct inner and outer core with a lipid A moiety. The inner core contains 

phosphorylated diheptose sugars (HepІ and HepІІ) with a lipid that rooted in 

the outer membrane [4, 65]. The outer core is heterogeneous with the variable 

number of sugars [66]. This variation confers different antigenic features to the 

LOS, which used for meningococcal classification [67, 68]. In addition, 

meningococcal LOS is also prone to phase variation due to several mechanisms 

including Sipped -strand mispairing (SSM) of a poly-cytosine tract in the genes 

(e.g. igtG) involved in LOS biosynthesis [69]. This phase variation can allow for 

switching between immunotypes, which is proposed to play a significant role in 

meningococcal disease [70]. The biological activities and toxicity of 

meningococcal LOS are generally due to the lipid A portion [71]. During sepsis, 

the lipid A component of LOS has been shown to initiate the intense 

inflammatory response [72]. Meningococcal LOS also contains sialic acid, which 

makes the bacteria more resistant against antibody and complement systems 

and helps the bacteria to avoid phagocytosis [58]. The sialylated LOS mimics 

host-cell surface structures which can help the avoidance of the host antibody 

response [55, 73].  

1.5.3. Adhesins 

In the establishment of meningococcal infection, the first step is attachment of  
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N. meningitidis onto human upper respiratory mucosal surfaces where several 

structures, termed as major and minor adhesins, facilitate the meningococcal 

adherence. 

 Pili  

Pili protrude from the bacterial surface beyond the capsule and have been 

recognized as major adhesins of meningococci [74]. The meningococcal pili 

belongs to the type IV pili (Tfp) family. Tfp consist of the major pilin PilE, and 

minor pilins (ComP, PilV, and PilX), which can be incorporated into the pilus and 

cause functional modulation [75]. Meningococcal pili are classified into two 

classes, designated class I and class II [6]. Several serological properties and 

structures are uniquely characterized in each class [76, 77]. Over 20 proteins 

are involved for a correctly assembled and functional Tfp [78]. Approximately 

15 proteins (assigned PilC-X and ComP) are essential for the biosynthesis and 

various functional aspects of the meningococcal pili [79]. Pili are prone to phase 

and antigenic variation [80].  

The type IV pili are involved in infection processes including adhesion to 

epithelial and endothelial cells, bacterial aggregation, twitching motility, inter 

bacterial interaction and transformation competence [79, 81]. The interactions 

between meningococcal adhesins and human nasopharyngeal cells, specifically 

non-ciliated columnar epithelial cells are mediated by the type IV Pili [82]. The 

role of pili as adhesins are well established where PilE and PilV are involved in 

adhesion to host cells. PilC1 also functions as an adhesin; however, the nature 

of the host cell receptor is still under investigation [20]. Johansson and 

colleagues proposed that CD46, a membrane–located human complement 

regulatory protein, is the receptor of meningococcal Tfp [83]. Although, another  
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study by Kirchner and colleagues showed that adherence of gonococci to 

urogenital mucosa could occur in a CD46-independent manner [84]. Recently, 

Bernard et al. have demonstrated that CD147, a member of an immunoglobulin 

(Ig) superfamily, can act as a receptor for PilE and PilV-mediated adhesion to 

brain and endothelial cells, and CD147 has also been implicated in 

meningococcal vascular colonization [85]. The function of PilX was also reported 

to be involved in bacterial aggregation and PilV for adhesion which can promote 

inter-bacterial interactions [86]. Imhaus et al. demonstrated that these two 

pilus components are localized in the periplasm, and play an indirect role by 

changing the number of Tfp per bacterium and in consequence regulating 

competence, aggregation and host-cell interaction [87]. Fussenegger reported 

that the type-4 pilus biogenesis process and transformation competence are 

functionally associated. PilE is involved in  the uptake of DNA for transformation 

[88]. Merz et al. also demonstrated that Type IV pili (Tfp) are required for 

bacterial twitching motility where Tfp retract, produce substantial energy and  

facilitate cell movement [89]. Recently, it has been found that PilQ plays a role 

in adhesion to the host laminin receptor protein [90]. The host LAMR1, and 

galectin 3 binds the meningococcal PilQ, in addition to the major pilin PilE. 

LAMR1 and Gal-3 target common and specific meningococcal surface ligands 

and it has role during colonization by enhancing bacterial adhesion and cell 

invasion [91]. Recently it has been demonstrated that pili are involved in the 

activation of the β2-adrenergic receptor (β2-AR) which promotes endothelium 

signalling [92].  

 Opacity protein 

Intimate adhesion is mediated by the opacity proteins, Opa and Opc, which 

share a similar molecular mass of ca. 30 kDa, and bind to carcinoembryonic 
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antigen cell adhesion molecule (CEACAM) receptors and extracellular matrix 

components, respectively [93]. CEACAMs may contain immunoreceptor 

tyrosine-based inhibitory motifs. Opa is expressed in N. gonorrhoeae and N. 

meningitidis; Opc is only expressed in N. meningitidis [94]. N. meningitidis 

produced opacity-associated (Opa) protein which can recognize multiple human 

cell receptors. Opa is an eight-stranded β-barrel structure with four surface-

exposed loops. Structural variation occurs in three of these loops.  Opc is 

produced by many,  N. meningitidis strains but not all [95]. It has been shown 

to interact with fibronectin, vitronectin, and endothelial cell integrins [96-98]. 

The opaque appearance of meningococcal colonies is due to Opa protein 

expression, alongside type IV pili [20] which play an essential role mediating 

the adhesion and invasion of meningococci to the host epithelial, endothelial 

and phagocytic cells [99]. Similar to Opa, Opc has an β-barrel structure, but 

with five surface-exposed loops which mediate meningococcal-eukaryotic cell 

interactions and adherence, and is a target of bactericidal antibodies [77]. 

 Porin A and Porin B: 

The pore-forming proteins, PorA and PorB, play important roles in 

meningococcal pathogenesis and host interactions. In addition, porins act as 

adjuvants and stimulants of B-cells, which is mediated via TLR2 [100, 101]. 

Meningococcal PorA is an integral outer membrane porin that also plays 

fundamental roles in adhesion and invasion of host cells and complement 

binding [102]. It has also been shown to binding to the Laminin receptor (LR), 

a property that appears to play a role in the intimate contact with BBB cells 

[90]. PorA has a molecular mass of ca. 46kDa and is expressed in all 

meningococci strains [103, 104]. No homologue of PorA has not been found in 

N. gonorrhoeae [105]. PorB may target the mitochondrial outer membrane of 
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host epithelial cells, where it has been shown to exert anti-apoptotic activity on 

these cells [106] and also prompts the expression of the co-stimulatory 

molecule CD86 and of MHC class II, which are associated to the immune-

potentiation of porin [106, 107]. However, Kozjak-Pavlovic et al. found that the 

integration of PorB into the mitochondrial membrane was associated with the 

sensitization of these cells to apoptosis [108].  

 HrpA-HrpB system 

Haemagglutinin/hemolysin-related proteins are composed of the secreted 

effector protein HrpA and its cognate transporter HrpB [109]. It is the two-

partner secretion system usually present in all N. meningitidis strains. They play 

a role in the adhesion of un-encapsulated bacteria to epithelial cell lines [109]. 

HrpA-HrpB have also been shown to be essential for the intracellular survival of  

N. meningitidis [109, 110]. 

 Minor adhesins: 

Several adhesins have been described as having essential roles in the 

pathogenesis of meningococcus and the process of adhesion. These proteins are 

surface-exposed on bacterial cells [111]. Some autotransporter proteins such 

as Neisseria hia homologue A (NhhA), Adhesion and penetration protein (App), 

Neisseria adhesion A (NadA), and Meningococcal serine protease A (MspA) may 

be retained on the bacterial cell surface and can act as minor adhesins [112]. 

These autotransporter proteins are described in more detail in section 1.9. 

1.5.4. Iron-acquiring proteins 

N. meningitidis possess host-specific iron acquisition mechanisms for survival 

and virulence [113]. In the meningococcus, iron acquisition is accomplished via 

expressing surface receptors that extract and import iron from different sources. 

Hemoglobin-binding outer membrane proteins (HmbR and HpuAB), transferrin-
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binding proteins (TbpA and TbpB), together with lactoferrin-binding proteins 

(LbpA and LbpB), enable the meningococci to use hemoglobin, transferrin and 

lactoferrin, respectively, as sources of iron [114]. 

1.5.5.  Factor H binding Protein 

N. meningitidis expresses fHbp (factor H binding protein) which is a lipoprotein. 

It acts like the host factor H binding inhibitor proteins of the complement system 

by coating the bacterial surface with factor H protein. The protein is expressed 

on the surface of most strains [115]. FHbp is important for the survival of 

meningococci in the host. By producing fHbp (known as GNA 1870 [116] or 

LP2086 [115]), N. meningitidis can interact with human factor H (hfH) and can 

down regulate the host alternative complement systems, thus helping the 

bacteria to survive in the host bloodstream and tissues [117-119]. fHbp based 

vaccines  can induce bactericidal antibodies capable of killing N. meningitidis  

[120]. fHbp is one of the antigenic components of the 4CMenB vaccine [121].  

1.6. Meningococcal pathogenesis 

In the establishment of the host carrier state, N. meningitidis adheres to the 

nasopharyngeal epithelial surface and eventually forms microcolonies that help 

the bacteria to exist as a commensal [122]. However, some strains of N. 

meningitidis are highly invasive and are habitually associated with disease [77].  

Invasive infection usually takes place when the bacteria crosses the epithelial 

cells of nasopharynx and gain access to the blood-stream resulting in sepsis. 

When the bacterium crosses the blood-brain barrier (BBB), it leads to meningitis 

[123].  
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Figure 1.2: Stages of the pathogenesis of N. meningitidis. Neisseria 

meningitidis may be acquired via respiratory droplets. The organism establishes 

intimate contact with non-ciliated mucosal epithelial cells of the upper 

respiratory tract. Besides transcytosis, it can cross the epithelium either directly 

due to damage to the integrity of the monolayer or through phagocytes in a 

'Trojan horse' manner. Once inside the bloodstream, N. meningitidis may 

proliferate throughout the body. Meningococci can pass across the blood brain 

barrier and enter the cerebrospinal fluid. Adapted from: Virji et al. [58]. 

Colonization of the human upper respiratory tract mucosa is the initial 

step for the establishment of a human carrier and invasive meningococcal illness 

[4]. About 1 to 10% of people carry N. meningitidis in their nose and throats 

without any clinical manifestation, even-though it can infect others by 

transmission. Meningococci can transmit from person-to-person via secretions 

and respiratory droplets which spread mostly as encapsulated bacteria, which 

are thought to be more resistant to desiccation [124]. The initial step of 

colonisation is adhesion to the epithelial cells of the nasopharynx, which is 

mediated by Type IV pili, that have also been implicated in different stages of 

the infective process [79].  

Adhesion to the mucosal surface of the host is also essential for 

meningococcal survival. The presence of several adhesins in the meningococcus 
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and the specificity of binding to distinct receptors distributed over the surfaces 

of human cells demonstrates that the meningococcus can interact with different 

receptors or can mediate adhesion to different cell types at various sites [9]. 

The encapsulation of the bacteria can hamper adhesion, however, and phase 

variation of capsule expression may facilitate meningococcal transmissions from 

one site to another [125]. Meningococci can proliferate on non-ciliated epithelial 

cells, resulting in the formation of small microcolonies as well as cortical plaques 

on the apical surface. At this stage, an intimate association is established and it 

can trigger a series of specific signal events, which eventually result in the 

formation of pseudopodia that engulf the meningococcus [82]. After that, 

meningococci can pass through epithelium via phagocytic vacuoles as a result 

of endocytosis [126]. Binding of opacity proteins to the CEACAM protein and 

integrin receptor can stimulate endocytosis of N. meningitidis  into the epithelial 

cells and facilitate the bacteria to cross the epithelium, from which it may gain 

access into the bloodstream [58]. In the bloodstream N. meningitidis  can 

survive and proliferate with the help of virulence factors that the bacteria 

possess, some of which enable it to invade host defences [123]. The bacteria 

use different strategies to avoid the immune system such as complement 

system avoidance via fHbp expression. Survival in the bloodstream depends on 

encapsulation, which protects the bacteria from complement-mediated bacterial 

killing by hindering the insertion of the complement membrane attack complex; 

it also inhibits phagocytosis [127]. Likewise, shedding of outer membrane blebs 

which are rich in outer membrane proteins and bacterial endotoxin results in 

the diversion of antibodies and complement components away from the surfaces 

of intact bacteria [128]. Meningococcal intracellular survival is also influenced 
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by the expression of IgA1 protease that hampers phagosome maturation by 

degrading lysosome-associated membrane proteins (LAMP1) [129].  

Only transient bacteraemia is expected when meningococci face an 

effective immune response. However, if the immune system is compromised, 

meningococcal sepsis can be established which is an acute meningococcal 

infection [20]. If N. meningitidis proliferates in the blood stream after evading 

defence mechanisms, it can cause sepsis, a deadly condition of the body. It 

happens when the LOS of N. meningitidis interacts with human cells resulting in 

the release of pro-inflammatory cytokines including interleukin 1 (IL-1), IL-6, 

and tumor necrosis factor (TNF) after its presence is detected via Toll-like 

receptors [130]. When the bacteria enter into the blood system, they can 

disseminate around the whole-body, including the brain. The brain is lined with 

endothelial cells that form a tight barrier between the blood and brain tissue. 

These cells are interconnected via tight junctions, and express a receptor called 

β-adrenergic receptor which promotes endothelial signalling, which leads to N. 

meningitidis translocation through the brain endothelium [92, 131]. Another 

host receptor, CD147, a member of the immunoglobulin superfamily (Ig), acts 

as a receptor for Tfp and facilitates adhesion of the bacteria to peripheral or 

human brain endothelial cells [85]. This leads to N. meningitidis accumulation 

on the endothelial surface. Protrusion of the apical side of the cell helps N. 

meningitidis to avoid being washed away by the bloodstream and can promote 

adhesion to and accumulation on the endothelial cells, create miscommunication 

in cell-to-cell contacts, and cause them to detach from each one-another. After 

passing the blood brain barrier, N. meningitidis first enters into the arachnoid 

space of the brain and starts uncontrolled multiplication. CSF is an ideal medium 

for bacterial uncontrolled growth because it provides nutrients, has few 
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phagocytic cells, and also has low levels of antibody and complement. Once the 

meningococci are in the CSF, bacterial components interact with host cells to 

initiate the production of cytokines including IL-6, IL-8, and TNFα, leading to a 

compartmentalized inflammatory response in the subarachnoid space [132]. 

The inflammatory response may be a precondition for bacterial invasion. 

Bacterial invasion and the inflammatory response progress in parallel and 

products of activated leukocytes can lead to permanent damage of the blood—

brain and blood—CSF barrier [133]. LOS in particular, acting as an endotoxin 

causes blood clotting in the blood vessels of brain. In meningitis, neuronal 

damage is associated with a multi-factorial response including bacterial toxins, 

the cytotoxic products of immune competent cells and also secondary pathology 

to intracranial complications [133]. The most severe consequence is cerebral 

edema-increased intracranial pressure. It can cause decreased cerebral 

perfusion, hypoxia and neuronal necrosis [134]. 
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Figure 1.3: A schematic overview of the pathophysiology of meningitis. 

Following colonization of bacteria; under privileged condition the bacteria can 

enter into the blood and during bacteraemia it can invade into CNS. The bacteria 

multiply into the subarachnoid space and release proinflammatory 

response/toxic compounds. Then the bacteria stimulate macrophages, glial cells 

and cause leukocytes invasion which increased barrier permeability including 

blood-CSF and blood-brain barrier and also cause vasculitis. Adapted from: Nau 

et al. [135]. 

1.7. Meningococcal vaccines  

Numerous attempts have been made to control meningococcal disease through 

the development and adoption of vaccines. Early meningococcal vaccines were  
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developed using capsular polysaccharides, which were first used about 40 years 

ago. Meningococcal purified plain polysaccharide vaccines have been used 

widely since the development of a highly immunogenic vaccine for serogroups 

A and C [136]. In the UK, MenC vaccine was included in the infant vaccination 

schedule from November 1990 and at the same time there was a catch-up 

campaign schedule targeting children up to 18 years of age. In Africa, the 

MenAfriVac campaign was used in an attempt to minimize the serogroup A 

epidemics in Africa. However, plain polysaccharide vaccines are poorly 

immunogenic in children below two years old [137] and also provide only short-

term protection (3-5 years) [138]. Additionally, these vaccines cannot be 

boosted because repeated doses usually results in hyporesponsiveness [139]. 

To overcome the disadvantages of plain polysaccharide vaccines, conjugated 

vaccines were developed.  

Conjugate vaccines contain the capsular polysaccharide of one or more 

serogroups conjugated to a carrier protein, which enhances the protective 

response for longer-lasting protection, and can be boosted without inducing 

hyporesponsiveness [140]. For serogroups A, C, W, and Y, conjugate vaccines 

have been shown to be very effective in preventing disease in all age groups. 

From August 2015, the Quadrivalent MenACWY vaccines replaced the MenC 

vaccine in the UK for 13-14 years-olds and new university entrants up to 25 

years of age from August 2015.  The catch-up vaccination programme has also 

been offered during 2015-17 to those who were aged 14-18 years in 2015 [37]. 

MenACWY vaccine has been given routinely to teenagers at around 14 to 18 

years old in the UK.  

Until recently, the development of a universal vaccine against serogroup 

B has been challenging. Serogroup B capsular polysaccharide is poorly 
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immunogenic and identical to the polysialic acid present in many human 

glycoproteins; additionally, antibodies generated against these targets may 

result in autoimmunity [141, 142] making serogroup B polysaccharide 

unsuitable to use as a vaccine antigen [143]. An approach to resolving this 

challenge was to focus on other surface-exposed virulence factors such as 

lipooligosaccharide or outer membrane proteins, either in purified or 

recombinant forms or in outer membrane vesicles. The first protein-based MenB 

vaccine contained outer membrane vesicles (OMVs) and showed discouraging 

results, particularly in children below four years [44, 144]. In particular, 

protection was only conferred against strains expressing homologous antigens 

due to the extensive antigenic diversity exhibited by meningococci and their 

major immunogenic antigens (such as PorA) [145].  

Antigenic diversity of meningococcal surface proteins is the main 

problem when designing broadly protective meningococcal vaccines. Two 

different approaches have addressed the challenge of the antigen diversity: one 

based on multiple antigens identified by ‘reverse vaccinology’, which resulted in 

the development of the 4CMenB vaccine (Bexsero®) licensed so far in Europe, 

Australia, Canada and Chile [9, 121, 146] the other based on the combination 

of two variants of the surface antigen factor H-binding protein (fHbp), which has 

recently been licenced in the United States (Trumenba®) [147]. Since 

September 2015, the 4CMenB vaccine has been introduced into the childhood 

immunization schedule in the UK. This NHS immunisation scheme covers babies 

only; other risk groups, including toddlers and teenagers, are not currently 

entitled to the vaccine on the NHS. The multivalent vaccine contains 

recombinant group B Neisserial adhesion protein (NadA), fHbp, Neisseria 

heparin-binding antigen (NhbA), and outer membrane vesicles (OMV) from N. 
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meningitidis group B strain NZ98/254. Using different strategies, Pfizer have 

developed and licensed the vaccine (Trumenba) based on two variants of factor 

H-binding protein [148]. Successful implementation of an anti-serogroup B 

vaccine will help change the epidemiology and disease burden in countries 

where serogroup B disease remains a significant problem. 

1.8. The autotransporter secretion pathway 

Gram-negative bacteria possess at least six well-defined secretion systems for 

transporting secreted proteins across the cell envelope to the extracellular 

milieu [149]. These are designated type I to type VI [150]. These types of 

pathways are grouped into the Sec-dependent and Sec independent pathways 

[151].  

In the Sec dependent systems, the Sec machinery is involved in the 

secretion of the proteins across the inner membrane [151]. Sec-independent 

systems are one-step systems where no periplasmic intermediate is involved. 

The twin arginine (Tat) pathway is an alternative pathway to the Sec pathway 

across the inner membrane [152]. In N. meningitidis four secretory pathways 

are active namely the autotransporter pathway (T5aSS), the two-partner 

secretion pathway (T5bSS), the trimeric pathway T5cSS (collectively known as 

T5SS) and the type one secretion pathway (T1SS) [153, 154]. Recently, another 

mechanism has been discovered which is the Slam-dependent pathway for cell-

surface exposure of lipoproteins [155].  

Autotransporter proteins are secreted via the Type V secretory system 

[156]. It is a transport system where a single polypeptide was originally thought  

to facilitate its own translocation across the outer membrane [112] and is  
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arguably the most widely used transportation system in Gram-negative bacteria 

[156, 157]. The classic autotransporter proteins have three distinct domains: 

an N-terminally located signal peptide (leader) sequence which mediates inner 

membrane translocation via the Sec (general secretion system) system, a C-

terminal β-domain that is required to translocate the central passenger domain 

across the outer membrane, and the central function-determining passenger 

domain which is translocated to the extracellular environment [158-160]. 

The word autotransporter was coined because previously it was assumed 

that all the classical monomeric autotransporters contained all information for 

the translocation process without requiring any accessory factors or energy 

[161]; the C-terminal domain was thought to form a transmembrane pore 

through which the passenger domain could translocate to the bacterial cell 

surface [162, 163]. However, the β-barrel pore is too narrow to allow transport 

of the corresponding passenger domain in the partially folded state and several 

studies have shown that expression of the outer membrane protein assembly 

factor is a prerequisite for passenger domain secretion [5]. Initially, the signal 

sequence of autotransporters directs the protein transportation across the inner 

membrane via the Sec machinery, which is followed by cleavage of the peptide 

by a signal peptidase [162]. Then, certain accessory factors including 

periplasmic chaperones such as Skp, SurA, DegP are used to escort the secreted 

protein across the outer membrane [164-166]. Although N. meningitidis lacks 

DegP, the bacterium encodes the closely related homologue DegQ, which can 

functionally replace the former [167]. In the translocation process of the 

secreted protein from the inner membrane to OM, the β barrel assembly 

machinery (Bam) complex is required for folding and insertion of the β-barrel 

domain into the outer membrane, and to allow the passenger domain to be 
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translocated to the cell surface (Figure 1.4) [168, 169]. The Bam complex in E. 

coli is composed of the outer membrane β-barrel protein BamA (formerly known 

as YaeT in E. coli or Omp85 in N. meningitidis) and four associated lipoproteins 

that are exposed to the periplasm (BamB, BamC, BamD, and BamE) [170]. It 

was hypothesized that the β-domain of autotransporter and the β-barrel domain 

of BAM complex make a hybrid form which is wide enough to allow passenger 

domain translocation [171]. The study of Dorbnak et al. demonstrated that 

protein folding at the cell surface likely provides the energy to drive 

translocation [172]. After OM translocation, the passenger domain may remain 

associated with the β-domain or alternatively it may be cleaved but remain 

loosely attached to the bacterial cell surface, or it may be completely detached 

from the bacterial cell surface and released into the extracellular milieu. 

Depending on the individual autotransporter the cleavage may be due to 

autoproteolytic activity or due to the action of other proteases bound to the 

bacterial outer membrane. This latter scenario is encountered with IgA1 

protease and other secreted serine proteases [112, 157, 173, 174]. 
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Figure 1.4:  Autotransporter secretion system. They are synthesized with a 

cleavable N-terminal signal sequence (red) for translocation across the inner 

membrane (IM) via the Sec apparatus. After periplasmic transit, escorted by 

chaperones like Skp and SurA, the C-terminal β-domain (blue) is integrated as 

a β-barrel into the OM by the BAM complex. Presumably, during this integration, 

the passenger domain is transported to the cell surface [175]. A segment that 

connects the passenger with the β-domain (grey) forms an α-helix that plugs 

the channel within the barrel. Adopted from: Tommassen et al. [5].  

Autotransporters can be categorised into four categories based on the size of 

translocator domain and its position relative to the passenger domain: classical  

autotransporters (T5aSS); two-partner autotransporters (T5bSS); trimeric 

autotransporters (T5cSS); fused two-partner autotransporters (T5dSS) and 

inverted autotransporters (T5eSS) [157].  

T5cSS is the trimeric autotransporter secretion system. Like the classical 

ATs, trimeric ATs consist of a passenger domain and a C-terminal translocator  
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domain. However, the translocator domain is much shorter. The proteins 

assemble into the outer membrane as trimers, where each protomer contributes 

four β-strands to form a single 12-stranded β-barrel [149]. In contrast to many 

classical ATs, none of the trimeric ATs that have been studied so far are cleaved 

from the cell surface and released into the extracellular milieu. The trimeric 

autotransporters typically act as adhesins where they can mediate bacterial 

adherence to eukaryotic cells or extracellular matrix proteins or can promote 

bacterial biofilm formation [157]. In some cases, they can also bind circulating 

host factors, such as immunoglobulins or complement components [176, 177]. 

So, this secretion pathway may have evolved to enable high-affinity multivalent 

interaction with host molecules [178]. It is exemplified by members of the 

Oligomeric Coiled-coil Adhesins (Oca) family [179]. 

1.9. Autotransporter proteins in N. meningitidis 

Eight autotransporter proteins have been identified in meningococci, namely 

IgA1 protease, NhhA, NadA, adhesion and penetration protein (App), 

meningococcal serine protease A (MspA); AutA, AutB, and NalP (AspA). The 

majority of these proteins have been studied in depth by our research group 

[178, 180-184]. Two have close homologues in N. gonorrhoeae, namely App 

and IgA protease [58]. NhhA and NadA belong to the Oca family [154]. 

In N. meningitidis, the classical autotransporters (type Va) is one of the 

important class and it is the largest subgroup of autotransporters. Many classical 

ATs contain a serine protease domain. Many of them have been shown to play 

roles as virulence factors. Among of them, IgA1 protease is perhaps the best-

characterised virulence factor involved in meningococcal pathogenesis. Several 

additional autotransporter proteins including Neisseria hia homolog A (NhhA), 
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Adhesion and penetration protein (App), Neisseria adhesion A (NadA) and 

Meningococcal serine protease A (MspA), are also associated with host-

pathogen interactions. Some act as adhesins, but may also have additional 

virulence-associated activities [185]. In general, autotransporter proteins 

contribute to virulence and play important roles including adhesion to cell 

surfaces, proteolytic degradation of host molecules, iron acquisition, 

cytotoxicity, immune evasion and serum resistance [162] 

Three of the meningococcal autotransporters: IgA1protease; App and 

MspA, harbor S6-peptidase domains within their respective passenger domains. 

Such autotransporter peptidases are associated with adherence or cleavage of 

extracellular or intracellular host proteins resulting in toxicity and modulation of 

host response [159, 186]. NalP is a lipoprotein which harbors a S8-peptidase 

domain, AutA and AutB are surface exposed, and NhhA & NadA are two trimeric 

autotransporter proteins. 

 

1.9.1. IgA protease 

IgA1 protease is a serine protease which has a chemotrypsin-like fold. The 

passenger domain of IgA1-protease contains two subdomains: a protease 

domain and a peptide domain both of which are connected by a γ–peptide [187]. 

The passenger domain is connected with the β-domain via a linker peptide. The 

protease domain is released into the milieu via autoproteolytic cleavage at sites 

located between the protease domain and γ-peptide/ between γ-peptide and α- 

peptide/ between the α-peptide and the linker peptide but the processing sites 

depend on the strains (Figure 1.5) [188]. Alternatively, the whole passenger 

domain with linker peptide can be released by NalP-mediated cleavage, 

expression of which is prone to phase variation due to single strand mispairing 
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[183, 188, 189]. van Ulsen and his colleagues reported that in N. meningitidis, 

two different variants of IgA protease were involved in two different and 

mutually competing proteolytic events mediating the release of passenger 

domain [183]. 

 

Figure 1.5: Schematic diagram showing the various domains of IgA1 protease 

with possible autocatalytic position sites and approximate NalP cleavage site. 

NalP-mediated IgA protease fragment contains the protease domain and α-

peptide domain. Arrowheads indicate Nuclear localization signals (NLS) position 

and the open arrow heads show NLS position in α-peptide. Adapted from: 

Roussel et al. [188]. 

 

Furthermore, IgA1 protease appears to degrade IgA1 by cleavage at a 

site located in the region between Fab and Fac domains [190], releasing inactive 

monomeric Fab fragments [191], that can block the interaction of IgG and IgM 

[192]. Cleavage of IgA1 may also inhibit IgA-mediated agglutination and 

consequent clearance of the bacteria in the nasopharynx [5]. IgA1 protease has 
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no activity against IgA2. IgA1 protease can also cleave lysosome-associated 

membrane protein LAMP. LAMP1 contains an IgA1-like hinge region with 

potential cleavage sites for the neisserial type 1 and type 2 IgA1 proteases. 

LAMP1 degradation prevents acidification of the bacterium-containing endosome 

and thus promotes bacterial intracellular survival in the epithelial cells in vitro 

[193] and transcytosis across the polarized epithelial monolayers [129].  

The α-peptide of IgA1 contains nuclear-targeting signals (NLS) that are 

rich in arginine residues, and which facilitate trafficking of IgA1 protease to the 

nucleus of eukaryotic cells [183, 187]. When IgA1 protease is released from the 

bacterial cell surface via NalP-mediated cleavage the released passenger domain 

contains an α-peptide, which targets the nucleus following uptake by eukaryotic 

cells. Besbes and colleagues showed that meningococcal IgA1 protease carrying 

an α-peptide moiety and harboring a nuclear localisation signal (NLS), allowed 

efficient intra-nuclear transport and when the NLS was absent in the α-peptide 

there was no nuclear transportation [194]. Jose et al. and colleagues also 

described different variants of IgA1 protease regarding the number of NLSs and 

sequence variability [195]. In absence of NalP, IgA protease-containing 

α-peptide remains covalently attached to the translocator domain at the cell 

surface and the protease domain without the α-peptide can be released by the 

autocatalytic processing [183]. Due to the absence of NalP expression, the 

α-peptide that is attached at the bacterial surface can stimulate biofilm 

formation by binding polyanions like envirnmental DNA(e-DNA) [196]. The α -

peptide also binds heparin and may mediate serum resistance and adhesion 

[188]. Nuclear-localized IgA1 protease can cleave the transcription activator NF-

kB, and thus prevent immune activation [188, 194]. It is predicted that α–

peptide associated IgA1 proteases may bind with DNA dependent NF-kB 
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responsive promoters [194]. The NF-kB protein family of closely related 

transcription factors play important roles in gene expression of proteins with 

roles in the immune response. It was reported that α–peptide containing IgA1 

protease is transported to the nucleus of infected cells where it cleaves the 

p65/RelA component of NF-κB complex and the expression of NF-kB regulated 

genes was altered [194]. 

 

1.9.2. NalP 

NalP (Neisseria autotransporter lipoprotein) has a S8 family (subtilisin-like) 

protease domain [183]. The gene is common to most, but not all, meningococcal 

strains [197]. The expression of NalP is phase-variable due to slipped strand 

mispairing which determines the length of a poly-cytosine tract in the coding 

region [183, 197]. A study by our group demonstrated that nalP was phase ON 

in approximately half of serogroup B strains tested and no significant differences 

were noticed between carriage and invasive strains [197]. The passenger 

domain of NalP is released from the bacterial surface by autoproteolytic 

processing. However, after cleavage between the passenger domain and the β-

domain, the passenger domain remains temporarily attached at the outer 

membrane of cell surface by an N-terminal lipid moiety anchor [189]. In this 

location, it can cleave other surface-exposed proteins including several  

autotransporters (IgA1, MspA, App, and NHBA) and lipoproteins (LbpB) [181, 

183]. The release of these proteins has significant consequences on 

meningococcal pathogenesis. NalP-mediated IgA protease and App can both 

stimulate apoptosis [153]. Another important target is NHBA, which is 

responsible for heparin binding [198]. NalP-mediated cleavage can release the 

C-terminal part of NHBA that can in turn bind environmental DNA (e-DNA), 
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which is nuclear or mitochondrial DNA, and result in inefficient biofilm formation 

[196]. Conversely, in the absence of NalP expression, the α-peptide of IgA 

protease and NHBA are retained on the cell surface, which facilitates colonization 

and biofilm formation. NalP expression may abrogate dispersal of biofilms and 

invasion or spreading to a new host [5]. 

Once released, NalP can be internalized by host cells and its proteolytic 

activity can increase host cell metabolic activity [184]. NalP can also cleave the 

complement factor C3, thus contributing to the ability of meningococci to 

survive in host serum by avoiding complement activation [198, 199]. 

 

1.9.3. AutA and AutB 

AutA and AutB are surface-exposed classical small autotransporters. The autA 

gene is distributed among all the Neisseria sps. whereas autB is restricted to 

the two pathogenic Neisseria sp.: N. meningitidis and N. gonorrhoea. The 

expression of autA and autB is prone to phase variation due to slipped strand 

mispairing of AAGC nucleotides repeated downstream of the start codon [200]. 

The autB gene is phase off in the majority of meningococcal genomes containing 

an intact autA gene [201]. The two proteins, AutA and AutB, do not release their 

passenger domains into the milieu. Instead there are exposed at the bacterial 

cell surface covalently attached to the β-domain [200, 201]. AutA expression 

can induce bacterial autoaggregation and biofilm formation [200]. 

Autoaggregation is mediated by the interaction of AutA proteins on neighbouring 

 cells. AutA can also bind DNA, which acts as an adhesin between cells [5]. In 

addition, it is associated with resistance to host immune defences such as 

phagocytosis [202]. AutA was also reported to be a potent CD4+T-cell and B-
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cell stimulating antigen [178]. AutB expression can also enhance biofilm 

formation indicating that AutB also has a role in colonization [201]. 

 

1.9.4. NadA and NhhA  

NadA and NhhA are trimeric autotransporters which function as virulence 

factors. NhhA has homology to the Hia and Haf adhesin of non-typeable H. 

influenza [203]. The nhhA gene is ubiquitously present in meningococci [204]. 

NhhA protein expression is required for efficient colonization since it binds to 

extracellular matrix proteins, heparin sulfate and laminin. NhhA protects against 

complement activation by binding with activated complement regulatory protein 

vitronectin and thus conveys serum resistance by inhibiting membrane attack 

complex formation [205]. It was  reported that NhhA can also induce apoptosis 

of macrophages [206]. This research study also reported that an nhhA mutant 

was less virulent after intraperitoneal injection of mice [206]. In addition, it was 

also reported that NhhA functions as an immune modulatory agent [100]. It 

was found that NhhA induced the differentiation of monocytes into macrophages 

whereas the differentiation of monocytes into dendritic cells that produce an 

anti-inflammatory response was blocked. This response prevents dissemination 

and help to sustain asymptomatic colonization by N. meningitidis [100]. 

Neisserial adhesion A (NadA) is also a surface-exposed trimeric 

autotransporter protein, and a component of the 4CMenB vaccine. The protein  

has similarity with the virulence factor YadA of Yersinia enterocolitica [153]. 

Neisseria NadA has been implicated in host adhesion and invasion. The nadA 

gene is present in 30% of N. meningitidis with a lower prevalence carrier state 

[207, 208]. In saliva, secreted 4-hydroxyphenylacetic acid acts as an inducer of 

NadA expression suggesting an important role for NadA in mucosal colonization 
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[209]. NadA has also been shown to promote the bacterial invasion of the host 

cells [210]. By producing of NadA in E. coli it has been shown to increase 

adherence to activated human monocytes and macrophages and purified NadA 

induced TNF-α and IL-8 production by these cells [211]. NadA is considered to 

be a good vaccine candidate because it is a surface exposed molecule which 

plays a role in adhesion, and can induce high level of bactericidal antibodies 

[212].  

 

1.9.5. App and MspA  

App and MspA are chemotrypsin-like serine proteases which have homology 

with IgA protease [182, 213]. Both proteins belong to the S6-peptidase family 

based upon common ancestry and shared features including the nature, order 

and relative positions of catalytic residues. The following table summarizes the 

main structural aspects of App and MspA (Table 1.1).  
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Table 1.1: The main features of App and MspA proteins in N. 

meningitidis strain MC58. 

Features App MspA 

 

Accession 

number 

  

 

NP_274977.1 NP_274990.1 

Sequence 

identity 

  

 

Hap (56%) 

IgA1 protease (39%) 

IgA1 protease (36%) 

App (33%) 

Molecular Weight 

(kDa) 

159.966 (full-length 

protein) 124.633 

(passenger domain) 

157.645 (full-length 

protein)123.996 

(passenger domain 

Full-length 

autotransporter 

1457a.a 1431a.a 

Signal peptide 42 (M
1
–A

42
) 26 (M

1
–S

26
) 

Passenger domain 1137 (G
43

–N
1179

) 1126 (S
27

–A
1152

) 

β-domain 262 (Q
1196

–W
1457

) 248 (D
1179

–K
1426

) 

Catalytic triad H115, D158, S267 H100, D135, S241 

Proteolytic processing autocleavage/NalP 

mediated 

autocleavage/NalP 

mediated 

Putative 

autocleavage site(s) 

956F↓NTL959 

1178A↓NSG1181 

870F↓NTL873 

Predicted NLS (933RRRSRRSR940) Not Identified 

The table summarises and compares the main structural features of App and 

MspA proteins of N. meningitidis serogroup B strain MC58. The number above 

the amino acids sequence refer to amino acid position in the full-length proteins 
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prior to signal peptide cleavage. The table is adapted from the thesis of Dr. 

Kharilla.  

App expression is common for all meningococcal strains [180] whereas the 

mspA gene is absent or disrupted in some strains, and it’s expression is prone 

to phase variation [197]. 

App and MspA are both immunogens. App can be expressed during 

meningococcal infection and carriage, and can induce antibody responses [180]. 

Similarly, expression of MspA in the host has been shown to induce bactericidal 

antibody responses [182].  

App and MspA may remain anchored to the cell surface, where they 

mediate adhesion to human epithelial and endothelial cells. Both proteins were 

shown to facilitate adhesion to human brain microvascular endothelial cells 

(HBMEC), dendritic cells (DCs) and red blood cells [182, 214, 215]. App is 

required as an adhesin for optimal meningococcal adhesion to host epithelial 

cells [214]. 

App and MspA can be released from the bacterial cell surface by 

autoproteolytic cleavage. However, as with IgA protease, two different secretion 

forms due to the different proteolytic cleavage events are also common for App 

and MspA [183]. In the case of NalP-mediated cleavage, both proteins are 

released from the cell surface in a larger form with a C-terminal extension 

named the α-peptide (Figure 1.6). The α-peptide of App is proposed to contain 

a putative nuclear localization signal (which is two arginine rich segments similar 

to the NLS of the α-peptide of IgA protease). This type of NLS is not found within 

the α-peptide of MspA and MspA has not been shown to play any role in biofilm 

formation [196]. 
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Figure 1.6: Models of autocatalytic processing and NalP-mediated proteolytic 

processing of App at the meningococcal surface. Here, ‘α’ indicates the α-peptide 

of App and the protease domain is shown in green. The passenger domain 

without α peptide is autocatalytically released at the bacterial cell surface, but 

NalP-mediated proteolytic processing releases the passenger domain of App 

containing the α-peptide. The figure shows a model in which one App molecule 

acts on another molecule and it is also possible that an intra-molecular cleavage 

event is responsible for the observed processing [153]. 

In the absence of NalP expression, the α peptide of passenger domain of App 

remains associated with cell surface and it could contribute to biofilm formation 

[216]. In E. coli App and MspA expression mediated adhesion to Chang epithelial 

cells and App also mediated adhesion of meningococci to the same epithelial 

cells [214]. It is interesting that encapsulation did not interfere in the adhesion 

function indicating that these large proteins can extend beyond the capsule. 

 App can also mediate inter-bacterial interaction by bacterial aggregation on cell 

layers by binding the NLS to e-DNA [214]. 

A recent study by our research group demonstrated that recombinant  
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App and MspA passenger domains (akin to the NalP-released fragments) could 

be taken up by dendritic cells. Cross-linking experiments identified the mannose 

receptor (MR) and transferrin receptor as App- and MspA-ligands which were 

involved in the uptake process [215]. Mannose receptor is a member of the 

calcium dependent lectin receptor superfamily that plays a role in innate 

immune response and mediates endocytosis [175, 217]. The transferrin 

receptor is a transmembrane homo-dimeric glycoprotein and is required for 

internalization of iron–loaded transferrin through endosome [218]. Following 

uptake, the internalised App and MspA trafficked to the cell nucleus, and 

exposure to App and MspA triggered apoptosis. Cross-linking also indicated that 

App and MspA bound to histone proteins, and cleavage of recombinant histone 

H3 by App and MspA was demonstrated, a potential mechanism by which 

apoptosis is induced in these cells [215]. Significantly, a transgenic mouse 

model of meningococcal infection was used to demonstrate the involvement of 

App and MspA in meningococcal pathogenesis [215]. 

 

1.10.  Aim of the study  

App and MspA are secreted virulence proteins with structural similarities to IgA1 

protease. However, further knowledge of their respective roles in pathogenesis 

is required. We hypothesized that, due to the large size of the internalized App 

and MspA fragments, nuclear localization of App and MspA was NLS-dependent. 

This study also aims to more fully assess the interactions of App and MspA with 

human core histone proteins in terms of specificity and the role of PTMs in 

modulating activity.  
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2.1. Bacterial strains and growth conditions  

In this study, Escherichia coli strain JM109 (Promega) was used for the routine 

propagation of plasmids. For protein expression, E. coli BL21-Gold (DE3) was 

used. Bacteria harbouring plasmids were cultured on LB agar plates containing 

the appropriate antibiotics: 100 µg ml-1 Ampicillin or 50 µg ml-1 Kanamycin. The 

plates were incubated at 37°C; broth cultures were incubated at the same 

temperature in a shaking incubator while being aerated by shaking at 200rpm. 

2.2. List of the plasmids used in the study 

Table 2.1 Description of plasmids used in this study. 

Plasmid Description Source or 

Reference 

pColdTF-App Expression vector encoding 6 × 

histidine-tagged 

43G - 1179N of MC58 App fused to 

trigger factor  

Dr. Ahmed 

Khairalla 

pColdTF-AppS267A Catalytic serine (267S) residue of 

App substituted with an alanine 

residue 

Dr. Hibah 

Albasri 

pColdTF-MspA Expression vector encoding 6 × 

histidine-tagged 

27S - 1152A of MC58 MspA fused to 

trigger factor 

Dr. Ahmed 

Khairalla 

pColdTF-MspAS241A Catalytic serine (241S) residue of 

MspA substituted with an alanine 

residue 

Dr. Hibah 

Albasri 

pColdTF-MspAD135E Catalytic aspartic acid (135D) 

residue of MspA substituted with 

glutamate. 

This study 

pColdTF-MspAD135ES241A Catalytic aspartic acid (135D) and 

serine (241S) residues of MspA 

This study 



  

43 

 

substituted with glutamate and 

alanine residues, respectively 

pDsRed monmer-C1 

 

DsRed expression vector Clonetech 

pDsRedApp MC58 App passenger domain 

(43G - 1178N) in pDsRed 

monomer-C1  

Dr. Osman 

A. Dufailu 

pDsRedMspA MC58 MspA passenger domain 

(27S - 1152A) in pDsRed monomer-

C1  

Dr. Osman 

A. Dufailu 

pDsRedVirD2 virD2 of Agrobacterium 

tumifaciens in pDsRed 

monomer-C1 

Dr. Rob 

Delahay 

pDsRedIgA1Protease  MC58 igaA1 in pDsRed 

monomer-C1   

Dr. Osman 

A. Dufailu 

pDsRedAppS267A Catalytic serine residue (267S) of 

App substituted with an alanine 

residue 

This study 

pDsRedMspAS241A Catalytic serine residue (241S) of 

MspA substituted with an alanine 

residue 

This study 

pDsRedAppΔ901G-980Y Residues 901G to 980Y deleted 

from App 

This study 

pDsRedAppDelΔ901G-965L Residues 901G to 965L deleted 

from App 

This study 

pDsRedAppNLSS936AS939A Serine residues at amino acid 

sites 936 and 939 of App NLS 

substituted with alanine residues 

This study 

pDsRedMspADelΔ1037Q- 

1136I 

Residues 1037Q to 1137I deleted 

from MspA  

This study 

pDsRedMspADelΔ999D- 

1073A 

Residues 999D to 1073A deleted 

from MspA  

This study 
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2.3. Extraction, purification and quantification of 

DNA 

Plasmid DNA was extracted from bacterial cells using the GenElute plasmid 

miniprep kit (Sigma Aldrich-UK) by following the manufacturer’s instructions. 

        The GenElute PCR clean up kit (Sigma Aldrich-UK) was used to clean up 

both PCR products and products of restriction digestion.  

        The Gel Extraction kit (Sigma Aldrich-UK) was used for the purification of 

DNA fragments from agarose gels. Bands of interest were first confirmed with 

minimal UV exposure.  

       The manufacturer’s instructions were followed in each case.  

       The concentration and the purity of DNA were confirmed using a NanoDrop 

ND-1000 Spectrophotometer (Thermo Scientific) at 260/280nm wavelength. 

DNA preparations were generally accepted as pure when the 260/280 

absorbance ratios were in the range of 1.8-2.0. 

2.4. Polymerase Chain Reaction (PCR)  

PCR was perfomed using Q5 High Fidelity DNA polymerase and/or Phusion High 

Fidelity DNA polymerase with selected primer pairs. All primers were purchased 

from Sigma and are listed in Table 2.2. PCR reactions were undertaken 

according to the manufacturer's recommendation. Briefly, a master mix was 

used, containing 1µl DNA template, each of the respective primers (Table 2.2) 

to a final concentration of 0.5 μM, 60 μl 5 × Q5 reaction buffer, final 

concentration of dNTPs 0.2 mM, 3 μl High Fidelity DNA polymerase and added 

water to make final volume 300 µl. 50 μl aliquots of the master mix were 

dispensed into six reaction in PCR tubes.  
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          Inverse PCR was perfomed using Phusion High Fidelity DNA polymerase 

with respective primers (Table 2.2) which incorporated with SpeI restriction 

enzyme to delete the targeting regoin and the reaction was done with following 

the manufacturer's instructions. The final concentrations of the constituents of 

the reaction mixture were as followed : 0.5 μM primer, 1 × Q5 reaction buffer, 

final concentration of dNTPs 0.2 mM and DNA concentration <250ng. The PCR 

was performed under the different thermo-cycling conditions as follows. 

           For Q5 High Fidelity DNA polymerase, the PCR conditions were initial  

template denaturation step at 98°C for 30 s, denaturation at 98°C for 10 s, 

annealing for 30 s, and extension at 72°C and time used based on the amplicon 

size, usually 30 s/kb and followed by 30 cycles of incubation. The annealing 

temperature were differed depending on the primer pair (Appendix). The final 

extension was done at 72°C for 5 min.  

          For Phusion High Fidelity DNA polymerase, the PCR conditions were as 

follows: initial template denaturation step at 98°C for 5 min; denaturation at 

98°C for 30 s; annealing at indicated temperature based on the primer pair 

(Appendix) for 30 s then extension at 72°C for 30s/kb repeated for 30 cycles 

and followed by a final extension at 72°C for 10 min.  

          Then the PCR product was cleaned up with Gene elute-PCR clean up kit 

(Sigma-Aldrich) and then quantified with NanoDrop ND-1000 

Spectrophotometer (Thermo Scientific). 
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Table 2.2 Primers for sequencing and PCR 

Primer Primer sequence(5’ to 3’) Purpose 

AppDsRedF1 GGCTGGTACCGGACACACTTATTTCGGCATC DNA 

sequencing AppDsRedR1 GCGTGGATCCGGCATAACGGCTGATCAGGTC

G 

MspADsRedF1 GGCTGGTACCTCCATTGTCCGCAACGATGTCG  DNA 

sequencing MspADsRedR1 GCGTGGATCCCCGACCGGCTGATCAGTTCG  

DsredMono C AGCTGGACATCACCAACCACAGCCG DNA 

sequencing 

AppdelRed-

AmpF1 

CCCAAAACGGCAACCTTAGCCTCGTGGGCAAT

GC 

Confirming 

Amplicon 

expected size AppdelRed-

AmpR1 

GCAATCAGCGCGTCAAGGCTTTGC 

 

AppReddel901 to 

980mt1-F5 

 

GGACTAGTCGCAGCGACAAATTGAAGCTGGC

G  

 

Deletion of 

G901 to Y980 

fragments of 

Passenger 

domain of 

App 

 

AppReddel901 to 

980mt1-R5 

 

GGACTAGTGCCTAATTCCGTGCCTGACGGCAG

CG 

 

 

AppReddel908 to 

965mt2-F2 

 

GGACTAGTAACGGTCAGGGAACATTCCGC   

 

Deletion of 

G901 to L965 

fragments of 

Passenger 

domain of 

App 

 

AppReddel908 to 

965mt2-R2 

 

GGACTAGTGTTGTCAAGGTTTAAATTGCC   

MspAReddel1037 

to 1139mt1-F4 

GGACTAGTCGTATGCCGAACCTGGCC 

 

Deletion of 

A1037 to 

I1139 

fragments of 

Passenger 

domain of 

MspA 

 

MspAReddel1037 

to 1139mt1-R4 

 

GGACTAGTCGGACAGATATTGGACTTGGC 

MspAReddel999 to 

1073mt2-F3 

 

5’GGACTAGTGACACGAACGACCTGACA   

Deletion of 

D999 to 
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MspAReddel999 to 

1073mt2-R3 

 

 

5’GGACTAGTTCGGTTGCCTGTAATTGG 

A1073 

fragments of 

Passenger 

domain of 

MspA 

MspAdelRed-

AmpF1 

CTGGGCAAAGCACACCTGTACG Confirming 

Amplicon 

expected size 

 

 Sequences in bold indicate restriction enzyme recognition sequences BamHI, 

KpnI and SpeI. 

 

2.5. Agarose gel electrophoresis 

DNA was separated using 0.7%(w/v) agarose gels, pre-stained with 10 μg ml
-1 

Syber safe stain (Invitrogen) and run in 1 × Tris-Acetate-EDTA buffer (TAE 

buffer) (Appendix). DNA in 1 × DNA loading dye were loaded on the gel, 

separated, and their sizes estimated by comparison to 1 kb DNA Ladder 

(N3232S; New England Biolabs). Gels were run at 100 V for 60 min. Finally, 

DNA fragments were visualized using UVitec scanner (Bio-Rad). 

2.6.  Restriction digestion  

Restriction enzymes were purchased from New England Biolabs-UK. Reaction 

mixtures were incubated in a water bath at 37°C for ≥3 h. 

2.7. Ligation 

DNA fragments were ligated using T4 DNA ligase (New England BioLabs). 

Reactions were performed by mixing 100 ng of DNA, 1 μl 10 × ligation buffer, 
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1 μl T4 DNA ligase and nuclease-free water to a final volume of 10 μl. The 

mixture was incubated at 16°C for overnight. 

2.8. Transformation of E. coli  

DNA was transformed into E. coli strain JM109 competent cells by heat shock 

transformation. 50 μl of E. coli JM109 were thawed on ice for 5 min. 50 ng of 

DNA was added to the cells and then the cells were incubated on ice for 5 min. 

For heat shock transformation, the cells were incubated in a water bath at 42°C 

for 30 s and immediately transferred to ice for 5 min. After that, 950 μl of SOC 

medium (New England BioLabs) was added and the cells was incubated at 37°C 

for 1.5 h with shaking before being plated onto LB agar plates containing 

appropriate antibiotic(s). The resulting colonies were screened by overnight 

culturing in LB broth containing the same antibiotics followed by plasmid 

extraction, restriction digestion and DNA sequencing. 

 

2.9. Site directed mutagenesis  

2.9.1. Lists of the Primers and Plasmids used in the 

mutagenesis 

Site directed mutagenic primers were designed using the NEBaseChanger online 

tool (http://nebasechanger.neb.com/). Each primer was designated based on 

the amino acid targeted for mutation. Each case the encoding nucleotide triplet 

was altered to encode a non-polar amino acid.  
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Table 2.3 Following primers were used for site-directed mutagenesis 

Primer  Template Primer sequence (5’ -3’) 

AppRedS267A-F  

pDsRedApp 

ATTTGGCGACGCCGCCTCACCAATG 

AppRedS267A-R GAGCCTCCTGTTGGTAAA 

MspARedS241A-F 

 

 

 

 

pDsRedMspA 

 CGCCGGAGACGCTGGTTCCCCCC 

 

MspARedS241A-R ATTGCGTAGGTGTTAAGG 

MspAD135E-F  

pColdTF-MspA 

          or 

pcoldTF-MspAS241A 

 

 

CCCGGACTACGAATACCACCTTC 

 

MspAD135E-R  

TGCGGGTTGCGTGATACG 

 

 

AppRedNLSSS936&939AA-F 

 

 

 

pDsRedApp 

 

CGCCGCCGTGCGCGCCGTGCGCGC

CGTTCC 

 

AppRedNLSSS936&939AA-F GGCGCATCTGTCGCACTGCCGGTTT

GCG 

The sequence in bold represents the target residues of amino acid substitution.  

 

2.9.2. PCR mediated mutagenesis  

Site-directed mutagenesis was carried out using the Q5 Site-Directed 

Mutagenesis kit. Each reaction mixture containing 15-20 ng plasmid DNA, 2 × 

Q5-Hot Start High-Fidelity master mix to a final 1 × concentration; each of the 

respective primers (Table 2.3) to a final concentration of 0.5 μM and total 

volume of final reaction mixture was 25 μl with dH2O. The PCR conditions used 

were as following: initial denaturation step at 98°C for 30 s, denaturation at 

98°C for 10 s, followed by 30 cycles, recommended annealing for 30 s, and 

extension at 72°C for 5 min. The temperature for annealing were used varied 

depending on the respective primer pair used (Appendix); the extension time 
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used based on the expected size of the amplicon, generally 30 s/1kb and final 

extension step was 72°c for 5 min. 

 

2.9.3. Kinase-Ligase-DpnI (KLD) treatment  

1µl of PCR-product was mixed with 1µl 10 × KLD enzyme mix (from the Q5 Site-

Directed Mutagenesis Kit) in the presence of 2µl from 5 × KLD reaction buffer. 

The reaction mixture was made up to 10µl with dH2O and incubated at 37°C for 

5 min.  

 

2.9.4.  Transformation  

5µl from the reaction mixture was transformed into E. coli JM109 competent 

cells as per section 2.8.  

2.10.  DNA sequencing 

DNA sequencing was provided by Source Bioscience UK, and the data analysed 

using DNAMAN software.  

2.11.  Protein expression and purification 

E. coli BL21-Gold (DE3) cells harbouring pColdTF-based plasmids were cultured 

on LB agar containing ampicillin (100 µg ml-1) and subsequently overnight fresh 

cultures were 1:50 diluted and as grown as 500ml LB broth cultures to a mid-

phase optical density (OD600 of 0.5). The culture was then cooled down at 15˚C 

for 30 min without shaking. Recombinant protein expression was induced with 

1mM IPTG for 24 h at 15°C. Cells were harvested by centrifugation at 4200 × g 

at 4˚C for 10 min in an Allegra X-22R centrifuge (Beckman Coulter). Cell pellets 

were frozen at -80°C until use or re-suspended in lysis buffer (50mM sodium 
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phosphate, 300mM NaCl, 10mM imidazole, pH 7.4). Sonication was performed 

for 8 min on ice in short bursts (15s on and 15s off) using a model 705 Sonic 

Dismembrator (Fisher Scientific) at amplitude 15 microns. The cell lysate was 

centrifuged at 8500 × g at 4˚C for 15 min and the his-tagged recombinant 

protein present in the soluble lysate purified by immobilized metal ion 

chromatography (IMAC) using an AKTA Prime Plus (GE–Healthcare) and 5ml 

HisTrap-HRP Ni-column (Fisher Scientific). The column was washed with buffer 

containing 50mM NaH2PO4, 300mM NaCl, 50mM (or 30mM) imidazole, pH 7.4 

before the soluble lysate was loaded through the column. The flow through was 

then reloaded and unbound protein collected as FT, and loosely bound protein 

removed by washing using the same wash buffer as used previously. Finally, 

the bound protein was eluted from the column with elution buffer (50mM 

NaH2PO4, 300mM NaCl, 500mM imidazole, pH 7.4). 1 ml elutes were collected 

based on the corresponding peak area ratios from the purification 

chromatogram and proteins resolved by SDS-PAGE. 

 

2.12.  Desalting and concentration of proteins 

The fractions containing the desired protein were combined and desalted using 

dialysis tubing-Spectra/Por dialysis membrane (Spectrum labs) by incubated at 

4°C overnight with shaking into 20% (v/v) glycerol in Phosphate Buffer Saline 

(PBS).  

Purified, desalted protein samples were then concentrated by using 30MWCO 

membrane cut-off Vivaspin centrifugal concentrators (Sartorius).  
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2.13. SDS-PAGE analysis  

For SDS-PAGE analysis, mini–protein III apparatus (Bio-Rad) was used. Prior to 

loading, samples were mixed with 6 × SDS sample buffer (Alfa-Ashar) and heat 

denatured at 100°C for 5 min. Proteins were electrophoretically separated using 

different percentage of mini-gel based on the molecular weight of the proteins.  

Colour Plus protein marker (P7712S; New England BioLabs) was used to 

estimate the molecular weights of the proteins. 1 × Tris Glycine SDS running 

buffer (Alfa-Ashar) was used for electrophoresis which was run at 130 V until 

the marker reached to the baseline of the gel. After electrophoresis, the proteins 

were detected by staining the gel with Coomassie blue stain for 1 h. Gels were 

scanned using the Uvitec scanner (Bio-Rad). 

 

2.14. Immunoblot analysis  

Protein mixtures were separated by SDS-PAGE and were electro-transferred 

onto nitrocellulose membranes (0.2µm; GE-Healthcare Life Science) in semi-dry 

blotting buffer (5.8g Tris base, 2.9g Glycine, 3.7ml 10% (w/v) SDS and 200ml 

methanol/L) using a Trans-Blot SD semi-dry transfer cell (Bio-Rad) at 10 V for 

approximately 30 min. After transfer, the membrane was blocked with blocking 

buffer (5% [w/v] skimmed milk [Millipore] in PBS-Tween (PBS containing 0.1% 

(v/v) Tween-20) or Bovine Serum Albumin (BSA, Sigma-Life Science) in PBST 

for 1 h at room temperature or overnight at 4°C. Then the membrane was 

treated with appropriate polyclonal or monoclonal primary antibody diluted 

appropriately in blocking buffer and incubated for 1.5 h at RT or overnight at 

4°C with gentle agitation. The membrane was washed three times with 0.1% 

(v/v) PBST, for 5 min each. Then the membrane was incubated with secondary 
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antibody (anti-mouse/rabbit/goat IgG antibody conjugated to alkaline-

phosphatase [Sigma], (1:30000 diluted in blocking solution) for 1.5 h with 

shaking at RT. After incubation the same washing steps were followed. For the 

detection of the protein, then the membrane was incubated with substrate 5-

Bromo-4-chloro-3-indolyl phosphate / nitro blue tetrazolium liquid substrate 

system (NBT /BCIP Tablets, Sigma-Aldrich or Roche) and finally washed briefly 

with dH2O and visualized with Uvitec scanner (Bio-Rad). 

2.15.  Protein quantification  

Protein concentration was determined using the Pierce BCA protein assay kit 

(Thermo Scientific), used according to the manufacturer's instructions. 

2.16.  Cell culture 

In this study, Hep-2 (Human epithelial cell-2) and HEK293T (human embryonic 

kidney 293 cells, and contains the SV40 T-antigen) cells were used. The Hep-2 

and HEK293T cells was generously provided by Dr. Osman Dufailu and Dr. Luisa 

Martinez, University of Nottingham respectively. The cells were cultured in 

complete growth media consisting of Dulbecco’s Modified Eagle’s Medium 

(DMEM media Low glucose, Sigma-Aldrich; appendix for the detail composition 

of the medium), supplemented with 10% Fetal bovine serum (FBS), 1% (v/v) 

Penicillin/Streptomycin (10,000 U Penicillin with 10 mg ml-1 Streptomycin in 

0.9% (w/v) NaCl, Sigma-UK) and Epithelial growth supplement/Endothelial 

growth supplement (ECGS, 100×; ScienceCell). Cultures were incubated at 

37°C, in a humidified atmosphere of 5% CO2 (Sanyo CO2 incubator) in T75cm2 

flasks (Corning T75 cell culture flask, Corning, NY). When the cells were 85-

90% confluent, then the cells were passaged by washed with PBS and then 
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incubating with pre-warmed dissociation reagent (trypsin-EDTA solution; 

Sigma-LifeScience). After detachment of the cells, pre-warmed complete fresh 

medium was added and centrifuged at 300 × g for 5 min. Then the supernatant 

was aspirated off and the cell pellet suspended with 1 ml of fresh culture medium 

and the cell suspensions used for cell counting, sub-culturing and experiments.  

2.17.  Cell viability assay  

5 × 105 Hep-2 cells were seeded into 6-well plates and incubated at 37°C in a 

humidified atmosphere of 5% CO2 until 80% confluent. Then the old medium 

was replaced with fresh culture medium containing purified recombinant 

autotransporter proteins (ranging from 40nM to 400nM final concentration) and 

the cells were incubated for 20 h. Cell viability was assessed by microscopic 

evidence and cellular metabolic activities of the cells. Images of the viable cells 

were captured using an Invitrogen EVOS XL Core Cell Imaging System at 10× 

objective. Three separate images from three different batches of the cell viability 

assay were considered. Cell viability of autotransporter treated cells were 

compared with Staurosporine (2uM) as positive control and untreated cells as 

negative control.  

The viable cells were counted with 0.4% (w/v) trypan blue solution  with 

haematocytometer.  

      Alternatively, the XTT cell viability kit (Cell Signalling Technologies) was also  

used to determine the cell viability. Here, Hep-2 cells were seeded in 96-well 

 plates (1 ×104 cells well−1) and incubated overnight.  

The medium was replaced with serum free medium containing 40nM final 

concentration of autotransporters and 50µl XTT detection solution [XTT reagent: 

electron coupling solution PMS (50:1)] was added into each well and incubated 
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for 24 h. Then the absorbance of formazan formed was measured at 450 nm 

using a Spark microplate plate reader at different time points. Each sample were 

tested with triplicate replicates and in three independent experiments. In 

parallel, negative control cells (untreated) and positive control cells 

(Staurosporine; 40nM final concentration) were also analysed. Data analyse 

with GraphPad Prism 7. 

2.18.  Transfection 

Hep- 2 cells and HEK293T cells were seeded onto 12mm glass coverslips in 24-

well plates at a cell density of 100,000 cells well-1. Once the cells had reached 

80-90% confluency, the medium was removed and 500µl pre-warmed antibiotic 

free medium added into each wells. Adherent cells were transiently transfected 

with 1µg of the desired DsRed-based fusion construct. pDsRedIgA1protease and 

pDsRedVirD2 were used as positive controls for nuclear localisation, pDsRed was 

used as a positive control for transfection, and untreated cells were used as a 

negative transfection control.  

           All transfection experiments were carried out with antibiotic-free Opti-

MEM (1 × Reduced Serum Free Medium) using Lipofectamine3000p DNA 

Transfection reagent (Invitrogen) following the manufacturer’s instructions. 

After 48 h of post transfection, the cells were washed with PBS and used for 

immunofluorescence staining and microscopic analysis.   
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2.19. Immunofluorescence staining and confocal 

microscopy  

Transfected cells were grown for 48 h following transfection and fixed with 4% 

(w/v) paraformaldehyde in PBS at room temperature for 15 min. After 

permeabilisation with 0.1% (v/v) Triton X-100 in PBS for 20 min, cell nuclei 

were stained with 0.1% (v/v) Hoechst 33342 (200ug/ml-Immunochemistry) in 

PBS and incubated for 20 min. Cells were washed with ice-cold PBS for three 

times after each step. Then coverslips were sealed with antifade Prolong gold 

mounting reagent (Invitrogen). Nuclear localisation of fluorescently-labelled 

proteins was determined by confocal laser scanning microscopy and quantified 

using Velocity 6.3.1 software (Perkin Elmer). Confocal images were obtained 

using a Zeiss LSM 710 confocal microscope with lasers at 405 nm and 560 nm 

for excitation of DAPI/Hoechst and DsRed respectively. Images were analysed 

by Zen 2.3 Lite software. The intensity of the proteins was analysed using 

Velocity 6.3.1 software (PerkinElmer-UK). 

 

2.20.  Histone purification from eukaryotic cells 

Cell-derived histones were purified from Hep-2 cells grown in 175cm2 flasks in 

DMEM (Dulbecco’s Modified Eagle’s Medium) complete growth medium 

(described in the section 2.16). When the cells were 90-95% confluent, cells 

were harvested and the histones were extracted and purified using the Active 

Motif Histone Purification kit.  

         Harvested cells were suspended in 500µl extraction buffer and incubated 

overnight on a rotating platform at 4°C. The supernatant containing crude 

histone was obtained by centrifugation at 13,000 × g in a micro-centrifuge at 
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4°C (Thermo Scientific-UK). The supernatant was neutralised with 5 × 

Neutralisation buffer until the pH was adjusted to 8.0. The neutralized crude 

histone sample was then loaded onto a pre-equilibrated column with 

equilibration buffer and the flow through was collected by centrifuged at 50 × g 

for 3 min. The column was then washed thrice with 3 ml wash buffer by 

centrifugation for 3 min at 50 × g. For H2A/H2B purification, the column was 

eluted with 3ml H2A/H2B elution buffer by gravity flow. Four 1 ml eluted 

fractions were collected into sterile 1.5 ml Eppendorf tubes. Subsequently, 

H3/H4 histones was eluted by applying four 1 ml aliquots of H3/H4 elution 

buffer. Purified histones were precipitated for buffer exchange according to the 

manufacturer’s instructions (Active Motif-UK). Aliquots were taken during 

different stages of the purification process and proteins resolved on SDS-PAGE 

and immunoblot analysis was performed with specific rabbit polyclonal 

antibodies: anti-Histone H3 (N-terminal, ab18521;1:5000 dilution), anti-

Histone H3 (C-terminal, ab1791; 1:5000 dilution), anti-Histone H2B (N-

terminal, ab18977; 1:5000 dilution), anti-Histone H2B (C-terminal, ab1790; 

1:5000 dilution), anti-Histone H4 (C-terminal, ab10158; 1:4000 dilution) or 

anti-Histone H2A (C-terminal, ab18255, 1:2000 dilution). Alternatively, a 

mouse mAb was used: anti-Histone H3 (C-terminal, ab24834; 1:5000 dilution).  

2.21. Histone clipping assay  

Initially, 3µg of cell-derived histones (H1, H2B/H2A or H3/H4) or 1.5 µg human 

recombinant histones - H3.1 (M2503S), H1 (M2501S), H2B (M2505S) or H4 

 (M2504S; New England Biolabs) were incubated with 40nM purified 

recombinant autotransporter protein in a total reaction volume of 40µl of PBS 

for each sample and incubated at 37˚C for 16 h with shaking (60rpm). 
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 The histone clipping assay was subsequently optimised for different parameters 

such as incubation period, histone quantity and autotransporter protein 

concentration. The reaction was stopped with the addition of 6 × SDS-PAGE 

sample buffer and heat denaturation for 5min at 95°C. Cleavage products were 

separated on 16% (w/v) SDS-PAGE gels and detected by immunoblot analysis 

using the specific antibodies detailed in section 2.20. For inhibition experiments, 

the protease inhibitor, Phenylmetanesulfonyl fluoride (PMSF 1mM; Sigma) was 

used. 

2.22.  Cell lysis assay 

Hep-2 cells (5 x 105) were seeded into 6-well plates and incubated for 24 h at 

37°C in a humidified atmosphere of 5% CO2. Then the cells were washed with 

PBS and used fresh culture medium containing purified recombinant 

autotransporter proteins were treated with various range (40nM, 100nM, 

150nM, 250nM and 500nM) and the cells were incubated for 12 h/16 h/20 h. 

After incubation the culture medium was discarded. Then the whole cell lysates 

obtained by using ice-cold RIPA buffer (Sigma-Life Science) supplemented with 

PhosSTOP phosphatase inhibitors (Roche) and Complete mini EDTA-free 

protease inhibitor cocktail (Roche) and placed on ice for 30 min. Scraped cells 

were homogenized using a 21-gauge needle and incubated on ice for 10 min. 

The cell debris were removed by centrifugation at 13,000 × g for 15 min at 4°C. 

Proteins in the supernatant were heat denatured at 95°C for 5 min and stored 

at -20°C until use. Each sample was subsequently subjected to immunoblotting 

analysis using the antibodies listed in section 2.20.  
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2.23.  Chromatin bound protein assay  

Chromatin extraction were performed using a commercial subcellular protein 

fractionation kit (Thermo-scientific) from cultured Hep-2 cells. Cells (2 x 105 

/well) were seeded into 12 well plates and growth overnight and followed as the 

outline of ATs treatment (in the section of 2.22). The cells were treated with 

various concentration of recombinant ATs (150nM, 200nM and 250nM). A 

schematic of the method (Figure 2.1) is shown which shows the stepwise 

separation and extraction of chromatin-bound proteins from the cells. 

         

 After sequential extraction of cytoplasmic and membrane proteins, the soluble 

nuclear extract was isolated with ice-cold NEB (Nuclear extraction buffer) 

containing protease inhibitors. Chromatin-bound proteins were extracted by 

adding 5µL of 100mM CaCl2 and 3µL of Micrococcal Nuclease in NEB extraction 

buffer. Chromatin-bound nuclear extract in the supernatant were transferred to 

a clean pre-chilled tube on ice. Then the supernatant was denatured by heat 

and analysed by western blot using specific anti-histone antibodies (describe in 

the section 2.20 Immunoblotting analysis). 
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Figure 2.1: Schematic overview of the subcellular fractionation procedure 

(Thermoscientific). Cellular compartments were sequentially extracted by 

incubating cells with cytoplasmic extraction buffer (CEB) followed by membrane 

extraction buffer (MEB) and nuclear extraction buffer (NEB). Adding micrococcal 

nuclease (MNase) to NEB extracts chromatin-bound proteins from the cell pellet. 
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CHAPTER 3: Nuclear 

localisation of meningococcal 

autotransporter App (Adhesion 

and Penetration Protein) 
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3.1. Introduction  

There is a growing recognition that some secreted proteins target the host cell 

nucleus, where they may modify gene expression and thus host cell biology, 

with implications for the pathogenesis of Gram-negative bacteria [219]. Host 

nuclear targeting of pathogenic bacterial proteins is an emerging pathogenic 

mechanism whereby bacterial proteins can be translocated into the nucleus of 

the host cell and can interact with the nuclear machinery including the 

chromosome and their associated chromatin (histones) resulting in an alteration 

of cell physiology and even cytotoxicity [220]. It is evident that invasive 

meningococcal infections cause cytopathic effects associated with the tissue 

damage and extensive cell injury [127, 221-223] and also apoptosis of infected 

epithelial cells [224, 225]. 

In Gram negative bacteria, autotransporter proteins are secreted 

virulence factors. Several meningococcal autotransporter proteins have been 

characterized to date and they are all known or putative virulence factors. 

Among the meningococcal autotransporters, App (Adhesion and penetration 

protein) is a secreted protein required for optimal meningococcal adhesion to 

epithelial cells [214] and shows homology with the Haemophilus Adhesion and 

penetration (Hap) protein of Haemophilus influenzae [226, 227] which belongs 

to the SPATE (Serine protease of autotransporters of Enterobacteriaceae) family 

[180, 186]. This family is associated with toxicity and/or host immune system 

modulation via adherence and/or cleavage of intra and extracellular host 

proteins [179]. Several studies on App revealed that App gene expression is 

common to all serogroups and occurs during meningococcal infection. App has 

been shown to stimulate T and B cells, and to induce a bactericidal antibody 

about:blank
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 response [180, 213]. In addition, a significant contribution of App to 

pathogenesis was demonstrated using a transgenic mouse model where CD46–

expressing transgenic mice were infected with either wild-type or a 

meningococcal mutant lacking both App. A statistically significant difference in 

survival between the groups of mice infected with wild-type and App mutant 

bacteria was demonstrated at 72 h post infection [215]. 

App comprises all the structural components of an autotransporter 

protein: an N-terminal signal peptide, a central passenger domain and a 

translocator β-domain. The functions of passenger domains of autotransporters 

are various and are usually related to virulence [228]. The passenger domain of 

App may be released via auto cleavage, or by the action of the autotransporter 

NalP [183]. App auto cleavage (at least partially) releases a secreted protein 

fragment harboring a peptidase domain which is ca. 100kDa and, alternatively 

in the presence of the proteolytic autotransporter NaIP, a larger ca. 140kDa 

secreted App fragment is released which contains the peptidase domain and α-

peptide domain [183]. This α-peptide is a unique feature of some of the 

autotransporters of pathogenic Neisseria which may contain nuclear localization 

signals (NLSs) [187, 194] and has been implicated in biofilm formation via 

binding of the NLS to eDNA. It is also hypothesized that the presence of an NLS-

containing α-peptide may mediate the ability of autotransporters to enter into 

the host cell nucleus resulting in differential cellular responses. 

It is known that in eukaryotic cells, molecules smaller than 40kDa can 

be transported between the cytoplasm and nucleus by diffusion through the 

nuclear pore complex, but larger macromolecules (such as App passenger 

domain) require an active transport mechanism. Active transport is mediated 

by peptide motifs - nuclear localization signals (NLSs) [229] which bind to NLS 
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receptors and mediate the nuclear translocation of the large proteins [230]. 

Several bacterial and viral proteins have been reported with functional NLSs in 

species as varied as E. coli, Helicobacter pylori, Influenza A, SV40 virus, Shigella 

Spp., Salmonella Spp., Klebsiella pneumoniae and Yersinia Spp.[231-237]. Jose 

et al. defined four different variants of meningococcal α-peptide based on the 

number of NLSs and sequence variability [195]. Interestingly, predicted NLSs 

are present in both meningococcal IgA1 protease and App in their respective α-

peptide regions. Pohner et al. and Bebes et al. demonstrated IgA1 protease 

nuclear accumulation in the host cell nucleus [187, 194]. A recent study in our 

research group demonstrated the uptake and nuclear targeting of App 

autotransporter proteins into dendritic cells (DCs) [215]. 

As a consequence of the previous findings we aimed to further 

investigate App nuclear trafficking in human epithelial cells and to define the 

functional NLS sequence present in App. To achieve this, the passenger domain 

of App (or mutated derivatives) was expressed as a fusion with the fluorescent 

DsRed protein in the mammalian expression vector pDsRed and the sub-cellular 

localization of these tagged-App proteins determined using confocal microscopy. 
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3.2. Results   

3.2.1. Nuclear localization of App into the host cell 

Hep-2 epithelial cells were initially used as a human cell model to characterise 

the sub-cellular localisation of recombinant App and its derivatives. As the 

starting point, optimisation experiments were performed to achieve efficient 

transfection and also to confirm expression of DsRed-tagged proteins (data not 

shown). Different parameters were optimised including incubation period of 

transfected cells, the concentration of DNA used and the fluorescent staining 

protocol. The best results were obtained using one µg DNA per transfection with 

Lipofectamine reagent and 48 h post-transfection incubation (data not shown). 

After 48 h, the cells were washed, fixed, permeabilised and subjected to 

fluorescent staining using Hoechst stain and the DsRed tagged proteins 

visualised with the confocal microscope (described in the section 2.19). Nuclear 

localization of the DsRed-fused proteins was confirmed by co-localisation of the 

red emission protein with the blue Hoechst nuclear marker. A schematic 

showing an overview of the experiments is shown in (Figure 3.1). 
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Figure 3.1: Schematic overview of the nuclear localization experiments. [A] 

DNA encoding the App passenger domain was cloned into pDsRed (pDsRedApp 

plasmid generously provided by Dr.Osman Difailu, University of Nottingham) 

and transfected into tagged Hep-2 cells to faciliate expression of DsRed-tagged 

App passenger domain. [B] Overview of the sequential experimental flow to 

investigate the nuclear localization of App. 
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In these experiments, untreated Hep-2 cells were used as negative control and 

pDsRed-transfected cells were used as transfection control and non-nuclear 

localising fluorescent protein control. pDsRedVirD2 and pDsRedIgA1α-protease 

were used as positive controls for nuclear localisation as they both encode 

proteins harbouring known NLS sequences [194, 238]. In non-transfected Hep-

2 cells, only blue-staining nuclei were evident and DsRed expression was fully 

absent in the red channel (Figure 3.2). In the case of cells transfected with 

pDsRed, cells were stained red throughout the cells indicating that the DsRed 

protein was uniformly distributed across cells when expressed in Hep-2 cells 

(Figure 3.2). It has been reported that the two NLSs of VirD2, a protein of the 

plant pathogen Agrobacterium tumefaciens, is capable of directing proteins into 

the eukaryotic cell nucleus [238]. As expected, the expressed DsRed-tagged 

VirD2 protein localised to the cell nucleus. In the merged panel, DsRed was 

observed to co-localise with the nuclear stain (Figure 3.2), demonstrating 

nuclear localisation of the VirD2 protein.  

As the NLS-harbouring α-peptide of IgA protease can act as a carrier for nuclear 

transport [194], the pIgA1α-red construct was used as another positive control 

for nuclear localisation. Consistent with this study, our data also provided 

evidence of DsRed-tagged IgA1 protease localization into the nucleus of the 

transfected cells (Figure 3.2). In the case of pDsRedApp, the DsRed-tagged App 

passenger domain was also translocated into the nucleus of the transfected cells 

similar to the positive controls (Figure 3.2). Interestingly, in many cases, the 

DsRedApp-expressing cells appeared to be undergoing apoptosis based on their 

visual appearance which supported the finding by our group that App induces 

apoptosis [215]. It was also noted that the transfection efficiency was low for 
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App compared with VirD2 and DsRed, presumably as a consequence of the 

apoptotic effect. Overall, the data is consistent with the previous work by our 

group where App which had been added to dendritic cells was taken up and 

trafficked to the nucleus [215]. 
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Figure 3.2: Confocal microscopic images showing co-localisation of App, VirD2 

or IgA1 protease proteins tagged with DsRed with the nucleus in transfected 

Hep-2 cells. Untreated Hep-2 cells served as negative control, pDsRed-

transfected cells served as transfection control and showed the uniform 

distribution of red (DsRed) colour throughout the cell. Plasmids encoding DsRed-

tagged VirD2 and IgA1 protease served as controls for nuclear localisation. 

Similarly, DsRed-tagged App localised to the nucleus of transfected (red) cells. 

All scale bars, 10µm. Representative images are from one of three independent 

experiments.  

The result confirmed that the passenger domain of App was trafficked to the 

nucleus of Hep-2 cells. 

3.2.2. Nuclear localization of App confirmed in 

HEK293T cells 

The nuclear localization experiments were carried out primarily with human 

epithelial laryngeal cells (Hep-2 cells). For comparison, the nuclear localization 

was also observed in another cell line - HEK293T cells (Human embryonic kidney 

cells). 

To investigate any cell specificity of the observed nuclear localisation of the 

recombinant App passenger domain in epithelial cells, the DsRed tagged 

recombinant proteins were expressed in a second cell line: HEK293T using the 

same protocols as were used previously for Hep-2 cells. Similar nuclear 

localization of DsRedVirD2 and DsRedApp was observed in Hep-2 cells and 

HEK293T cells (Figure 3.3). 
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Figure 3.3: Confocal microscopic images showing co-localisation of the DsRed-

tagged recombinant proteins with the nucleus in transfected HEK293T cells. In 

this experiment, untreated cells were included as a negative control. In parallel 

pDsRed used as transfection control and pDsredVirD2 used as positive control 

for NLS.  

Transfection experiments were carried out with HEK293T cells and the nuclear 

localisation of DsRed-tagged App visualised in comparison to VirD2-expressing 

and untreated cells. Recombinant App- and VirD2-DsRed tagged proteins were 

localized into the nucleus of the cells, and a similar level of DsRed emission was 
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observed. No red signal was detected into the untreated HEK293T cells. All scale 

bars, 10µm. 

3.2.3. Quantification of nuclear localization  

The fluorescence intensity of DsRed-labelled protein in the nucleus (as defined 

by Hoechst stain) of transfected cells was measured using velocity software. 

This was evaluated from an equal number of cells (fifteen) for each sample, and 

quantification of the expression of the proteins were calculated in three different 

experiments. There was a statistically significant difference in the fluorescence 

intensity of VirD2, App, and IgA1 protease compared to DsRed (p<0.0001). 

 

 

Figure 3.4: Statistical analysis of co-localisation of fluorescent-labelled proteins 

and Hoechst-stained cell nuclei. Hep-2 cells were transfected with plasmids 

encoding DsRed-labelled proteins and Hoechst was used to detect the DNA 

within cell nuclei. Mean fluorescence intensities of the nuclear regions were 

derived from cells in four different fields. Error bars: mean of values + SD. The 

data was analysed by one-way Anova multiple comparison test and Tukey’s test. 

Here, ****means highly significant nuclear localisation, p‹0.0001.   
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This data provides evidence that the passenger domain of App can translocate 

to the nucleus of human epithelial cells.  

3.2.4. Impact of catalytic serine residues on nuclear 

localisation of App proteins  

We next aimed to determine the possible contribution of the catalytic serine 

residue of the passenger domain of App in nuclear trafficking. 

 Mutation of pDsRedApp: 

To understand the possible role of catalytic serine mutant of App in nuclear 

trafficking, plasmid pDsRedAppS267A was generated by site-directed mutagenesis 

using the Q5 site-directed mutagenesis kit (described in the section 2.9). Here, 

pDsRedApp was used as DNA template, and primers AppRedS267A-F and 

AppRedS267A-R used to substitute the  serine-encoding codon with nucleotides 

(GCC) encoding an alanine residue at position 267 of App.   

The PCR product was confirmed by agarose gel electrophoresis and a DNA 

fragment of the expected size of ca. 8.1 kb was observed (Figure 3.5). 
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Figure 3.5: PCR-mediated generation of pDsRedAppS267A. Agarose gel analysis 

showing the PCR amplification of pDsRedAppS267A. pDsRedApp plasmid DNA was 

used as a template with mutagenic primer pairs AppRedS267A-F and AppRedS267A-R 

(Table: 2.3) to amplify the whole plasmid while generating a single serine to 

alanine substitution at position 267 of App protein by PCR. Lane 1: Control, Lane 

2: 1kb DNA ladder, Lane 3: PCR product corresponding to pDsRedAppS267A. 

 

The PCR product was then treated with enzyme mixture KLD (containing kinase, 

ligase and DpnI) according to the manufacturer’s instructions (described in the 

section 2.9.3). Then the KLD-treated DNA was used to transform into E. coli 

JM109 cells. Several colonies were screened for by DNA sequence analysis for 

the presence of the desired mutation.  
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Figure 3.6: DNA sequence chromatograms of pDsRedApp and pDsRedAppS267A 

showing the substitution of the triplet AGT encoding 267S of meningococcal App 

to a GCC codon encoding an alanine, to generate pDsRedAppS267A. 

 

 Nuclear localisation of DsRedAppS267A  

DsRed-tagged App and AppS267A plasmids were expressed in transfected Hep-2 

cells with VirD2 pDsRed-expressing cells as a positive control. No apparent 
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difference in the nuclear localization of wild type App and AppS267A was observed 

in transfected Hep-2 cells. The nuclear localization ability of DsRedAppS267A was 

indistinguishable from DsRedApp or the positive control VirD2 protein. We found 

that pDsRedAppS267A indeed localized to the nucleus in the Hep-2 cells and the 

expression of the levels of pDsRedAppS267A mutant into the cells are similar to 

those of pDsRedApp wild-type (Figure 3.7). This finding indicates that App 

proteolytic activity was not required for the nuclear localization of this protein. 
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Figure 3.7: Nuclear localisation of DsRed-tagged AppS267A and App proteins in 

transfected Hep-2 cells. Hep-2 cells were transfected with the appropriate 

plasmids and were analysed by confocal microscopy 48 h post-transfection. The 

nuclear accumulation of the expressed proteins from pDsRedApp and 

pDsRedAppS267, respectively, showed similar results as DsRedVirD2.  
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All scale bars, 20µm. Images from one of three independent experiments are 

shown here. 

3.2.5. Identification of the App NLS sequence  

The ability of DsRedApp to translocate to the nucleus suggested that the App 

passenger domain contains at least one NLS which is able to mediate active 

transport, or there are other alternative ways by which the App protein could 

get into the nucleus. Earlier studies suggested the presence of a putative NLS 

sequence in MC58 App (933RRRSRRSR940 in MC58 App) [180]. To investigate the 

role of this putative NLS sequence and surrounding regions in nuclear 

localisation, a derivative of pDsRedApp was generated (pDsRedApp∆G901 to Y980) 

and nuclear localization experiments were performed using Hep-2 cells with the 

same approach described above for pDsRedApp.  

 

  Deletion of App residues 901-980  

Before designing the inverse PCR primers, the secondary structure of the protein 

was predicted using DNAMAN software in order to avoid regions of secondary 

structure such as longer alpha-helices (Figure 3.8), where mutagenesis might 

cause gross structural changes. In this mutation, the putative NLS-encoding 

sequence of pDsRedApp was deleted by inverse PCR using primers 

AppReddel901-980mt1-F5 and AppReddel901-980mt1-R5 to delete residues G901 to 

Y980 of the App passenger domain. The PCR amplicon was resolved by agarose 

gel electrophoresis as shown in Figure 3.9. 
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Figure 3.8: Predicted secondary structure of App Protein. Here, the secondary 

structure of Appwt shown from S801 to W1041. The fragment G901 to Y980 was 

deleted from App protein. The secondary structure of the protein and the 

structure probability were done with DNAMAN software. 
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Figure 3.9: Inverse PCR- mediated generation of pDsRedApp∆901G-980Y. Inverse 

PCR was performed to the region encoding 80 amino acids from 901G to 980Y of 

App from pDsRedApp using primers AppReddel901-980mt1-F5 and AppReddel901-

980mt1-R5 (Table-2.2). Lane 1: PCR product of pDsRedApp∆901G-980Y, Lane 2: 1 

kb DNA Ladder.  

 Confirming the deletion in pDsRedApp∆901G-980Y  

pDsRedApp∆901G-980Y was confirmed by PCR using primers of AppdelAmpF-1 and 

AppdelAmpR-1. Amplification generated a 930 bp product from pDsRedApp, 

whilst the corresponding amplicons from mutant plasmids C1, C2 and C4 were 

lower, reflecting the loss of 240 nucleotides from the region (Figure 3.10).  
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Figure 3.10: Agarose gel analysis showing PCR confirmation of 

pDsRedApp∆901G-980Y. pDsRedApp was used as a control DNA template to amplify 

a 930 bp fragment spanning the region deleted in pDsRedApp∆901G-980Y using 

primer pair AppdelAmpF-1 and AppdelAmpR-1 (Table-2.2). The corresponding 

amplicon from C1, C2 and C4 was 240 bp smaller confirming truncation in these 

clones. Lane 1: 1 kb DNA ladder, Lane 2: Control (pDsRed), Lane 3 to 6: 

amplicons from four different putative positive mutants (C1-C4). 

 

DNA sequence analysis of pDsRedApp∆901G-980Y confirmed that the target region 

(encoding G901 to Y980) was deleted in pDsRedApp∆901G-980Y and that the sequence 

was otherwise unaltered. The region encoding Glycine at position 901 to 

Tyrosine at 980 position was deleted from the template plasmid pDsRedApp. 

The deletion was confirmed by sequence alignment using DNAMAN.  

  

 Nuclear localization of pDsRedApp∆901G-980Y 

To determine the role of App residues 901G to 980Y in nuclear trafficking, the 

localisation properties of this protein were determined. Hep-2 cells were 

transfected transiently with DsRed-fused constructs either encoding the full 
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passenger domain of App (pDsRedApp) or its mutant derivative 

(pDsRedApp∆G901-Y980) and the localisation of the encoded recombinant proteins 

determined by confocal microscopy. pDsRedVirD2 and pDsRedApp used as 

positive controls, pDsRed used as transfection control and untreated cells used 

as negative control. As before, we observed that DsRed was distributed 

throughout the cytosol of transfected cells, no red signal was observed in 

untreated cells whereas a significant amount of red signal was detected in cells 

expressing the NLS-containing VirD2 (pDsRedVirD2), which was completely 

located into the nucleus of transfected cells and the full passenger domain of 

App containing pDsRedApp was strongly accumulated into the nucleus (Figure 

3.11). Interestingly, we found that the mutant protein expressed from 

pDsRedApp∆G901-Y980 had a different distribution compared with wild-type (Figure 

3.11); the mutant protein did not accumulate in the cell nucleus, but displayed 

a punctate distribution within the cytosol. This finding indicated that the 

sequence required for nuclear localisation was localised to the region deleted in 

this mutant. 
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Figure 3.11: Nuclear localisation of DsRedApp∆G901-Y980. Hep-2 cells were 

transfected with each of the plasmids pDsRedApp, pDsRedApp∆G901-Y980, pDsRed, 

pDsRedVirD2 or were left untransfected. Cells were fixed 48 h after transfection 

and analysed by confocal microscopy. All scale bars 20 µm. Representative 

images from three experiments. 
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 Refining the region required for the nuclear 

localization of App 

To define further the crucial region of App required for nuclear trafficking, 

another truncated mutant was constructed lacking amino acids G901 to L965 from 

App. The construct was confirmed by amplification across the deleted region 

and DNA sequencing. 

 

 

Figure 3.12: Inverse PCR- mediated generation of pDsRedApp∆G901G-L965. 

Inverse PCR was performed to remove the region encoding 65 amino acids 

(Glycine at position 901 to Leucine 965) from pDsRedApp with forward 

AppReddel901 to 965mt2-F2 and reverse primer pair AppReddel901 to 965mt2-R2 

(Table-2.2). Lane 1: 1 kb DNA Ladder, Lane 2: PCR product of pDsRedApp∆G901 

to L965. 

 

 

 



  

85 

 

 

Figure 3.13: DNA sequence alignment of pDsRedApp and pDsRedApp∆G901 to L965 

confirming the deletion. The DNA sequence encoding amino acids G901 to L965 

was deleted from the template plasmid pDsRedApp and the sequence of the 

mutant aligned with the app gene of MC58. Here, the upper line sequence 

represents pDsRedApp and lower line is for pDsRedApp∆G901 to L965. 

 

 Nuclear localization of pDsRedApp∆901G-965L   

pDsRedApp∆G901-L965 transfected cells showed similar distribution of tagged 

protein to pDsRedApp∆G901-Y980 transfected cells, whereas the pDsRedApp 

positive control showed co-localization of the expressed protein with the nucleus 

(Figure 3.14). The experimental evidence showed that both mutant App proteins 

(App∆G901-Y980 and App∆G901-L965) lost their ability to access the cell nucleus 

indicating the App NLS is localized to between G901 and L965.  
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Figure 3.14: Nuclear localization of DsRedApp∆901G-965L in Hep-2 cells. Cells were 

transfected using pDsRed, pDsRedVirD2, pDsRedApp, pDsRedApp∆G901-L965 and 

pDsRedApp∆G901-Y980. Representative images indicate that App is localized to the 
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nucleus, but the mutated App derivatives are not. All the scale bars 5µm. One 

of three independent experiments is shown here.  

3.2.6. Mutation of serine residues in the putative NLS 

App sequence disrupts nuclear trafficking 

The data shown so far in this chapter shows that deletion of residues 901-965 

of MC58 App disrupts nuclear localisation. Furthermore, we previously proposed 

a putative NLS sequence in MC58 App (933RRRSRRSR940) [180]. Several studies 

have reported that the subcellular localization of the nuclear-localising protein 

is influenced by the serine residues in the NLS [235, 239, 240] as they are 

involved in the interaction between the NLS and importin which acts to transport 

the protein through the nuclear pores [241]. In order to define whether or not 

the serine residues of putative NLS sequence have a significant role in the 

nuclear trafficking of App; the replacement of two serine residues (at positions 

936 and 939) was undertaken. 

 

 Mutation of App serine residues in the putative 

App NLS 

We generated the mutant plasmid pDsRedAppNLSS936AS939A via site-directed 

mutagenesis where serine residues at 936 and 939 were substituted with 

alanine. Then the PCR product was confirmed based on molecular size and by 

DNA sequencing (Figure 3.15). 
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Figure 3.15: Generation of pDsRedAppNLSS936AS939A. pDsRedApp was used as a 

template with AppRedNLSS936AS939A–F and AppRedNLSS936AS939A–R mutagenic 

primers(Table-2.3) to amplify the whole plasmid while generating serine to 

alanine substitution at positions 936 and 939 of App by PCR and confirmed by 

DNA sequencing.  

 

 Effects of NLS serine substitutions on App 

nuclear localisation 

To determine whether the serine residues in the putative NLS were required for 

optimal nuclear trafficking of App; the nuclear localization of protein encoded 

by pDsRedAppNLSS936AS939A was investigated in transfected Hep-2 cells. As 

before, DsRedApp and DsRedVirD2 were predominantly localised to the nucleus. 

In contrast to the wild type (DsRedApp), DsRedAppNLSS936AS939A did not localise 

to the nucleus but was scattered as red punctate dots in the cytosol of the Hep-

2 cells (Figure 3.16). The serine substitutions therefore altered the nuclear 

trafficking ability of App and demonstrated the requirement for the two serine 
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residues in the functional NLS sequence. This finding supports the hypothesis 

that residues 933RRRSRRSR940 constitute a functional NLS in App. 

 

Figure 3.16: Mutation of serine residues in the putative App NLS disrupt nuclear 

trafficking. Untreated Hep-2 cells were used as negative control, VirD2-

expressing cells were used as positive control. DsRed-tagged App as well as 

VirD2 co-localised with the blue nuclear stain in transfected cells, but 

AppNLSS936AS939A was not localised to the nucleus although showed perinuclear 

 

 

   

 

  
  

Z
o

o
m

  
  
  
  
  

  
  
 M

e
rg

e
  

  
  
  
  

  
  
  

  
 D

s
R

e
d

  
  
  
  
  

  
  
  

  
H

o
e
c
h

s
t 

 

 

 

 

M
e

r
g

e
 

D
s
R

e
d

  
  

  
  

  
  

  
  

  
  

  
  

  
 H

o
e

c
h

s
t

Z
o

o
m

 



  

90 

 

localization which might be associated with nuclear membrane or nuclear pore. 

All the scale bars 20µm (except zoom). 

 

Based on the experimental evidence we concluded that App nuclear 

localization is NLS dependent and the functional NLS is in the region 901-965, 

and likely between 933R to 940R in MC58. 
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3.2 Discussion  

Secreted proteins play essential roles in the pathogenesis of Gram-negative 

bacteria. In some cases such proteins have been shown to interact with nuclear 

molecules of the host cell after uptake and nuclear targeting, resulting in 

alteration of the host cell physiology [220]. Secreted proteins include cytolethal 

distending toxins from Gram-negative bacteria [242], Salmonella enterica 

SspH1 [243] Yersinia YopM [232], OspcF of Shigella species [233] have been 

reported to target to the host cell nucleus. It was previously shown by our group 

that meningococcal App and MspA are members of this group of secreted 

proteins which are taken into the nucleus of human DC cells [215]. 

Work described in this chapter provides experimental evidence for 

nuclear targeting of App via NLS-based import. App is a large protein with a 

molecular weight of 190kDa including a secreted passenger domain of 125kDa. 

This is larger than the diffusion limit for transport into the nucleus. 

Macromolecule transport between nucleus and cytoplasm is an active process 

involving a peptide motif which is rich in arginine and lysine referred to as a 

nuclear localization signal or sequence (NLS) which 'tags' proteins for nuclear 

transport and binds to a nuclear receptor leading to their import into the cell 

nucleus through the nuclear pore complex [236]. 

Importantly, it was reported that NLS motifs of meningococcal IgA1α-

protease served to promote the accumulation of this protein in the eukaryotic 

cell nucleus [187]. Nuclear translocation of this IgA1α-protease autotransporter 

in Hec-1-B was observed by Besbes et al, who reported that an NLS harboring–

α-peptide acts to promote nuclear transport of IgA protease and that fragments 

having or lacking the α-peptide differ in their access to the cell nucleus [194]. 



  

92 

 

The App passenger domain used in this study corresponds to the larger, α-

peptide-containing, meningococcal protein of IgA1 protease. Preliminary studies 

suggested that App contains one putative NLS (933RRRSRRSR940 in MC58 App) 

which is arginine-rich, but the experimental confirmation of this remained to be 

established [180]. 

The nuclear targeting of App was analysed by expressing the full-length 

passenger domain of App as a DsRed-fusion protein and visualising the 

distribution of the protein across the host cell by confocal microscopy. Hep-2 

cells were used as a human epithelial cell model that is relatively easy to culture, 

transfect and has been used for cell biology studies using meningococcal 

bacteria or proteins previously [184] 

The finding that the passenger domain of App was translocated into the 

host cell nucleus was consistent with previous observations by our group [215]. 

In addition, App-transfected cells showed evidence of apoptosis, which was 

previously reported by our group [215]. Mutations abolishing the proteolytic 

activity of App resulted in a protein which was still translocated to the nucleus 

indicating that the proteolytic activity of App is not required for nuclear 

localization.  

In contrast, two different truncated mutant DsRedApp proteins showed 

a clear disruption in nuclear trafficking and showed a punctate distribution within 

the cytosol. This difference in the distribution indicated that the truncations had 

removed NLS sequence(s), thus effecting the nuclear targeting of App.  

App nuclear localization may have role in cell death because we observed 

an apoptotic appearance in cells expressing wild-type App, but this was not 

evident in cells expressing App derivatives which were unable to access the 
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nucleus. So, a possible explanation is that the presence or absence of App 

nuclear trafficking ability may provoke different cellular responses.  

Several studies have reported that serine residues within the NLS can 

influence nuclear transport by their phosphorylation [244, 245]. Therefore, we 

expressed DsRedAppNLSS936AS939A which confirmed the importance of these 

residues for nuclear trafficking. The mutant protein lost the ability to access the 

nucleus indicating that the residues function within a NLS. Several studies have 

reported similar evidence, for instance, Lee and colleagues who reported nuclear 

targeting by the HsdM protein of Klebsiella pneumoniae, but HsdMp∆NLS and 

two substituted derivatives (lysine residues with alanine in the NLS) were 

localized to the cytoplasm, not to the nucleus [237].  

To extend our understanding of the role of App in pathogenesis, and in 

particular to determine whether it can induce cellular or molecular changes after 

host cell nuclear targeting, the molecular interactions of the nuclear-targeted 

proteins need to be investigated; the interaction of both App and MspA with 

histones are described in chapter–five. 
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4.1. Introduction   

Meningococci interact with various cells of the host and their secreted virulence 

factors have been attributed various roles in colonization, persistence and 

damage to the host [58]. Meningococcal serine protease A (MspA) is an outer 

membrane and secreted protein with significant roles in meningococcal 

virulence [182, 215]. 

MspA is chymotrypsin-like serine protease; it is an adhesin which also 

shares homology with IgA protease and App [180, 182]. MspA is 157-kDa 

protein which has ca. 33% and ca. 36% overall amino acids identity with App 

and IgA protease, respectively [182].  

In N. meningitidis, an intact mspA gene is not present in all strains; in 

some strains (ST-11) the gene contains a premature stop codon resulting in the 

gene not being expressed. MspA expression is phase variable due to a poly-

cytosine tract in the coding region [153, 181, 182]. The reversible ON /OFF 

switching of mspA expression may allow bacteria to adapt to different 

microenvironments and aid escape from the adaptive immune system [69]. 

Interestingly, the phase-variable expression of mspA is serogroup–specific. A 

study reported that approximately 90% of mspA genes were phase ON in both 

invasive and carriage strains of serogroup B, demonstrating the importance of 

MspA expression in that serogroup. By contrast significantly less phase ON mspA 

genes were found amongst invasive and carriage serotype Y isolates [197]. 

MspA exhibits autoproteolytic cleavage resulting in release of the 

functional passenger domain from the cell surface into the external milieu. The 

secreted MspA fragments vary between strains and are also influenced by the 

activity of another autotransporter, NalP [183]. NalP-mediated cleavage results 

in the release of a large form of the passenger domain protein, with a C-terminal 
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extension called the α-peptide. The α-peptide of IgA protease and App contain 

the nuclear localisation signal (NLS), but such sequences have not been 

recognised in the MspA protein [182]. The α-peptide of MspA does not contain 

positively charged amino acids residues such as those found in NLS sequences 

of other proteins including App. Nonetheless, it was reported by our group that 

MspA targeted the host cell nucleus after being taken up into dendritic cells: a 

process mediated by the mannose and transferrin receptors [215]. Heterologous 

expression of MspA in E. coli mediated adhesion to epithelial and endothelial 

cells were reported [182].  

As mentioned in the previous chapter, research into the nuclear targeting 

of bacterial secreted proteins is an emerging field in cellular microbiology. The 

subcellular targeting of the bacterial protein may induce host cell pathology, but 

the exact effects of this remains unclear. However, a few bacterial proteins have 

been found to be targeting the nucleus and induce host pathology. For example, 

CDT (cytolethal distending toxin) can induce S/G2 cell cycle arrest and cell death 

after nuclear translocation [220, 246, 247]. Previously, we mentioned in 

Chapter three a few bacterial proteins with ability in nuclear localization into the 

host cell, in particular outer membrane protein A of Chlamydia trachomatis 

[248], a transposase of Acinetobacter baumannii Ac [249], the SspH1 secreted 

protein of Salmonella enterica [231], YopM of Yersinia spp [232], and IpaH9.8 

and OspcF of Shigella species [233] were all found to induce host cell pathology 

after nuclear targeting. The secreted MspA protein is a large protein, which 

exceeds the active diffusion limit for transport across the nuclear membrane. In 

eukaryotic cells, many cytoplasmic proteins with molecular weights greater than 

40kDa are transported into the nucleus via specific NLSs [250, 251] but such a 

signal has not been identified in MspA. 
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This study was designed to characterise the mechanism by which MspA is 

targeted to the nucleus of mammalian cells, and to identify the motif responsible 

for nuclear trafficking of this molecule.   
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4.2.  Results 

A significant amount of work-related to identification of a functional NLS in the 

App autotransporter was discussed in chapter three. Here we followed a similar 

sequential flow of experiments as presented in Figure 3.1B. 

 

4.2.1. Nuclear localization of MspA in host cells 

To investigate whether MspA could target the nucleus of the host cells, like App 

protein, we first examined this using the DsRed-tagged fusion proteins encoded 

by plasmids (pDsRedMspA plasmid generously provided by Dr. Osman Dufailu, 

University of Nottingham). Hep-2 cells or HEK293T cells were transfected 

transiently using pDsRedMspA (encoding the whole passenger domain of MspA 

fused to DsRed), pDsRedVirD2 and pDsRedApp respectively (following the same 

procedure described in the section 2.18). Cells were fixed 48 h post-

transfection, permeabilised and were subjected to fluorescent staining with 

Hoechst before imaging with confocal microscopy. The subcellular distribution 

of DsRed-tagged expressed proteins were analysed using confocal laser 

scanning microscopy. The nuclear localization of the DsRed tagged proteins 

were evaluated by co-localization with the blue nucleus of the transfected cells.  

In this experiment, untreated cells were included as a negative control. 

In parallel DsRed tagged, NLS-containing VirD2 and App, showed co-localisation 

with the nucleus whereas pDsRed showed the red protein distributed throughout 

the cell. 

Both experiments showed the nuclear targeting ability of MspA in Hep-2 

cells (Figure 4.1) and HEK293T (Figure 4.2). pDsRedMspA transfected cells 
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showed the red fluorescence emission on top of the blue marker for the nucleus 

indicating DsRed-tagged MspA protein was localized into the nuclei of the cells. 

It is worth mentioning that the DsRed-MspA fusion protein has a 

molecular mass greater than 40kDa, yet showed precise nuclear localization in 

Hep-2 cells and HEK293T cells. This finding is consistent with the previous 

finding that MspA is taken up and targeted to the nucleus by dendritic cells 

[215].  

  



  

100 

 

 

Figure 4.1: Nuclear localization of DsRedMspA in Hep-2 cells. Hep-2 cells were 

transfected with pDsRedMspA. In parallel pDsRedApp and pDsRedVirD2 were 

used as positive controls. Co-localization of DsRed-tagged recombinant proteins 

with Hoechst (stain for cell nuclei) in transfected cells was observed with 
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confocal microscopic images. All scale bars, 10µm and one of three independent 

experiment images is represented here.  

  

Figure 4.2: Representative images showing the nuclear localization of 

DsRedMspA in transfected HEK293T cells.  HEK293T cells were transfected with 

pDsRedVirD2 and pDsRedMspA and after post-transfection the fixed cells were 

subjected to fluorescence staining as following the same protocol for Hep-2 cells. 

One of the two independent experiments shown here. All scale bars 20µm. 

Recombinant VirD2 and MspA showing similar level of co-localization with the 

blue nucleus of transfected cells. It is mentionable that the transfection 
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experiment for HEK293T cells was not optimised. For the consistency of the 

experiment, the same conditions were used for Hep-2 cells and HEK293T cells. 

Having shown the nuclear localization of DsRedMspA, we quantified the 

co-localisation of DsRed labelled recombinant proteins (including DsRed, VirD2, 

App and MspA proteins) with the respective nuclei of transfected Hep-2 cells. 

Mean fluorescent intensities were derived from twenty different cells from three 

independent experiments. Figure 4.3 shows the descriptive statistics of the 

nuclear localisation of the fluorescent-tagged proteins. The red fluorescence 

intensities were measured coming from the region bounded by the nucleus (i.e. 

strained with Hoechst). From this, it can be concluded that there is significant 

co-localization of the VirD2, App and MspA proteins with the nucleus.  

 

Figure 4.3: Intensities of DsRed-labelled recombinant proteins in the nucleus 

was quantified. Mean intensities were derived from the three independent 

experiments. Error bar means the value of SD. The experiment then analysed 
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with one-way ordinary Anova test and Tukey’s test showed significant P value 

denotes ****p<0.0001. 

4.2.2. Role of MspA proteolytic activity in nuclear 

localization:  

Several studies have shown that the catalytic serine residue of a protease plays 

a significant role in the proteolysis of host proteins, for instance, nuclear 

cleavage of histone H3 by MspA which may alter cell biology [215]. However, 

the role in the nuclear localization process has not been tested. Based on this, 

we attempted to investigate whether the proteolytic activity of MspA has any 

direct contribution to nuclear trafficking of this protein. 

 

 Construction of pDsRedMspAS241A  

Site directed mutagenesis was used to replace the active site serine to alanine. 

The ‘AGC’ codon encoding the relevant serine residue (position 241) in 

pDsRedMspA was substituted with ‘GCT’ encoding alanine using primer pair 

MspAS241ARed-F and MspAS241ARed-R (followed procedure describe in the Section 

2.9.2). The PCR amplicon was confirmed based on the expected band size of 

the plasmid pDsRedMspAS241A (not shown). The PCR product was then used in 

the KLD reaction (described in the section 2.9.3) and transformed into E. coli 

JM109 (described in the section 2.9.4). Thirteen kanamycin-resistant colonies 

were screened by plasmid extraction and DNA sequencing, but only one of them 

showed the presence of the desired substitution, and no PCR generated errors 

(Figure 4.4). 
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Figure 4.4: DNA sequence of pDsRedMspA and pDsRedMspAS241A. The AGC 

encoding serine was substituted to GCT encoding alanine in pDsRedMspAS241A 

using site-directed mutagenesis uning primer pairs MspARedS241A-F and 

MspARedS241A-R (Table-2.3). 

 

 Nuclear targeting by DsRedMspAS241A 

The nuclear localization of the inactive serine mutant protein encoded by 

pDsRedMspAS241A was investigated in Hep-2 cells. As before, pDsRed, 

pDsRedMspA and pDsRedVirD2 were used as controls. No substantial reduction 

in nuclear localization of DsRedMspAS241A was observed compared to 

DsRedMspA; with DsRedMspA and DsRedMspAS241A both showing a similar 

pattern of nuclear targeting to DsRedVirD2 (Figure 4.5).  

  

 

 

 

 

                                   

 

 

pDsRedMspA 

pDsRedMspAS241A 

 



  

105 

 

 

Figure 4.5: Confocal microscopic images showing the colocalization of DsRed-

tagged MspAS241A with the nucleus in transfected Hep-2 cells. Here, Hep-2 cells 

were transfected with pDsRed, pDsRedMspA, pDsRedMspAS241A and 

pDsRedVirD2, respectively. The images do not show any noticeable difference 
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in nuclear localization between DsRedMspA and DsRedMspAS241A. All scale bars 

20µm. One of three experiments presented here. 

 

This finding suggested that proteolytic activity does not influence nuclear 

targeting of MspA protein. Work described in chapter three, a similar result was 

found for App.  

 

4.2.3. Screening of regions of MspA which facilitate 

nuclear localization  

In this study the nuclear targeting of MspA in host cells has been confirmed, but 

how does a large molecule the size of MspA access the cell nucleus? Based on 

the theory of signal-mediated transportation of a large protein from the 

cytoplasm to the nucleus, it is likely that MspA contains an undefined NLS. To 

help localize this, we deleted two different, but overlapping regions from 

DsRedMspA.  

 

 Construction of pDsRedMspA∆1037A to 1139I 

In work described in chapter three, we localized a functional NLS sequence in 

the α-peptide of App. In line with this, we created a mutant of DsRedMspA 

bearing a deletion between A1037 to I1139 corresponding to the C-terminal region 

of MspA (akin to the α-peptide of App). This fragment contains some basic amino 

acids including arginine, lysine and serine residues. Before mutation, the 

secondary structure of MspA was analyzed with DNAMAN software to avoid the 

long helix portion (Figure 4.6). In this mutation, pDsRedMspA was used as DNA  

template and primer pair MspAReddel1037 to 1139mt1-F4 and  
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MspAReddel1037 to 1139mt1-R4 used for inverse PCR. The resulting PCR product 

had a deletion of approximately 300bp in mspA (expected size <8kb) and was 

designated as pDsRedMspA∆1037A to 1139I (Figure 4.7) after re-ligation using the 

unique SpeI site introduced at the site of deletion by the primers used. The 

deletion within pDsRedMspA∆1037A-1139I was confirmed by DNA sequencing.  

 

 

Figure 4.6: Predicted secondary structure of MspA WT and MspA∆1037A-1139I 

showing how the 1037A to 1139I region deleted from MspA avoided helical 

regions of the protein.  

 MspA-WT 

  

 

           Deleted fragment from MspA           

 

MspA∆D999t-A1073  

 

 MspA-WT 

  

 

           Deleted fragment from MspA           

 

MspA∆D999t-A1073  

 

MspA∆1037A-1139I

Deleted fragments 
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Figure 4.7: Inverse PCR mediated generation of plasmid pDsRedMspA∆1037A-

1139I. 102 amino acids (A1037 to I1139) were removed from DsRedApp via inverse 

PCR mediated deletion of the relevant region of mspA contained in pDsRedMspA 

and primer pair MspAReddel1037 to 1139mt1-F4 and MspAReddel1037 to 1139mt1-R4 

used(Table-2.2). Lane1: DNA Ladder, lane2: I-PCR product representing 

pDsRedMspA∆1037A-1139I. 

 

 Subcellular localization assay of 

DsRedMspA∆1037A-1139I using Hep2-cells 

DsRedMspA∆1037A-1139I was expressed in Hep-2 cells and its subcellular location 

observed in the transfected cells based on the red emission patterns of DsRed 

(Figure 4.8). Interestingly, no significant difference was appeared between the 

DsRedMspA and DsRedMspA∆1037A-1139I. This result indicated that the deletion of 

102 amino acids had no direct effect on nuclear localization suggesting that this 

motif has no direct effect on MspA nuclear localization. 
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Figure 4.8: Confocal images showing cellular localization of DsRedMspA∆1037A-

1139I in transfected Hep2 cells. Here Hep-2 cells were transfected with 

pDsRedVirD2, pDsRedMspA or pDsRedMspA∆1037A-1139I and the cell nuclei were 

stained with Hoechst before being viewed under confocal scanning microscope. 

The respected images illustrating the nuclear localization for DsRedVirD2, 

cytoplasmic and nuclear localization for pDsRedMspA and DsRedMspA∆1037A-1139I.  
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All the scale bars 10µm. Representative images from one of three experiments 

are shown here. 

  Characterising the specific motif that is required 

to direct MspA to the nuclear compartment  

In the previous section 4.2.3.2, the truncated mutant DsRedMspA∆1037A-1139I 

exhibited clear localization into the nucleus suggesting the deleted region did 

not contain any NLS. Therefore, in order to identify the MspA motif required for 

nuclear trafficking, another truncated version of DsRedMspA was constructed. 

Mutagenesis of pDsRedMspA was carried out by inverse PCR in order to delete 

the amino acids D999 to A1073 to generate pDsRedMspA∆D999-A1073. Kanamycin-

resistent colonies were screened by DNA sequencing to confirm the mutation.  

 

 

 

 

Figure 4.9: The 74 amino acids deleted from DsRedMspA to yield 

DsRedMspA∆D999-A1073. R indicates an arginine residue and  K indicates a lysine 

residue. 

 Nuclear trafficking of DsRedMspA∆D999-A1073 

To determine the ability of DsRedMspA∆D999-A1073 to localize to the nucleus, 

pDsRedMspA∆D999-A1073 was used for Hep-2 transfections and DsRed expression 

analyzed using the same approach as before. The cellular distribution of 

DsRedMspA∆D999-A1073 showed different results compared to DsRedMspA. The 

wild type MspA was predominately accumulated in the nucleus and cytoplasm  

whereas the mutant MspA protein was located in the cytoplasm of most of the 

transfected cells, although some transfected cells showed evidence of red 

74 amino acids deleted from DsRedMspA 

DISRQVQHDSDATRQALQAWQNSQTELARIDSQVQYLSA

QLKQTDPLTGILTRAQNLCAAQGYSADIRQVAKAA 
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protein accumulation in the nucleus at a substantial level (Figure 4.10). This 

difference in cellular localization suggested that the removal of these 74 amino 

acids containing some basic amino acids reduced the nuclear access of MspA. 

Alternatively, this deletion may have affecting MspA protein nuclear trafficking.  
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Figure 4.10: Cellular localization of DsRedMspA∆999D-1073A. Hep-2 cells were 

transfected with appropriate pDsRed plasmids encoding proteins of interest. The 

cells were fixed, stained with Hoescht and the distribution of DsRed-tagged 

proteins observed using confocal microscopy. All scale bars 5um. Representative 

images from one of three experiments are shown here. The DsRed tagged 
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MspA∆999D-1073A mutant showing localization into cytoplasm and for another cell 

showed accumulation into the nucleus of Hep-2 cells.   

The MspA construction MspA∆999D-1073A mutant showed a different pattern 

of localization which was not observed with the other constructs of MspA (Figure 

4.11). The pDsRedMspA∆999D-1073A mutant is located in the cytoplasm with some 

transfected cells and some are located into the nucleus. 21% cells showed 

nuclear localization and most of other cells showed punctate distribution into 

the cytoplasm (Figure 4.12). 

This result demonstrated this mutant protein may not be as potent as 

the wild type of MspA for the nuclear trafficking. 
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Figure 4.11: DsRedMspA∆999D-1073A shows various subcellular localization. Here, 

representative images showing the red (DsRed) and merge (DsRed + Hoechst) 

channels of different fields of MspA∆D999D-1073A transfected cells. All the scale bars 

denoted 20µm.  
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Figure 4.12: Protein localization of DsRedMspA and DsRedMspA∆999D-1073A. Here 

the data represents the percentage of transfected cells with nuclear localized 

(NL) or punctate cytoplasmic localised (PCL) DsRedMspA and DsRedMspA∆D999D-

1073A. The data was analysed by one-way Anova test and Dunnett's multiple 

comparisons test. Error bars: mean of values + SD. Here, **** means highly 

significant difference in nuclear localisation, the nuclear localization of the 

DsRedMspA vs DsRedMspA∆D999D-1073A showed p-value is 0.0001. The results 

were calculated here from ten different fields from three independent 

experiments. 

This result demonstrated that the region (D999 to A1073) does not 

necessarily function as NLS but has an indirect impact on nuclear trafficking of 

MspA. 
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4.3. Discussion  

This chapter describes the investigation of MspA nuclear targeting in host cells 

with the aim of identifying a functional NLS region. N. meningitidis is an 

extracellular pathogen which can interact with eukaryotic cells using several 

distinct cellular receptors [252]. The microorganism has a range of surface 

structures to communicate with host cells including Type IV pili, LOS and a 

number of outer membrane proteins, such as Opc and Opa opacity proteins, 

App [180], NadA [210] NhhA [204], and MspA [182] mediating the interaction 

of the meningococcus to host cells.  

Previous studies have identified and characterized, MspA as an 

immunogenic meningococcal autotransporter protease with importance in 

meningococcal virulence [182]; however, the precise pathogenic mechanism 

remains unclear, although cleavage of histones is one possibility. Investigating 

the nuclear localization of MspA may lead to a better understanding of the role 

of the autotransporter protein in meningococcal pathogenesis. Moreover, it is 

becoming increasingly apparent that nuclear targeting by secreted proteins is a 

potential pathogenic mechanism in bacteria, although the nuclear targeting of 

the bacterial protein in question must be verified with experimental evidence 

first. Understanding the nuclear localisation of MspA may lead to a clearer 

explanation of the role of this autotransporter in meningococcal pathogenesis. 

It was previously suggested that MspA protein targeted the nucleus after  

uptake by dendritic cells, although with the caveat that additional experiments 

were required to verify this [215]. To continue this research, the nuclear 

translocation of MspA was first confirmed in this study with the same approach 

used to demonstrate App nuclear localization and App was used as a positive 

control for a protein containing an NLS, with an additional positive control: 
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VirD2. The confocal microscopic images confirmed that MspA protein was clearly 

localized into the nucleus and also in the cytoplasm. The transfection efficiency 

of MspA was better than App, and no apoptosis was visually observed with MspA 

transfection. This result indicates the protein has a role of the nuclear 

localisation into the host cell and also showed consistency with the previous 

finding of our group [215].  

The nuclear localization quantification of the co-localization of DsRed and 

Hoechst stain of the nuclei of the transfected cell provided evidence of that MspA 

localization is significant compared with DsRed.  

To further support of the nuclear targeting potential of MspA, the nuclear 

localization experiments were carried out with different cell lines, including 

HEK293T cells. No apparent difference in nuclear targeting by DsRedMspA was 

observed, however, due to time restraints, experiments with HEK293T cells 

were only carried out two times. Ideally, they should be repeated at least three 

times to confirm this finding.  

To exclude a requirement for MspA proteolytic activity during nuclear 

localisation, the active site serine residue in MspA was substituted with alanine. 

The serine mutant version of DsRedMspA was expressed and localized to the 

nucleus just like the wild type DsRedMspA. This would suggest that the serine 

residue (and the proteolytic activity it confers) are not required for nuclear 

localization, or that the alanine replacement can overcome any detrimental 

effect of the loss of the serine on nuclear localization.  

In the context of the MspA passenger domain, it is not clear if any specific 

region is required to facilitate nuclear localization. The protein does not appear 

to possess any functional NLS sequence that can direct the protein into the 

nucleus. The molecular mass of the MspA passenger domain is greater than 
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40kDa, which suggests the presence of an active NLS sequence. So, we aimed 

to define which motif or region of MspA was required for nuclear trafficking. It 

was reported by Besbes et al. that nuclear trafficking by meningococcal 

autotransporter proteins differs depending on the presence or absence of the α-

peptide region [194]. In the previous chapter, we also found that App nuclear 

trafficking was NLS dependent. To define the functional motifs required for MspA 

nuclear trafficking, truncated mutants were made where different regions of 

MspA were deleted, and then their nuclear targeting capacity was investigated. 

Firstly, amino acids between A1037 to I1139 were removed as this region 

contains several basic residues at positions from 1122 to 1133, but the nuclear 

localisation of this deletion mutant did not show any distinguishable difference 

from DsRedMspA. This result indicated that the mutation did not have any effect 

on nuclear targeting either because it is not required for nuclear targeting or, 

alternatively, another region of the protein can compensate for the loss of this 

fragment; however, this prediction requires additional experimental 

confirmation. Our finding suggests that the α-peptide region of MspA does not 

contain any NLS signal.  

In subsequent analysis, an overlapping fragment was removed to create 

another truncated mutant (MspA∆999D-1073A). The subcellular localization of this 

protein showed a difference to DsRedMspA; the protein was able to localize to 

the nucleus in a few transfected cells whereas most of the transfected cells 

showed the punctate localization in the cytoplasm only.  This deletion of the 

fragment reduced the nuclear localization but did not abolish it. The sequence 

analysis and secondary structure prediction of this stretch of amino acids 

suggest it is mostly structured into helices. It is possible that the lack of this 

region affected the structure (and or stability) of the expressed MspA.  
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Overall, in this study, we did not find any specific region of MspA which 

controls nuclear trafficking. It might be possible that MspA translocation into the 

nucleus occurs via an NLS-independent pathway, but further studies are 

required to determine the mechanism by which MspA accesses the nucleus in 

host cells. 

 

  



  

120 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5: App and MspA 

mediated cleavage of host cell 
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5.1. Introduction 

Having suggested the nuclear localization of the App and MspA proteins, the 

question of the mechanism of interaction of these proteins with the chromatin 

of the nucleus has also been asked. In all eukaryotic cells, DNA is wrapped with 

histone proteins and packed into the nucleus of the cell via its compaction into 

chromatin. Chromatin is subjected to biological processes including gene 

regulation and transcription, replication, mitosis and apoptosis. Chromatin is 

made of repeating units of nucleosomes, which consist of approximately 147 

base pairs of DNAs wrapped around a histone octamer consisting of two copies 

of each of the core histones (H2A, H2B, H3, and H4) form the centre of the 

nucleosomes. Core Histones contain H2A-H2B dimer and H3-H4 tetramer [253]. 

Linker histone H1 is positioned on top of the nucleosome core particles 

stabilizing higher-order chromatin structure [254]. 

 

Figure 5.1: Nucleosome organization diagram. Adapted from: Draizen, Shaytan 

et al. [254]. A nucleosome contains an octamer of histone molecules. An 

octamer contains an H3-H4 tetramer and two H2A-H2B dimers. 
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The core histones contain two common domains: histone folding and histone 

tail domains. The N-terminal tail of four core histones and the C-terminal tail of 

H2A and H2B protrude outside the nucleosome, which undergo a variety of post-

translational modifications (PTMs) including methylation, acetylation, 

propionylation, butylation. Most of the modifications happen in the N-terminal 

extensions of the histones and are reversible in nature. 

 

 
Figure 5.2: Histones undergoes various reversible PTMs during different 

biological processes. PTMs of histone tails such as methylation, acetylation, 

phosphorylation, ubiquitinylation and ribosylation. Here showed-  

Adapted from: Azad and Tomar et al. [255]. 

 

In eukaryotic cell nuclei, all the DNA-template processes are imprinted in the 

chromatin structures. Histone proteins make a significant contribution to the 

regulation and maintenance of chromatin structure. Post-translational 

modifications (PTMs) of histone help to modulate chromatin functions. Emerging 

evidence suggests that it is not only PTMs like methylation, acetylation and 

phosphorylation of amino acids, but also histone clipping (i.e. proteolysis of the 

N-terminal tails of histones), which play a fundamental role in the epigenetic 

regulation of cellular processes  [255, 256].  
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Figure 5.3: A schematic overview of the N-terminal tails of core histones. A 

minor change in histone modification can lead to a fundamental amendment in 

the cellular machinery of the green nucleus showed here. Adapted from :Simone 

et al. [257]. 

Histone proteolytic processing is associated with the elimination of 

histone tails resulting in the formation of nucleosomes lacking certain PTMs. This 

may cause an irreversible change in the chromatin structure as the cleaved tails 

cannot be repaired or re-ligated, which affects chromatin plasticity. This 

research study focuses on one histone modification: histone clipping, to further 

understand the roles played by App and MspA in the clipping of histone tails on 

the observation of all core histone clipping by App and MspA autotransporters.  

Histone clipping is carried out by certain proteases specific to histone 

tails. Recently, several studies have revealed that microbial proteases can 

cleave histones and that histone proteolysis has been implicated in the 

regulation of genes [255, 258]. Indeed, many reports characterized cleavage 

sites and described the susceptibility or degradation of histones to serine 

proteases [259-261]. 

The autotransporter proteins App and MspA belong to the S6 peptidase 

family, bind to host histones, and can cleave recombinant histone H3. The study 

focused on further investigating the App and MspA mediated proteolytic 

cleavage of various histones by utilizing core histones purified from cultured  
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human cells as cleavage substrates to compare with results obtained using 

recombinant histones. The recombinant histones lack post-translation 

modification (PTM), whilst cell-derived histones undergo PTM. Therefore, Hep-2 

cell-derived histones will be closer to native histones in cells that meningococci 

will likely encounter during infection. The comparison will show whether native 

PTM has any influence on APP- or MspA-mediated histone cleavage.  

Histones H2A, H2B, H4 and H1 have antimicrobial properties and thus comprise 

part of the host innate defence system. Their antimicrobial properties include 

bacterial cell membrane permeabilization, binding to bacterial DNA and RNA, 

binding to bacterial lipopolysaccharide (LPS), and entrapment of pathogens as 

a component of neutrophil extracellular traps (NETs). Histones are released 

from neutrophils and from dead cells during apoptosis and in response to the 

presence of endotoxin [262]. 
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5.2. Results 

5.2.1. Purification of recombinant His-tagged App and 

MspA 

To examine the proteolytic activity of the meningococcal autotransporters 

against either cell-derived or recombinant histones, the passenger domains of 

App, MspA and engineered variants in which the predicted active site serine 

residues had been mutated, were expressed in E. coli BL21-Gold (DE3) cells. 

Autotransporter proteins were purified as fusions with E. coli Trigger Factor (TF) 

using the cold shock expression vector pColdTF. In each case, optimal 

expression was obtained at 15°C with IPTG-induction for 24 h (data not shown). 

To confirm recombinant protein purification, whole-cell lysates from IPTG-

induced cultures were separated on SDS-PAGE gels. The analysis showed 

expected bands of ca. 190kDa, which is the predicted size of the App and MspA 

fusion proteins (consisting of the passenger domain with His-tag and TF-tag) 

(Figure 5.4). 

The identities of the induced bands were confirmed using anti-penta-His 

antibodies in immunoblot analysis (Figure 5.4 E). 
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Figure 5.4: Representative images showing the induction of expression of 

recombinant autotransporter proteins genes in the whole cell lysate. [A]: 

rpdApp, [B]: rpdAppS267A, [C]: rpdMspA and [D]: rpdMspAS241A in IPTG-induced 

E. coli cells, respectively. Immunoblot analysis [E] using anti-penta-His 

antibodies confirmed recombinant App and MspA expression. rpdMspA and 

rpdMspAS241A both are same in size. MspA mutant and all the (feint) bands below 
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the autotransporter are slightly displaced. It is possible that the gel is ‘smiling’ 

(i.e. proteins towards the edge of the gel are slightly retarded compared to 

those in the middle, presumably reflecting how the current flows through the 

gel.  

5.2.2.  Purification of recombinant App and MspA 

proteins 

Recombinant His-tagged rpdApp, rpdAppS267A, rpdMspA and rpdMspAS241A 

proteins were purified from soluble lysates of IPTG-induced cultures under non-

denaturing conditions using an AKTA Prime Plus and Ni-columns. In the 

purification process, firstly the His-tagged proteins were bound to nickel ions on 

the purification column. Then non-specifically bound proteins were removed by 

washing and the recombinant protein eluted using a high-imidazole-containing 

elution buffer. The corresponding peaks of the elution fractions evident from the 

purification chromatogram were resolved by SDS-PAGE to confirm the protein 

purification. The desired bands of ca. 190kDa corresponding to rpdApp and 

rpdMspA were observed (Figure 5.5).  

The fractions containing the desired purified proteins were combined and 

desalted. The identity and purity of the purified rpdApp and rpdMspA proteins 

were further confirmed with immunoblotting analysis using anti-penta histidine 

antibodies.  
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Figure 5.5: Purification of rpdApp protein. SDS-PAGE (left) and immunoblot 

analysis (right) demonstrating purification of rpdApp. E. coli BL21-Gold (DE3) 

cells harbouring pColdTF-App were grown until the exponential phase and 

induced with 1 mM IPTG. After 24 h of induction, cells were harvested by 

centrifugation and the harvested cells used for purification using AKTA prime. 

The eluate showed the corresponding protein size 190kDa. In panel [A] lane 1: 

pre-stained protein marker, lane 2: whole cell lysate, lane 3: soluble lysate, lane 

4: flow through-1, lane 5 to lane 11: represent the eluted fractions from 6 to 

12. [B] Immunoblotting analysis of rpdApp using anti-penta histidine antibody. 
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Figure 5.6: Expression and purification of rpdMspA protein. E.coli BL21-Gold 

(DE3) cells harbouring pColdTF-MspA were used. [A] Purified eluted fractions of 

the proteins were solved on SDS-PAGE. Lane 1: pre-stained protein marker, 

lane 2 to lane 13: eluted fractions from 19 to 30, lane 14: whole cell lysate, lane 

15: soluble lysate. [B] Immunoblotting analysis of rpdMspA using anti-penta 

histidine antibody.  

The extra bands of rpdMspA on blot must have the his-tag on them because 

they are detected by the anti-penta his Ab. The degradation might be because 

either the recombinant protein cleaves itself and/or it is degraded by E. coli 

proteases. The prevent of the degradation by including protease inhibitors in 

the purification buffers couldn’t do that because the inhibitors are very difficult 

to get rid of and needed the purified AT to be functional for the cleavage assays.  

 

To optimize purity of the mutant proteins, several modifications to the 

purification process were tested, including using different concentrations of 

imidazole in the wash buffer, where a high salt buffer was used. The purity of 

the proteins were monitored using SDS-PAGE and immunoblotting analysis 

throughout the purification process. In the first optimization experiment 

(rpdAppS267A prep 1), column-bound rpdAppS267A was washed with 30mM 

imidazole-containing wash buffer, before being eluted with 500mM imidazole-

containing buffer. SDS analysis showed the His-tagged recombinant protein 

corresponding to the full length rpdAppS267A with more additional indistinct non-

specific Proteins (Figure 5.7 A). In an attempt to reduce the impurities in 

rpdAppS267A prep 1, the purified protein was reloaded onto a fresh, clean Ni-

column and washed with high-salt-containing wash buffer and subsequently 
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rewashed with low salt containing wash buffer and re-purified using AKTA prime 

plus with IMAC. Unfortunately, this modification was unsuccessful in attempting 

to improve purity, and no apparent difference observed with the previous pep 

between the rpdAppS267A prep2, where a high salt wash buffer was used (Figure 

5.7 [B]). SDS-PAGE and immunoblotting analysis demonstrated that the same 

level of purity was obtained where some additional faint bands also come out 

with rpdAppS267A on the blot ((Figure 5.7 [D]). Consequently, to improve the 

purity of the rpdAppS267A protein, the next attempt used 50mM imidazole in wash 

buffer (Figure 5.7 [C]). Afterwards, the purity of all three preps of rpdAppS267A 

protein was compared by SDS–PAGE and immunoblotting. This confirmed the 

higher purity of rpdAppS267A protein prep 3, as a result of showing the strong 

Protein corresponding to rpdAppS267A without so many other additional bands. 

This prep was therefore used in subsequent cleavage experiments. Similarly, 

rpdMspAS241A purification was also optimized (Figure 5.8) and 50mM imidazole-

containing wash buffer found to be optimum for purification.  
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Figure 5.7: Purification of rpdAppS267A protein. [A] rpdAppS267A prep 1 protein 

purification using 30mM IMD in the wash buffer. [B] Purified rpdAppS267A prep 2 

where high salt-containing wash buffer was used in purification. In this 

purification, rpdAppS267A prep 1 was reloaded on the fresh Ni-column and 

washed with 1.5M high salt concentration wash buffer and re-purified the 

protein by AKTA prime plus. [C] rpdAppS267A prep 3 mutant protein purification 

using 50mM IMD in wash buffer. [D] All the purified preps of rpdAppS267A were 

analysed by SDS-PAGE (left) and immunoblotting (right) using anti-penta His 

antibody. Lane 1: pre-stained protein marker, lane 2: rpdAppS267A prep 1, lane 

3: rpdAppS267A prep 2, lane 4: rpdAppS267A prep 3. Immunoblotting analysis 

confirmed the purity of rpdAppS267A protein prep 3 which was eluted with 50mM 

imidazole-containing wash buffer in purification process. Here, App proteins 

contains a slightly smaller protein. It is possible that there is partial 

autocleavage that results in this slightly smaller size protein observed. This 

MIGHT contain the trigger factor moiety but is unlikely to be a precise cleavage 

at the fusion site.  

 

 

 

[D] 
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Figure 5.8: rpdMspAS241A expression and purification. E. coli BL21-Gold (DE3) 

cells harbouring pColdTF-MspAS241A were used. [A] Purified rpdMspAS241A prep 1 

(used 30mM-containing IMD wash buffer), [B] Purified rpdMspAS241A prep 2 

(used 50mM-containing IMD wash buffer). [C] Comparison of the purity of 

rpdMspAS241A preps. SDS-PAGE (left) and immunoblot analysis (right).. 

confirmed the presence and purity of His-tagged rpdMspAS241A proteins. 

rpdMspAS241A prep 2 shows less yield, but higher purity.  

 

 
. 
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5.2.3. Purification of major histones from Hep-2 cells  

Our group previously reported the clipping of recombinant histone H3 using 

rpdApp and rpdMspA. In this present study, we examined the interaction of App 

and MspA proteins with cell-derived native histones in parallel to recombinant 

histones because native histones are closer to the in vivo scenario than 

recombinant histones. Cell-derived native histones were purified from Hep-2 cell 

lysates using the Active motif Histone Purification kit (described in the section 

2.20). Aliquots were taken during different stages of the purification process, 

and the presence of histones visualised by SDS-PAGE analysis (Figure 5.9). The 

five main classes of histones families: H1, H2A, H2B, H3 and H4 were identified 

based on the molecular weight of the proteins by staining of the proteins with 

Coomassie Blue stain. The isolated fractions corresponding to H2A & H2B 

(elution 1 to 3) showed apparent molecular weights of ca. 14-17kDa. H3 histone 

showed molecular weight of ca. 17kDa and co-eluted with the 11kDa H4 histone. 

H1 histone showed apparent molecular weights of ca.32kDa which are co-eluted 

with H2A and H2B (eution 1 of H2A and H2B). The concentration of purified 

histones was determined as 200µg/ml (H2A-H2B) and 80µg/ml (H3-H4) using 

the BCA protein assay kit. 
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Figure 5.9: Successful histone purification from Hep-2 cells.  

16% SDS-PAGE analysis of fractions used in the histone purification process. 

Lane 1: whole cell lysate, lane 2: soluble lysate, lane 3: flow-through, lane 4: 

pre-stained molecular marker, lanes 5 to 10: elutions 1, 2 and 3 of the H2A-

H2B histones, lanes 11-12: elutions 1 and 2 of the H3-H4 histones. A pre-

equilibrated histone purification column was used. Here, the histones aliquots 

were taken at different stages of two different purification process. 

 

5.2.4. Identification of cell-derived histones  

All five classes of histones were extracted and purified from the cell lysate of 

Hep-2 cells and were initially distinguished by their characteristic molecular 

weights (H1: 31-33kDa, H2A: 14kDa, H2B: 15-17kDa, H3: 16-17kDa, H4: 10-

11kDa). To confirm the identity of the isolated histones, cell-derived H2A, H2B, 

H3 and H4 were analysed by western blot analysis using specific anti-histones 

antibodies including anti-Histone-H3 (ab1791), anti-Histone H4 antibody 

(ab10158), anti-Histone H2A antibody (ab18255) and anti-Histone H2B 

antibody (ab1790) and compared with the respective human recombinant 

histone (Figure 5.10). 
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Figure 5.10: Representative immunoblotting images of purified histones. [A] 

Hep-2-derived H2B and H2A histones compared with recombinant histones. [B] 

Hep-2-derived H3 and H4 histones compared with recombinant histones. 

Immunoblotting analysis using 1500ng for r-histone and 3000ng of cell derived 

histones show histones H2B, H2A, H3 and H4 from Hep-2 cell lysates were 

similar bands to recombinant H2B, H2A, H3 and H4 histones. These proteins 

were identified using anti-histone H2B (ab1790; 1:5000 dilution), anti-histone 

H2A (ab18255; 1:2000 dilution), anti-histone-H3 (ab1791; 1:5000 dilution) and 

anti-histone H4 (ab10158; 1:4000 dilution), respectively.  

5.2.5. Histone clipping assay by App and MspA  

Epithelial cell-derived histones were used as cleavage substrates in clipping 

assays and the results compared to those obtained using recombinant histones.  

 

 

 

 

H2A
H2B

H3

[A] 
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We examined the ability of rpdApp and rpdMspA to proteolytically cleave human 

histones (H1, H2A, H2B, H3 and H4) and also used their inactive serine mutants 

to confirm that cleavage was specifically due to the serine endopeptidase 

activities of App and MspA. Here, 3µg of Hep-2 cell-derived histones and 1.5ug 

recombinant histones were used as cleavage substrates in the respective 

experiments. We used two times more cell derived histones than recombinant 

histones because we found that the cell-derived histones were not so readily 

detected as the recombinant histones by the specific antibodies used in 

immunoblotting experiments. 

One possible explanation for this observation would be that the purified forms, 

unlike the cell-derived histones, were co-eluted with the other histones. Another 

possibility is that the-cell derived histones processed PTMs that may have 

reduced the binding of specific antibodies. 

In the histone clipping assays, histones were incubated with 40nM 

autotransporter proteins (rpdApp, rpdAppS267A, rpdMspA and rpdMspAS241A) in a 

total volume of 40µl of PBS and incubated at 37˚C for 16 h. Cleavage reactions 

were stopped with SDS-PAGE sample buffer and the digestion products resolved 

by SDS-PAGE and detected by Coomassie blue stain or by immunoblot analysis.  

 

 H1 clipping assay  

Complete degradation of H1 was observed when rpdApp, rpdAppS267A, rpdMspA 

and rpdMspAS241A were incubated with either rH1 or cell-derived H1 histone at 

37°c for 16h. No cleavage was observed in the absence of recombinant TF-

tagged autotransporter (PBS alone) or in the presence of TF alone.  
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Figure 5.11: Clipping assay utilizing recombinant or cell derived native H1, and 

recombinant derivatives of App and MspA. [A] Cleavage of rH1 by rpdApp, 

rpdAppS267A, rpdMspA and rpdMspAS241A. [B] Cleavage of Hep-2 cell-derived H1 

histone by rpdApp, rpdAppS267A, rpdMspA and rpdMspAS241A. Complete 

degradation of H1 was observed on SDS-PAGE. Here TF and PBS (i.e. no 

autotransporter) were used as negative controls for cleavage. H1 was no longer 

detected following treatment with either wild-type or inactive mutant derivatives 

of App and MspA. 

 

 H2A clipping assay  

Using rH2A histones or cell derived H2A, no clipping products were detected 

using immunoblotting following incubation with App or MspA and their inactive 

mutant proteins (Figure 5.12). This demonstrated that App and MspA have no 

proteolytic activity against H2A under the reaction conditions used. 

 

 

 

 

 

[B] [A] 
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Figure 5.12: Clipping assay utilizing recombinant or cell derived native H2A, 

and recombinant derivatives of App and MspA. H2A was detected via 

immunoblot analysis using anti-histone H2A. [A] rH2A clipping assay where 

recombinant histones were incubated with rpdApp, rpdAppS267A, rpdMspA or 

rpdMspAS241A. [B] Showing cell derived H2A clipping assay where purified 

histones were incubated with rpdApp, rpdAppS267A, rpdMspA or rpdMspAS241A. No 

cleavage activity was apparent. 

 

 H2B clipping assay 

To examine the interaction of histone H2B with App and MspA, histone H2B 

clipping assays were performed.  

Immunoblotting analysis of H2B histone clipping assay, clevage reactions 

revealed a faster migrating additional immunoreactive bands of H2B with lower 

molecular weight ≤15kDa (Figure 5.13 [A] & [B]) in addition to the full size H2B 

band. A similar band was observed in samples treated with either App and MspA 

(Figure 5.13 [A]). In the case of cell derived histone, the predicted ca. 17-kDa 

band corresponding to full-length H2B histone almost disappeared in 

preparations treated with either autotransporter compared to the untreated 

control (Figure 5.13[B]). Surprisingly, in preparations treated with serine 

mutant proteins, which were predicted to be non-proteolytically active, similar  

 Fi 

H2A 
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results to preparations treated with wild type proteins were observed. This result 

demonstrated the ability of rpdApp and rpdMspA to proteolytically cleave H2B 

histones; however, it will be necessary to further investigate and define the 

particular reason for the observed proteolysis by the serine mutants. 

 

Figure 5.13: Clipping assay utilizing recombinant or cell derived native H2B, 

and recombinant derivatives of App and MspA. H2B was detected via 

immunoblot analysis using anti-histone H2B. The recombinant histones and cell 

derived H2B were used as cleavage substrates and were incubated with rpdApp, 

rpdAppS267A, rpdMspA and rpdMspAS241A at 37°C for 16h. [A] rH2B clipping 

assay. [B] Cell-derived H2A clipping assay. The immunoblotting analysis 

demonstrated the H2B cleavage products with App and MspA treated histones 

H2B as compared with negative control PBS. Unexpectedly, similar clipping 

abilities were observed with the serine mutants of rpdApp and rpdMspA. 

 H3 clipping assay 

The ability of rpdApp and rpdMspA to cleave native purified histones H3 along 

with recombinant histones H3 were carried out here. The cleavage reaction was 
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resolved on 16% SDS-PAGE and followed by immunoblotting with anti-histone-

H3 (ab1791).  

Immunoblot analysis with C-terminal anti-Histone H3 (ab1791) revealed 

an additional faster migrating band related to histone H3 while no band was 

observed in blots probed with the N-terminal-specific anti-Histone-H3 

(ab18521). H3-derived cleaved products were observed in cell-derived H3 

histone preparations treated with rpdApp or rpdMspA, but not in preparations 

treated with the serine mutant of App (Figure 5.14). 

  Surprisingly, the serine mutant of MspA (rpdMspAS241A) cleaved H3 in a 

manner similar to that of the wild types’ proteins. Additional bands observed in 

preparations of cell derived H3 probed with the polyclonal anti histone H3 

(ab1791) presumably corresponded to other co-eluted histones. 
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Figure 5.14: Clipping assay utilizing recombinant or cell derived native H3, and 

recombinant derivatives of App and MspA.  H3 was detected via immunoblot 

analysis anti-Histone-H3 (ab1791). 1.5µg recombinant histone or 3µg purified 

cell derived histone H3 were individually incubated with 40nM  autotransporter 

(rpdApp, rpdAppS267A, rpdMspA or rpdMspAS241A). Immunoblot analysis detected 

clipping products in rH3 and native H3 reactions with rpdApp and rpdMspA, but 

the absence of specific cleavage product with rpdAppS267A. However, 

rpdMspAS241A showed similar histone H3 proteolytic activity to rpdMspA.  

 

 H4 clipping assay  

rH4 and Hep-2-derived H4 were both tested in clipping assays with App and 

MspA autotransporters and their respective catalytic serine residue mutants. 

Neither App nor MspA had any detectable proteolytic activity against histone  

H4 under the conditions tested. 
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Figure 5.15: Clipping assay utilizing recombinant or cell derived native H4, and 

recombinant derivatives of App and MspA.  H4 was detected via immunoblot 

analysis using anti-histone H4.  [A] Histone rH4 was incubated at 37°C for 16 h 

with rpdApp, rpdAppS267A, rpdMspA or rpdMspAS241A. [B] Cell-derived H4 clipping 

assay carried out under the same conditions with the same autotransporters as 

[A]. The H4 clipping assay showed no evidence for H4 histone clipping by App 

and MspA.  

The result of the histone clipping assays demonstrated histones H1,H2A 

and H3 were protolytically processed by App and MspA. Unexpectedly in some 

cases, the catalytic serine mutants of App and MspA also displayed proteolytic 

activity towards these histones. The reason for this finding will require further 

investigation. 

 Effect of serine protease inhibitors on App and 

MspA mediated clipping of histone H3 

In the previous experiment, we found histone-H3 clipping with rpdApp and 

rpdMspA but not with the serine mutant of App, while the rpdMspAS241A mutant  

showed cleavage activity against histones that was indistinguishable from that  
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of its parent. To ensure the histone H3 cleavage was due to serine protease-

mediated activity or not, histone clipping assays were undertaken in the 

presence of the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF). 

In the presence of PMSF, either App (wild type/serine mutant) or MspA (wild 

type/serine mutant) only one band corresponding to the expected size of full-

length histone–H3 was detected in samples of treated H3. Interestingly, while 

the rpdMspAS241A mutant protein demonstrated proteolytic activity, this was 

entirely abolished in the presence of PMSF (Figure 5.16). PMSF used for reducing 

proteolysis by sulfonylation of Oγ (hydroxyl oxygen) atom of catalytic site of 

serine and thereby inactivate the active site and leading to irreversible inhibition 

of the catalytic site of serine protease and it does not bind to any other serine 

residues of the protein. However, the possibility that other proteases may be 

being inhibited cannot be excluded [263]. The finding demonstrates that H3 

histones were insensitive to App and MspA in the presence of the serine protease 

inhibitor, indicating that the observed cleavage was mediated by a serine 

protease activity, and that this activity was retained by the serine mutant of 

MspA. 
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Figure 5.16: The serine protease inhibitor PMSF inhibits App and MspA 

mediated H3 clipping. The proteolytic activity of rpdApp, rpdAppS267A, rpdMspA 

and rpdMspAS241A on rH3.1 was examined in the presence or absence of PMSF 

protease inhibitor. The reactions were incubated with shaking at 37°C for 16 h, 

subjected to SDS-PAGE, transferred onto nitrocellulose membrane, and probed 

with anti-histone-H3 (ab1791) to detect histone-H3. In both panels, lane 1: pre-

stained protein marker, lane 2: PBS with rH3.1 (negative control), lane 3: rH3 

+ rpdApp, lane 4: rH3 + rpdAppS267A, lane 5: rH3 + rpdMspA, lane 6: rH3 with 

rpdMspAS241A. Immuno-reactive bands corresponding to clipped rH3.1 (ca. ≤13 

kDa) were only observed in the absence of PMSF and where PMSF was added 

no cleavage products were observed. However, while similar amounts of protein 

were loaded onto each gel the bands observed corresponding to the uncleaved 

protein were less intense than on the corresponding gel of preparations that had 

not been PMSF-treated, so it is possible that cleavage products below detectable 

levels were present. 

Taken together, these results confirm that App and MspA have serine 

proteases activities; however, it was found that the MspA mutant retained 

proteolytic activity even the putative catalytic serine residue. To further address 

this finding additional mutant derivatives of MspA were generated in which with 

another member of the catalytic triad was mutated and the resulting protein 

assayed for its ability to cleave histones. 
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5.2.6. Defining the reason behind the histone 

proteolytic processing of serine mutant of MspA 

 Mutation of additional amino acid of the catalytic 

traid of MspA 

To further investigate the residual proteolytic activity of rpdMspAS241A, 

experiments were designed to mutate an additional amino acid of the catalytic 

triad of MspA alone or with the serine residue. The catalytic triad of MspA protein 

is H111, D135 and S241. 

Here, we successfully mutated the codon encoding aspartate (D135) to 

encode glutamate (E) in pColdTF-MspA and pColdTFMspAS241A to yield 

pColdTFMspAD135 and pColdTFMspAD135ES241A, respectively. 

The recombinant plasmid pColdTF–MspA was used previously in this study to 

purify the passenger domain of MspA.  

To facilitate the mutagenesis of rpdMspA, pColdTF–MspA template 

plasmids together with Q5 designed primer pairs were used to substitute the 

desired nucleotides encoding aspartate to glutamate (D135 to E) by PCR as using 

the Q5 site-directed mutagenesis kit (described in the section 2.9.2). PCR-

generated products were confirmed by agarose gel electrophoresis (Figure 

5.17). 

Then the PCR generated products were treated with KLD enzymes 

(Kinase, Ligase and DpnI enzyme) (described in the section 2.9.3) to ligate PCR-

generated blunt ends of the amplified PCR product and the product was used to 

transform E. coli JM109. The desired mutation, the absence of PCR-generated 

errors and the correct orientation were all confirmed by DNA sequencing. 

A mutant of MspA protein was generated in which the aspartate-encoding GAC 

codon was successfully mutated to the glutamic acid-encoding GAA codon. The 



  

147 

 

same mutation was introduced in the same way in a construct that already 

encoded serine mutant rpdMspAS241A and again sequence analysis confirmed the 

presence of the desired mutations in the final plasmid construct.  

 

Figure 5.17: PCR amplification of pColdTFMspAD135E and pColdTFMspAD135ES241A. 

Agarose gel showing the PCR amplification of mutated plasmid derivatives of 

pColdTF-MspA or pColdTFMspAS241A with mutagenic primers pairs-MspAD135E-F and 

MspAD135E-R(Table:2.3) to amplify the whole plasmid whilst also generating 

aspartate to glutamic acid substitutions. [A] Lane 1: 1kb DNA ladder, Lane 2: 

PCR product corresponding to putative pColdTFMspAD135E, [B] Lane 1: PCR 

product corresponding to putative pColdTFMspAD135ES241A, lane 2: 1kb DNA 

ladder. 
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Confirming by DNA sequencing 

MspA mutant (D135 to E) 

 

Figure 5.18: DNA sequence chromatograms confirming the desired mutations 

present in pColdTF-MspAD135E.  Here, the highlighted part showing the 

substitution of triplet codon GAC, encoding aspartate of MspA at position 135 

with GAA encoding glutamate (E) to in plasmid pColdTF-MspAD135E. 
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 rpdMspAD135E and rpdMspAD135ES241A protein 

purification: 

E. coli JM109 cells harbouring plasmids pcoldTF-MspAD135E and 

pcoldTFMspAD135ES241A were used to purify the corresponding proteins 

rpdMspAD135E and rpdMspAD135ES241A, which were purified under native conditions 

using IMAC as described in section 5.2.1 and 5.2.2. Fractions containing these 

proteins were identified chromatographically and subsequently resolved on 

SDS-PAGE (Figure 5.19 [A] & [B]). Both purified proteins were confirmed by 

immunoblotting using anti-penta-histidine antibodies (Figure 5.19 [C]). 
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Figure 5.19: SDS-PAGE and immunoblot analysis demonstrating purification of 

rpdMspAD135E and rpdMspAD135ES241A. [A] rpdMspAD135E protein purification. [B] 

rpdMspAD135ES241A purification. [C] Immunoblot analysis of purified MspA mutant 

proteins using anti penta–His antibody. Purification was done with AKTA primer 

plus using Ni-IMAC using soluble lysate of IPTG-induced E. coli JM109 containing 

rpdMspAD135E or rpdMspAD135ES241A. Sample aliquots were taken throughout the 

preparation and purification process and were subjected to 10% (v/v) SDS-

PAGE. The immunoblot analysis confirms that the purified proteins were his-

tagged.  

 Analysis of the proteolytic processing of histones 

To investigate whether the putative catalytic triad of MspA is involved in its 

proteolytic activity against histones, two mutants in addition to the serine 

mutant of those proteins were generated and tested for their proteolytic activity 

against histones H1, H2 and H3. 
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5.2.6.3.1  Investigating the proteolytic processing of histone-

H1  

In the previous H1 clipping assay (Section 5.2.5.1), non-specific degradation of 

histone H1 was found with App and MspA wild types and serine mutants. As a 

consequence, the proteolytic activity of histone H1 was examined using the 

other mutants in addition to serine or without serine mutants of the catalytic 

triad of MspA. In parallel, App mutants were tested to compare with the wild 

types by the same clipping approach (Section 5.2.5.1). The data showed that 

histone H1 was fully degraded when incubated with either wild type or the 

mutant variants of App and MspA proteins.  

Figure 5.20: rH1 histone cleavage assay with different active and inactive 

recombinant App and MspA proteins. Recombinant histone H1 was incubated 

with rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A, rpdMspAD135E, 

rpdMspAD135ES241A and PBS (as a negative control) at 37°C for 16 h. After 

incubation, the cleavage reactions were stopped by the addition of 6 × SDS-

PAGE sample buffer and cleavage products subjected to SDS-PAGE. Proteins 

were stained with coomassie blue stain. The data shows that rH1 was completely 

degraded by all the App and MspA proteins under the conditions utilized. 

  

                                 

 

Ca.32kDaCa. 32kDa   
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To determine the optimal point of histone–H1 clipping by App and MspA 

proteins, time course and dose response experiments were designed. 

 

5.2.6.3.2  Time course proteolytic activity experiments of App 

and MspA  

To define the optimal time point for histone-H1 clipping by App and MspA, a 

time-course experiment of rH1 clipping assay was undertaken. Wild types 

(rpdApp& rpdMspA) and catalytic triad mutant proteins (rpdAppS267A, 

rpdMspAS241A, rpdMspAD135E, rpdMspAD135ES241A) of MspA and App were used. 

Aliquotes of the cleavage reactions were removed at 30 min, 1 h, 1.5 h, 2 h, 4 

h, 6 h, 8 h and 12 h time points and resolved on SDS-PAGE. The proteolytic 

degradation of H1 was complete, however, even at the shortest timepoint with 

each of the proteases tested. 
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Figure 5.21: Time course experiment for rH1 clipping assay. rH1 was co-

incubated with rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A, rpdMspAD135E or 

rpdMspAD135ES241A and incubated at 37°C. Aliquots were taken from the cleavage 

reaction at 30 min, 1h, 1.5h and 2h and subjected to SDS-PAGE. [A] Clipping 

assay of rH1 by rpdApp and rpdAppS267A (incubated for 30min, 1h, 1.5h, 2h). 

[B] Proteolytic activity of rpdMspA and rpdMspAS241A proteins on rH1. [C] 
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Proteolytic activity of rpdMspAD135ES241A and rpdMspAD135E. The data show that 

all App and MspA fragments completed degraded rH1 within 30 min.  

  

5.2.6.3.3  Titration experiments of App and MspA on histone 

H1 proteolysis 

To further optimise the histone H1 cleavage assays, App and MspA proteins 

were titrated in these assays. rH1 histones were incubated with 40nM, 10nM, 

1nM, 0.1nM or 0.001nM of each protein for 30 min at 37°C and analysed by 

SDS-PAGE. 1nM to 0.001nM samples are shown in Figure 5.22. Samples 

incubated with 40nM or 10nM of either protein were fully degraded as previously 

observed (and are not shown here). 1nM App and MspA proteins treated histone 

rH1 was cleaved by wild type rpdApp or rpdMspA but not by their respective 

serine mutants, which were indistinguishable to the negative control containing 

no protease. These findings confirmed the requirement for the serine 

component of the catalytic triad in both App and MspA for full activity in this 

assay. It was also demonstrated the evidence that linker H1 was highly 

susceptible to proteolytic processing by App and MspA proteins as degradation 

was observed at very low concentrations of these proteins. 
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Figure 5.22: Titration experiment to optimise rH1 cleavage assays using 

recombinant App and MspA proteins. Different concentrations of App and MspA 

proteins were incubated with 1.5 µg rH1 at 37°C for 30 min. The reactions were 

then stopped, and products resolved on SDS-PAGE. rH1 clipping was observed 

with rpdApp by the degradation of ca. 32kDa band corresponding to rH1. rpdApp 

and rpdMspA showed cleavage at all the points, but not with the mutant proteins 

including rpdAppS267A, rpdMspAS241A, rpdMspAD135E and rpdMspAD135ES241A. It 

showed App and MspA can proteolytic process rH1 with 0.1nM concentration 

within 2h. rpdApp showed more rapid degradation of rH1 than rpdMspA under 

the conditions tested where rpdApp showed proteolytic activity at 0.01nM 

concentration and rpdMspA showed at 0.1nM.  

The experiments were further optimised and showed that 0.1nM App or MspA 

were able to clip the H1 histones within 1hour, whereas no clipping was evidence 

by serine mutants of these proteins (Figure 5.23). 
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Figure 5.23: Final optimisation of the rH1 clipping assay. 1.5 µg rH1 was 

incubated with 0.1nM rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A, 

rpdMspAD135E, rpdMspAD135ES241A or PBS (negative control) at 37°C for 1h. 

Cleavage reactions were stopped by the addition SDS-PAGE sample buffer and 

the clipping products were analysed on 16% (w/v) SDS-PAGE. rpdApp, rpdMspA 

and rpdMspAD135E degraded the 32kDa rH1 histone, but intact, full-length rH1 

histone bands were observed with the all other mutants of App and MspA and 

PBS treated negative control. 

 

5.2.6.3.4 Analysis of histone H2B clipping by App and MspA 

Proteins 

To further investigate the histone H2B clipping activity of the serine mutants of 

App and MspA (results from 5.2.5.3), further experiments were devised using 

wild types App and MspA and their serine mutant derivatives. The results were 

consistent with the previous clipping assay where histones H2B cleavage 

products were observed with all wild types and mutant proteins of App and MspA 

but this activity was abolished in the presence of PMSF. It was also observed 

the serine mutant derivative of App retained some activity, but it was much less 

than that which was observed in preparations treated with the wild type protein 
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Figure 5.24: Histone H2B clipping assay with recombinant App and MspA wild-

type and mutant proteins. [A] rH2B clipping assay. [B] Represents the same 

rH2B clipping assay, but in the presence of PMSF. Recombinant histone (1.5μg) 

was incubated with 40nM of rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A, 

rpdMspAD135E, rpdMspAD135ES241A, TF (negative control) or PBS (negative control) 

at 37°C for 16 h. Reactions were stopped by addition SDS-PAGE sample buffer 

and cleavage products were detected using anti-histone H2B (ab1790). This 

demonstrates cleavage of rH2B by rpdApp and rpdMspA due to the generation 

of a faster migrating additional H2B-specific band. The yield of this cleavage 

product is reduced when mutant proteins of App and MspA were utilized. Panel 

[B] shows that all cleavage could be inhibited by the addition of PMSF indicating 

serine endopeptidase activity. 

 

5.2.6.3.5  Time-course experiments of histone H2B 

proteolysis by App and MspA proteins  

In the previous experiment of the time dose experiment of H1 histone clipping 

assay demonstrated the optimal point of App and MspA clipping. 

 

 

H2B 
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To define the optimal time point for histone-H2B clipping by App and 

MspA, a time-course experiment of rH2B histone clipping assay was performed. 

Wild types (rpdApp& rpdMspA) and catalytic triad mutant proteins (rpdAppS267A, 

rpdMspAS241A, rpdMspAD135E, rpdMspAD135ES241A) of MspA and App were used. 

Aliquots were taken from the reaction mixture at some time points (4 h, 8 h, 12 

h, 16 h) and resolved on SDS-PAGE, transferred onto nitrocellulose membrane 

and detecting H2B with anti-histone H2B(ab1790). Both rpdApp and rpdMspA 

showed clipping activity after 4 h of incubation with rH2B. At this time point 

rpdAppS276A-treated samples displayed no cleavage products, which only 

became apparent after 16 h (Figure 5.25 [A]). Samples treated with 

rpdMspAD135E showed evidence of cleavage even at 4 h, although it was less 

active than the wild type protein. The rpdMspAS241A mutant demonstrated some 

activity at 12 h, but much less than the wild type, whereas by 16 h cleavage 

was comparable to that seen in the wild type protein (Figure 5.25 [B]). The 

double mutant protein rpdMspA behaved similarly to rpdMspAS241 although no 

activity was apparent at 4 h, 8 h, whereas the histone was fully cleaved at 16 h 

(Figure 5.25 [B]). 
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Figure 5.25: Optimizing the incubation time for the rH2B clipping assay. Here 

40nM autotransporters (rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A 

rpdMspAD135E rpdMspAD135ES241A) were incubated with 1.5 µg rH2B and the 

cleavage products collected at 4h, 8h, 12h or 16h. [A] rpdApp showed clipping 

at 4h, whilst clipping products could only be detected in the rpdAppS267A reaction 

after 16 h. [B] rpdMspA showed clipping at 4h, whilst clipping products appeared 

later or were less abudant in reactions containing rpdMspAS241A or 

rpdMspAD135ES241A.  

 

These results indicated that rH2B clipping is mediated by the catalytic triad, but 

that one or more of the amino acids making up this triad are dispensable if the 

incubation is prolonged. 
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The optimisation of the incubation time for H2B clipping assays  demonstrated 

that rH2B clipping by App and MspA is time dependent. 

To further optimise the H2B clipping assay, the assay was performed 

with at different protease concentrations. Firstly, the histone H2B clipping 

experiment was done using 40nM or 20nM of App or MspA wild type and serine 

mutant proteins. As expected, reduced proteolytic activity was observed when 

20nM of the autotransporter proteins were employed. This result indicated that 

rpdApp was more active against histone rH2B than rpdMspA. 

 

Figure 5.26: Titration experiment to optimise rH2B cleavage assays using 

recombinant App and MspA proteins. [A] rH2B clipping assay using 20nM or 

40nM autotransporter proteins (rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A). 

[B] rH2B clipping assay using 5nM, 10nM or 20nM autotransporter proteins 
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(rpdApp, rpdMspA or TF). Cleavage reactions were incubated for 8h at 37°C, 

and products detected by immunoblot. rpdApp showed clipping at any 

concentration being tested here, but rpdMspA showed clipping only at 20nM.  

 

5.2.6.3.6  Role of the catalytic triad in the proteolytic activity 

of App and MspA in H2B proteolysis 

The H2B clipping assay was carried out at the optimal point where serine 

mutants proteolysis were not showed (Figure 5.27 [A] and [B]). 1.5µg rH2B and 

3µg CH2B(cell-derived H2B) clipping assys were repeated with wild type and 

mutant proteins of App and MspA (in which one or more aminno acids making 

up the catalytic triads of App and MspA were changed) and assays were 

undertaken for 8 h at 37°C. Cleavage products were observed with rpdApp- and 

rpdMspA-treated rH2B or cell derived H2B (CH2B), and also in samples treated 

with rpdMspAD135E. Cleavage products were absent, however, in samples treated 

with rpdAppS267A, rpdMspAS241A, rpdMspAD135ES241A (Figure 5.27). 

These results demonstrated the proteolytic activity of App and MspA 

towards H2B is mediated by serine protease activity and that the serine residues 

S276 of App and S241 of MspA are required for this activity but not the aspartic 

acid residue D135 of MspA. This activity was observed where the histione 

substrate was generated in bacteria or purified from human cells. 
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Figure 5.27: Optimized serine protease-mediated histone H2B clipping assay. 

[A] rH2B clipping assay. [B]  Hep-2 cell-derived H2B clipping assay. 20nM 

autotransporters (rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A rpdMspAD135E, 

rpdMspAD135ES241A) were incubated with histone H2B for 8 h at 37°C. Reactions 

were stopped by SDS-PAGE sample buffer and were subjected to 

immunoblotting analysis using anti C-terminal histone H2B (ab1790) to detect 

the N-terminal cleavage of histone H2B. No clipping products were observed 

with serine mutants indicating the importance of the active site serine residue 

in App and MspA proteolytic processing of N–terminal histone H2B. No 

differences were apparent between rH2B and Hep-2 derived H2B suggesting 

that PTMs do not influence cleavage.  

[B]

H2B

H2B

[A]
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5.2.6.3.7  Proteolytic processing of H3 histones by App and 

MspA 

To further characterise the role of the catalytic triad of App and MspA in the 

protolytic clipping of H3; the ability of these proteins, as well as the previously 

tested serine mutants and additional mutations were tested for their ability to 

cleave this histone. As previously determined the serine residue of App was 

shown to be important in this activity, although in the later experiments some 

residual cleavage was observed in the serine mutant. The activity of the serine 

mutant of MspA was similar to the wild type protein. Mutation of the aspartate 

residue D135, either alone or in combination with serine S267, also did not have 

any effect on the ability of this protein to cleave H3 under the conditions tested.  

 

Figure 5.28: rH3 Histone clipping assay with recombinant App and MspA wild 

types and mutant proteins. Recombinant H3 histones (1.5 μg) were incubated 

with 40nM rpdApp, rpdAppS267A, rpdMspA, rpdMspAS241A, rpdMspAD135E and 

rpdMspAD135ES241A and PBS treated rH3 as a negative control at 37°C for 16 h. 

The clipping reactions were stopped by adding SDS-PAGE sample buffer and 

cleavage reaction products were subjected to immunoblotting using polyclonal 

Ab anti-H3 histone (ab1791). We did not observe any difference between wild 

type MspA treated histone and MspA mutants treated histones whereas a 

difference in both rpdApp and rpdAppS267A treated histones. 

 

H3 
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This data was consistent with the previous findings but also indicate that 

the aspartate residue of MspA, in addition to the serine residue component of 

the catalytic triad, was dispensable for the activity of this protease against 

histone H3. Thus, a time-course analysis of histone-H3 clipping was undertaken 

in an attempt to determine whether there was any difference in the activity of 

wild type and catalytic triad mutant versions of this protein against H3. 

 

5.2.6.3.8  Time course proteolytic activity experiments of App 

and MspA on rH3 histone 

To define the optimal point for H3 histone clipping by App and MspA, the time-

course proteolysis of histone rH3 experiment were carried out. The assay was 

also performed with different concentrations of autotransporters where we used 

20nM and 40nM wild type and mutant App and MspA proteins. The aliquots of 

the cleavage reactions were collected at several time points (4 h, 8 h, 12 h, 16 

h, 24 h) and the processed fast migrating truncated additional bands of H3 

Histones were confirmed with monoclonal anti-H3 histone (ab10799) using 

immunoblotting analysis.  

The clipping of H3 histones were observed with wild type App (rpdApp), MspA 

(rpdMspA) and rpdMspAD135E mutant but not with any serine mutant 

(rpdAppS267A, rpdMspAS241A, rpdMspAD135ES241A). This proteolytic activity of App 

and MspA was also depend on their concentrations (Figure 5.29). In the histone 

H3 clipping assays, 40nM ATs treated histones showed more intense clipping 

products than 20nM ATs treated histone H3 (Figure 5.29). Interestingly, 20nM 

ATs treated histone H3 clipping assays showed the clipping evidence with 

rpdApp at 4 h incubation whereas the clipping only found with rpdMspA at 16 h 

incubation and serine mutants’ proteolysis were almost concealed. MspAD135E 
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mutant showed proteolytic ability on rH3 histone after 12h incubation (Figure 

5.29 [A]). 

 

Figure 5.29: Dose-time dependent histones rH3 clipping assays. 
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 Here, [A] 40nM ATs proteins were used for histone rH3 clipping assay [B] 20nM 

ATs proteins were used for clipping assay. 20nM /40nM autotransporter proteins 

(rpdApp, rpAppS267A, rpdMspA, rpdMspAS241A, rpdMspAD135E and 

rpdMspAS241AD135E) were incubated with 1.5ug rH3 and incubated for 24 h.  

The cleavage products were collected at 4 h, 8 h, 12 h, 16 h and 24 h. 20nM 

App and MspA showed less truncated clipping products than 40nM Ats. 20nM 

rpdApp showed cleavage within 4 h where rpdMspA showed clipping after 12 h 

and fade clipping band was observed with mutants after 16 h incubation. In 

some clipping assays, the thicker band was observed after 16h incubation, but 

the same volume of reaction was used in each lane. It may be the reason of the 

last sample contained precipitated material from the bottom of the tube. 

Time-course and dose-response experiments demonstrated the 

proteolytic processing of histone H3 by App and MspA rapidly increased for long 

time incubation with high concentrations. The optimal point of clipping assays 

was where the clipped H3 histones (rH3 and cell derived H3) was found with 

App and MspA proteins but the full-length size of histones H3 were observed 

with mutants of App and MspA proteins as with the PBS negative control. 

After optimisation, the H3 clipping assay was performed; 40nM 

autotransporters were co-incubated with either rH3 or CH3 for 8 h. Similar 

results were obtained when histone rH3 was treated with 20nM autotransporters 

for 12 h. 

The cleavage products were subjected to immunoblotting using C-

terminal monoclonal anti-histone H3 (ab10799). The results confirmed rH3 

histone clipping by rpdApp and rpdMspA but not with any of the mutants of 

these proteins, including the aspartate mutation of MspA. 

In addition, we observed that MspA wild type (rpdMspA) cleaved CH3 

less efficiently than App wild type (rpdApp) (Figure 5.30). The cleavage products 

of cell derived purified histone-H3 were more prominent with rpdApp treated 
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histone as compared with rpdMspA treatment, indicating that App was the more 

active of the two autotransporters against this histone.  

 

Figure 5.30: Optimised serine protease mediated histone H3 clipping assay. 

Here, [A] rH3 clipping assay [B] Hep-2 cell-derived H3 clipping assay. In these 

assays, 40nM autotranspoters (rpdApp, rpAppS267A, rpdMspA, rpdMspAS241A, 

rpdMspAD135E and rpdMspAS241AD135E) were incubated with rH3/CH3 for 8 

h at 37°c. After incubation, the cleavage reactions were stopped with SDS-PAGE 

sample buffer and analysed by immunoblotting with C-terminal monoclonal anti-

histone H3 (ab10799) to detect the N-terminal histone H3 tail clipping.  
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The results described the cleavage products of rH3/CH3 with the rpdApp and 

rpdMspA according to the faster migrating another additional band <17kDa with 

the full-length histone. No clevage with serine mutants demonstrated the N-

terminal histone H3 clipping is due to active serine residue. No apparent 

difference was observed with rH3 and CH3 clipping by rpdApp but MspA showed 

less efficacy for  cell derived histone  H3 proteolytic processing. 

The overall histone H3 clipping results demonstrated that the time and 

concentration of autotransporters had dramatic effects on histone H3 proteolysis 

processing and thus careful optimisation was required to demonstrate the role 

of the catalytic triad in MspA. The dependence on the catalytic triad was not 

complete in this case as prolonged incubation with relatively high concentrations 

of the mutant version of this protease resulted in similar activity to the wild type 

parent molecule.  

 

5.2.7. Cellular histone clipping assay  

The previous experiments were conducted using purified proteins in a very 

controlled manner and might not reflect the in vivo situation very accurately. 

For example, they do not take into account the fact that the ATs have to bind 

to host cells and be trafficked to the nucleus before histone clipping can occur. 

In the experiments described in this section, App and MspA proteins as well as 

their active site seine mutants into host cells, and after allowing time for binding, 

trafficking and cleavage, histones were extracted and analysed for evidence of 

clipping. 

 Cell viability assay 

Prior to histone clipping assays in cells, the cellular toxicity of App and MspA 

proteins were assessed with Hep-2 cells lines using a cell viability assay. The 
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Hep-2 cells were exposed with 40nM  to 400nM rpdApp and rpdMspA and their 

respective seine mutants and incubated at 37°C for 20 h and monitored post- 

exposure by phase-contrast microscopy and cell viability was measured using 

an XTT assay which measured the cell metabolic activity of cells to reduce the 

tetrazolium salts. A dose-dependent cell death of treated Hep-2 cells was 

observed when the proteases were added at ≥250nM  concentration. However, 

App and MspA did not reduce cell viability when added at a concentration of 

40nM.  

No noticeable change of the cell viability was observed between the 

untreated control and rpdApp- and rpdMspA-treated cells as compared with cells 

treated with Staurosporine, which was used as a positive control as a known 

inducer of cellular apoptosis. The lack of toxicity of App and MspA proteins was 

also confirmed by viable cell counting with trypan blue (not shown) which 

demonstrated the cell viability actually increased in cells treated with rpdApp or 

rpMspA at concentration of 40nM or 200nM. In the XTT assay, metabolic activity 

of rpdApp- and rpdMspA-treated cells increased compared with untreated 

negative control cells. Positive control cells treated with Staurosporine showed 

a significantly reduced metabolic activity (Figure 5.31 and 5.32). 

Interestingly, no significant difference was observed between cells 

treated with the active site serine mutants of the respective proteins compared 

to untreated control cells. These data revealed that App and MspA proteins could 

both induce increases in the metabolic activity of host cells. The observation 

that this effect was not observed in the serine mutants suggests that the effect 

was dependent on the proteolytic activity of the autotransporter proteins. 
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Figure 5.31: Toxicity of recombinant App autotranspoter to Hep-2cells. Here 

[A] showed the microscopic images of rpdApp, serine mutant of rpdApp, 

staurosporine toxin treated and untreated Hep-2 cells. [B] cell metabolic activity 

was monitored with following XTT assay. 1×1010 Hep-2 cells were exposed to 

40nM rpdApp and  rpdAppS267A in triplicate and incubated for 20 h time course 
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using XTT assay. Untreated Hep-2 cells were used as negative control and 

Staurosporine (2uM) was used as a positive control. Values presented are the 

mean ± SE of three independent separate experiments and were analysed by 

ANOVA and Tukey’s multiple comparison test. The images suggest no 

deleterious effects of autotransporter exposure. The XTT assay shows 

significantly increased metabolic activity induced by rpdApp (p value 

**<0.0097) compared with negative control. The active site serine mutant 

showed no significant difference compared to control, which indicated the 

proteolytic processing might be associated with the observed effect on metabolic 

activities. Staurosporine induced highly significant reduction in absorbance 

compared to control p < 0.0001. 
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Figure 5.32: Toxicity of recombinant autotransporter MspA to Hep-2 cells. [A] 

Representative images show the appearance of Hep-2 cells following no 

treatment, or treatment with rpdMspA, rpdMspAS267A or Staurosporine. [B] Cell 

metabolic activity has monitored post-exposure using the XTT assay. Values 

presented are the mean ± SE of three independent experiments and were 
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analysed by ANOVA and Tukey’s multiple comparison test. The images suggest 

no deleterious effects of autotransporter exposure. The XTT assay shows 

significantly increased metabolic activity induced by rpdMspA (p value 

*<0.0218) as compared with negative control, whereas rpdMspAS241A showed 

similar absorbance to the untreated cells. 

 

 Proteolysis of H2B and H3 histones in Hep-2 cells 

treated with App or MspA 

In previous experiments, we demonstrated the proteolysis of purified 

rH2B/CH2B and rH3/CH3 histones incubated with recombinant App and MspA. 

It is possible, however, that such proteolysis represents an artefact of the 

artificial experimental conditions employed. During infection, the 

autotransporters would need to be transported across the cytosol and into the 

nucleus of host cells before accessing the histones. To explore the possible 

proteolytic processing of histones by exogenous App and MspA, Hep-2 cells were 

exposed to recombinant App or MspA at different concentrations (at 40nM, 

80nM, 150nM and 250nM). The most discriminating concentration state was 

found at 150nM. Hep-2 cells were exposed with 150nM App or MspA for different 

times prior to lysis and analysis by immunoblotting. The presence of H3 and 

H2B protein derivatives was confirmed by probing the extracted whole cell 

lysates of the rpdApp- and rpdMspA-treated Hep-2 cells with C-terminal 

monoclonal anti-Histone H3 and C-terminal anti-histone H2B. Hep-2 cells were 

co-incubated with 150nM active rpdApp, rpdMspA and their serine mutant 

proteins individually, followed by lysis of the treated cells and immunoblotting 

of the lysed samples. Histones H2B and H3 were both observed to undergo 

proteolytic processing in cells treated with rpdApp or rpdMspA, which was 

confirmed by the observation of faster migrating additional bands detected in  
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lysates of Hep-2 cells probed with their respective anti-histone antibodies that 

were not observed in lysates of untreated Hep-2 cells (Figure 5.33 [A] & [B]). 

The analysis showed no proteolysis of histones H2A and H4 (Figure 5.33 [C]), 

which was consistent with the previous findings when purified proteins 

(rH2A/CH2A and rH4/CH4) were co-incubated with the proteases. rpdApp-

treated cells showed more prominent cleavage products compared with 

rpdMspA-treated cells. No activity was observed in cells treated with the serine 

mutants of either rpdApp or rpdMspA. 
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Figure 5.33:  Clipped histones formed in Hep-2 cells by App and MspA. [A] 

Immunoblotting of histone H3 from lysates of rpdApp- and rpdMspA-treated  
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Hep-2 cells, and [B] Immunoblotting analysis of H2B histones from lysates of 

rpdApp- and rpdMspA-treated Hep-2 cells. [C] Immunoblotting of histone H2A 

& H4 from lysates of rpdApp- and rpdMspA-treated Hep-2 cells. Hep2 cells were 

treated with 150nM rpdApp, rpdMspA, rpdAppS267A and rpdMspAS241A, 

rpdMspAD135E rpdMspAD135ES241A and incubated for 12 h at 37°C. Then the cells 

were harvested after incubation and the proteins were examined by 

immunoblotting of cell lysates with their specific anti-histone Abs.  

The presence of faster migrating additional bands of histones H3 and 

H2B by rpdApp and rpdMspA confirmed the histone clipping activity of these 

both proteins in cells treated with exogenous autotransporters, demonstrating 

that the proteins can traverse the cell cytosol and enter the nucleus in sufficient 

quantities to cleave the histones. It also demonstrates that the histones within 

the nucleus are accessible to the proteolytic activity of rpdApp and rpdMspA. 

  

5.2.8. Cleaved histones H3 and H2B are associated 

with chromatin 

In order to determine whether the cleaved histone products found in whole cells 

treated with the two autotransporter proteases were associated with chromatin, 

the rpdApp- and rpdMspA-treated Hep-2 cells or untreated cells were 

fractionated using the subcellular protein purification kits. Chromatin fractions 

were resolved on SDS-PAGE (Figure 5.34 [A]) and probed with C-terminal 

monoclonal anti-histone H3 and C-terminal anti-histone H2B by 

immunoblotting. Histone H3 and H2B clipped products were observed in the 

chromatin fractions of protease-treated cells (Figure 5.34 [B]), demonstrating 

that histones within chromatin are susceptible to the proteolytic activity of the 

autotransporters, and that the clipped products remain chromatin-associated, 

suggesting that they remain incorporated into nucleosomes. 
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Figure 5.34: Clipped histones accumulated within chromatin. [A] The 

chromatin protein fractions from rpdApp- and rpdMspA-treated Hep-2 cells were 

analysed by SDS-PAGE. [B] Immunoblotting analysis of H3 and H2B histone 

clipping from the chromatin fractions. N-terminal cleavage fragments of histone 

H2B and H3 were associated with chromatin preparations. H1 histone was not 

found from chromatin fraction.  

Collectively our findings demonstrated that App and MspA serine proteases are 

proteolytically active against H1, H2B and H3 histones, that this activity was 

dependent at least partially on the presence of an intact catalytic serine protease  
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triad, and that the activity could be observed in intact cells treated with 

exogenous proteases. Finally, the histones undergoing proteolysis were 

contained within chromatin and thus are presumed to be associated with 

nucleosomes.  
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5.3. Discussion 

In eukaryotic cells, processed histones are an intriguing topic of epigenetics 

[255]. In eukaryotic cells histones are the central players of chromatin where 

DNA processes are controlled through a process of imprinting.  The histones 

themselves are regulated by a process of post-translational modification (PTM), 

which mainly occurs along their N-terminal tails [264]. Genome studies have 

shown that various modifications in a specific genomic region can lead a ‘histone 

code,’ which can define either an ‘open’ or ‘closed’ state of chromatin, which in 

turn can influence gene expression in this region [265]. Histone hydrolysis can 

cause the irreversible alteration of PTM, which has been reported by several 

authors [264, 266, 267]. Some outstanding discoveries have demonstrated the 

proteolysis of histone are processed by proteases including Cathepsin L–

cysteine protease [268], Glutamate dehydrogenase [269], Human ESC protease 

[270], Yeast endopeptidase [271], vacuolar protease B (prb1) in yeast [272], 

serine type protease in yeast, Foot-and-Mouth disease about a contribution in 

picrona viral 3C protease -FMDV3C Protease [260], tryptase [273], an cysteine 

protease of chicken liver [261], a nuclear localised cysteine proteases are 

associated with histone H3 clipping in colorectal cancer cell lines [274], Jumonji 

C domain containing proteins -JMJD5 and JMJD7 has been identified as histone 

proteases [275], protease directed mode of chromatin organisation in P. 

falciparum [276]. The work described here shows that the two meningococcal 

autotransporter proteins App and MspA are similarly capable of modifying 

histone proteins within chromatin. 

In Eukaryotic cells, the chromosomal DNA is maintained in a compact 

form along with the histones in the nucleosomes. There are five major histones  
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families: H1, H2A, H2B, H3 and H4. We successfully purified each of these major 

histones in fractions including histone H1 alone, histones H2A and H2B and 

histones H3 and H4. The respective human recombinant histones were shown 

to be the same size as their cell-derived equivalents by immunoblotting. It was 

previously reported by our group that the recombinant histone-H3 was 

susceptible to clipping by App and MspA [215]. However, because recombinant 

histones produced in E. coli may differ from in situ histones within human cells, 

especially in terms of potential post translational modifications, we wished to 

extend these findings to human cell derived histones. Thus, we examined all of 

the human cell derived histone groups for their susceptibility to cleavage by App 

and MspA autotransporters in parallel with their respective recombinant 

equivalents. 

In this work, pColdTF and E. coli expression systems were used to 

express and to purify the functional passenger domains (rpdApp and rpdMspA) 

of the meningococcal autotransporters App and MspA and their mutant 

derivatives. The pColdTF vector used to purify of these proteins contained the 

cspA promoter which enhances the expression of the target proteins at low 

temperatures (15°C) and also blocks expression of bacterial cell proteins. The 

trigger factor (TF) fusion improved the solubility of the target protein [277-279], 

and the N-terminal His-tag facilitated the isolation, purification, and 

identification of the fusion protein. We successfully purified rpdApp and rpdMspA 

wild types proteins, as well as mutant derivatives in which specific amino acids 

belonging to the putative serine protease catalytic triad had been replaced. 

The proteolytic activity of both proteins was confirmed and they were 

both shown to have activity against histones H1, H3 and H2B, but not against 

histones H2A or H4. In the case of histones H3 and H2B the proteolytic activity 
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was confirmed to be serine protease activity as it was sensitive to the serine 

protease inhibitor PMSF. To confirm that the observed activity was serine 

protease activity, three different mutants of MspA were created by targeting 

amino acids within the putative catalytic triad: serine and aspartate. These 

amino acids were mutated individually and in combination and the resulting 

mutants were analysed for their ability to process histones H1, H2B and H3. 

When the serine component of the putative catalytic triad within rpdMspA was 

mutated, the mutant protein retained some activity, which was only 

distinguished from that of its wild type parent by careful titration and timing of 

the experiments. Optimization of the experimental design provided evidence to 

confirm that histone cleavage of App and specifically MspA was dose and time-

dependent: findings also supported the study of Xu et al. [280], which reported 

that activated protein C (APC) can effectively cleave histones in a dose-

dependent fashion. In general, rpdApp was more active than rpdMspA, but 

mutation of its catalytic triad serine residue had a more dramatic effect on the 

activity of the protein, although in some experiments a small residual activity 

was retained by the serine mutant of rpdApp.  

Linker histone H1 is positioned on top of the nucleosome core particles 

stabilizing higher-order chromatin structure and is located near the nucleosome 

of entry and exit site of DNA. H1 promotes the folding of chromatin into its 

compact form, facilitates the spacing and position of the nucleosome, and 

regulating gene expression [281]. In our study, we showed that H1 was highly 

susceptible to proteolysis with App and MspA. We can speculate that H1 

proteolysis by App or MspA is likely to alter nucleosome structures and/or 

position resulting in remodelling of the chromatin complex. Zhang et al. reported 

Granzymen-A enzyme-mediated complete H1 cleavage and core histone 
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digestion provides a mechanism for unfolding compacted chromatin and 

facilitates endogenous DNase access to DNA during T cell and natural killer cell 

granule-mediated apoptosis [282]. It was also reported, in the Chlamydia 

trachomatis EUO gene encoded protease mediated H1 histone proteolysis 

resulting in the chromatin de-condensation [283]. A research  study reported 

the evidence that linker histone depletion, including depletion of H1.2, caused 

cell cycle arrest in the G1-phase, suppresses the expression of cell cycle genes, 

and decreased nucleosome spacing, H1.4 depletion caused cell death in T47D 

cells and depletion of individual histone H1 variants have been observed in 

breast cancer cells [284]. It is thus likely that App and MspA mediated H1 

cleavage may cause deregulation of DNA-Histone communication in a way that 

alters chromatin structure and function.  

Some studies reported that the removal of the N terminal tail of H2B 

modulated nucleosome sliding [285, 286]. In eukaryotes, ATP-dependent 

chromatin remodelling factors modulate chromatin structure, many of the 

factors do that via nucleosome sliding. These factors use the energy by ATP 

hydrolysis to disrupt the histone–DNA interactions which increases the 

nucleosomal DNA accessibility and also helps to induce the sliding  of  the 

histone octamers to adjacent DNA segments (‘sliding’), and may even lead to 

displacement of a histone octamer to a different DNA segment [287]. It was 

also reported that tryptase enzyme mediated clipping of the N-terminal tail of 

H2B in mast cells is required to maintain cell identity [273]. In this study, they 

reported about the absence of tryptase can cause an age-dependent 

accumulation of the epigenetic mark H2BK5ac which has an extensive effect on 

the cellular phenotypes companying with the change of chromatin of mast cells. 
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 In much the same way, it can be hypothesized that App and MspA- mediated 

histone H2B clipping may destabilise the H2A-H2B dimer and H3-H4 tetramer 

interaction, and thus affect nucleosomes solubility. 

Histone–H3 is a key factor in the regulation of the gene expression [271]. 

Thus, it may be an important potential target for pathogen directed proteolysis. 

Histone H3 can be processed proteolytically at different cleavage sites where 

the peptide bond is hydrolysed by proteases [255]. As an example, Cathepsin 

L-cysteine protease is associated with H3 clipping. A previous study from our 

group showed that App and MspA interact with rH3 histones [215] and here we 

have shown that in situ-derived histone H3 is cleaved by the bacterial enzymes. 

The work described here also provides better evidence for cleavage of this 

histone as the multiple bands detected previously in the case of cell-derived H3 

(CH3) by polyclonal anti-Histone H3 (ab1791), which cross-reacts with other 

human histones, have been resolved to a single band by use of the monoclonal 

C-terminal anti-histone H3.  

In the recombinant histone and native histone clipping assays, the 

faster-migrating additional histone H3 band was detected with C-terminus-

specific monoclonal anti-histone-H3 but not with N-terminus-specific anti-

histone antibodies, indicating that H3 was proteolytically processed from N-

terminus tail. This is consistent with previous observations of N-terminal clipping 

of this histone by various with proteases [268, 288]. 

The N-terminal region -of Histone H3 (1-21a.a) is thought to be a key 

regulator of gene expression in various systems including P. falciferum [276], 

and cells infected with foot and mouth disease virus (FMDV). In the latter case 

the virus controls the host cell’s transcription by modulating histone H3 N-

terminal cleavage [289]. Duncan et al. reported that H3.3 tail cleavage by 
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Cathepsin L plays a significant role in silencing the transcription of cell cycle-

promoting genes [268]. In 2009, Santos-Rosa et al. found a serine protease- 

H3 endopeptidase and showed that clipped histone H3 was associated with 

induction of gene expression [271]. Kim et al. has reported the histone H3 N-

terminal proteolysis induces gene activation during osteoclast differentiation 

[290]. Additionally, other studies have supported the theory that histone tail 

cleavage is associated with cellular processes including stem cell differentiation 

[270, 288], cellular senescence [291], DNA damaging stress [292] and yeast 

sporulation [271]. Clipped histones have also been found in chicken liver and 

Tetrahymena micronuclei [267, 269, 293].  

Histone N-terminal tail modifications can also alter nucleosomal 

interactions to disrupt the chromatin structure which can  play a crucial role in 

gene access [294]. Likewise, the clipping of N-terminal histone-H3 by App and 

MspA may alter the PTM modification of the histone tail and thus may destabilize 

the surrounding structures. This histone modification may impair transcription 

of associated genes and may influence additional cellular responses [295].  

Chromatin conformation plays a central role in gene expression. In this 

study, we present the first evidence of histone proteolysis by App and MspA 

within whole cells. App and MspA mediated histone clipping have been shown 

here to occur in the chromatin milieu as has been observed in other systems 

[273]. For example, tryptase was shown to clip H2B within the chromatin and 

Tvardovskiy et al. demonstrated a relationship between histone clipping and 

PTM status of histones in human hepatocytes [273, 296]. This histone cleavage 

within chromatin also provides that in App- and MspA-exposed eukaryotic cells, 

App and MspA can enter into the nucleus and proteolytically process histones.  
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The App and MspA mediated histone proteolysis within chromatin 

suggested to be associated with nucleosome of the host cells. It is known that 

histone tails contribute in intra –inter nucleosomes interactions and play an 

essential role in the genomic DNA accessibility. Nucleosomes containing 

truncated H3/H4 can alter the  conformation of nucleosomes which lead to 

regulate the accessibility DNA binding proteins to  nucleosomal DNA [297]. Allis  

and his colleagues proposed a ‘’histone code hypothesis’’ in which histone 

modification can play an important role in chromatin-associated processes 

[298]. In support of this theory, Nurse et al. reported that the clipping of flexible 

tails of histones H3 and H4 affects the structure and dynamics of the nucleosome 

[297], Polach et al. demonstrated that core histone tail domains on the 

equilibrium constants for dynamic DNA site accessibility in nucleosomes [299], 

and Lee et al. provided evidence that nucleosome depletion at active regulatory 

regions genome-wide and  may be an important feature of eukaryotic 

transcriptional regulation [300]. The functional roles of histone cleavage are 

summarised (Figure 5.35). 

 

Figure 5.35: Schematic model presentation of the functional roles of histone 

cleavage in gene expression. (A) Histone clipping can influence chromatin 

compaction on accessibility. Histone tail clipping by protease enzyme might help 

to generate open chromatin structures, as a result of that DNA accessibility for 

transcription factors are increased, in that way contributing to gene activation. 
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(B) Initiation of histone exclusion. The truncated histone using protease makes 

unstable in the nucleosome. Histone tail clipping may persuade histone removal, 

allowing access of transcription factors into DNA in gene activation. (C) 

Amputation of PTMs and cooperating proteins. Histone tail cleavage may parade 

to the sweeping of multiple modifications, resulting in obstruction of the 

recruitment of effector proteins ("Reader" protein) or other PTM flows on histone 

tails [276, 301]. Adapted from: Sun -Ju Yi et al.[301]. 

 

In the same way, App and MspA mediated nucleosome-associated histone tail 

truncations may increase DNA accessibility, generating an open conformation of 

the nucleosome and leading to gene activation. Which genes are likely to be 

affected in this way, however, would need to be further investigated using Next 

Generation sequencing technologies. 

Histone H3 cleavage by the serine proteases App and MspA in whole cells 

is likely to play an important role in the interaction between meningococcus and 

host cells during infection and/or meningococcal carriage. Recent findings have 

collectively made substantial progress towards exploring the possible 

mechanism of histone cleavage and the downstream consequences of this 

activity.  

Namely, Histones antimicrobial activities play role in host defence system. It is 

possible that cleavage of histones within these structures may allow the bacteria 

to escape from these traps. 

The current study shows that this area is likely to be important for 

meningococcal pathogenesis and provides new insights into the role of histone 

modification on epigenetic regulation during infection.  
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CHAPTER 6: General discussion 
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Pathogenic bacteria can employ various strategies to invade and co-opt the host 

cells to promote their intracellular survival and to modulate the activities of host 

cells to favour the bacteria. A number of bacterial virulence factors have been 

described that hijack nuclear processes of the host by translocating to the 

nucleus and targeting the nuclear proteins. In eukaryotic cells, the nucleus is 

the site of the vast majority of genes and it is here that gene expression is 

directed and controlled. Thus, bacterial molecules entering the nucleus, which 

have been named nucleomodulins, might have permanent genetic or long‐term 

epigenetic effects on the host [302]. Over the last few years it has become 

evident that some pathogens can reprogram the chromatin to modulate host 

transcription [276, 303]. Host cell nuclear targeting by secreted proteins of Gram 

negative bacterial and some viral proteins is a common mechanism employed 

by microbes to hijack and regulate host transcription [194, 215, 233, 304]. 

Meningococcal cell surface-associated and secreted virulence factors can 

enable the bacteria to persist and survive in the host cell; among of these 

virulence factors autotransporter proteins are an important group. 

Meningococcal App and MspA autotransporter proteins each contain a serine 

protease motif (GDSGSP), which is identical to that found in other host targeting 

SPATEs proteins [180]. Recently it was reported that App, MspA and IgA1 can 

be internalised into host cells and can subsequently target the host nucleus 

[194, 215]. Several reports have also demonstrated that nuclear localisation of 

IgA1protease depends on the presence of the α-peptide [194].  IgA protease 

has two mutually exclusive secretory events based on the expression/non-

expression of the phase-variable surface protease NalP, which is itself an 

autotransporter [183]. Of the two forms of IgA1 protease, the NalP-dependent 

secreted form is large molecule of ca. 160kDa containing an α-peptide, which in 
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turn contains the Nuclear localization signal (NLS). Besbes et al. showed that 

the NLS sequence-containing α-peptide was responsible for nuclear targeting of 

IgA protease in the host cell [194]. Similarly, App and MspA have two different 

secreted forms depending on the expression of NalP [183]. It is predicted that 

α peptide region absent in the smaller forms App and MspA would constitute an 

α-peptide present in the larger NalP-mediated forms of the two protein. We 

hypothesized that these larger forms may have roles in the nuclear trafficking 

of the host cells. How these forms can migrate from bacteria into the host cell 

nucleus is not clear; specifically, we do not know whether nuclear targeting is 

NLS dependent. This study was designed to address the hypothesis that nuclear 

targeting of App and MspA was NLS-dependant, and to define the NLS sequence 

of the two proteins.  

We confirmed the nuclear localization of App and MspA. The DsRed-

tagged protein expression approach adopted here to demonstrate nuclear 

localization was recently employed to study the localisation of IgA1protease 

[194]. The DsRed-tagged recombinant passenger domains of App and MspA 

employed corresponded to the larger, α-peptide-containing, forms of the 

passenger domains of the two proteins. When expressed in two human epithelial 

cell lines both proteins were localised to the nucleus. Moreover, in cells 

expressing recombinant App evidence for cellular apoptosis was observed, as 

we have reported previously [215]. To determine whether the proteolytic 

activities of the autotransporters were involved in their nuclear trafficking, 

serine mutants of the passenger domains of each protein were generated and 

expressed in epithelial cells. Both mutant proteins were translocated to the 

nucleus in a similar manner to their wild type parents, indicating that the 

proteolytic activity of the proteins was not required for used for the nuclear 
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localization approach which demonstrated the proteolytic activity was not 

required for their nuclear trafficking of these proteins. 

Attempts to define functional NLS sequence of App and MspA involved 

construction of defined mutants lacking predicted NLSs or α-peptide regions. 

The nuclear localization of two mutant forms of App lacking the predicted NLS 

and α-peptide region, as well as a defined mutant form lacking the serine 

residues within the predicted NLS showed significant differences in nuclear 

trafficking compared to the intact passenger domain. In the absence of this 

motif, the protein was unable to reach to the nuclear compartment and its 

translocation was also lower after deletion of the serine residues. This analysis 

provides experimental evidence to support the hypothesis that the putative NLS 

sequence is essential for nuclear localization. 

App contains a putative autocleavage site at 956F↓NTL959 [214]. This 

site has not been experimentally proved but is assumed to be the site of 

processing in the absence of the phase-variable maturation protease NalP [183]. 

Based on the evidence presented here it is possible that both secreted forms of 

App would retain nuclear targeting as both would retain the proposed NLS 933R-

940R. Interestingly, a second putative NLS, 1149P-1156R, which was proposed by 

van Ulsen et al., which would be predicted to be absent from the 

autoproteolytically processed form of secreted App but present in the longer 

NalP-processed form of the protein [183], would appear to be unable to direct 

the protein to the nucleus as this motif is retained in the deletion mutants ΔG901-

L980 and ΔG901-L965, both of which failed to be translocated to the nucleus. 

Now that the NLS sequence within MC58 App has been identified, 

analysis of App sequences from different strains of N. meningitidis and N. 

gonorrhoeae would determine the conservation of the APP NLS sequence at the 
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amino acid level across different lineages. The conservation of the NLS would 

have important consequences for the relative ability of different App molecules 

to access the nucleus and exert their functional effects.    

By contrast to the findings with App, deletion of a proposed α-peptide of 

MspA had no significant effect on its nuclear trafficking. No classical NLS-like 

motif has been proposed for MspA but deletion of the region A1037-I1139, which 

approximately corresponds to the α-peptide of App and IgA protease, did not 

prevent translocation to the nucleus. Interestingly, deletion of the region 

D999-A1073 resulted in a protein that was not efficiently translocated to the 

nucleus but rather showed a punctate cytoplasmic localization although a few 

transfected cells showed nuclear localization of this truncated protein, 

suggesting that the signal for nuclear localisation had not been removed. The 

reason for the difference in distribution of this protein compared to the wild type 

may be due to an instability of the mutant protein, which might be aggregating 

in the cytoplasm. Unfortunately, we did not find any specific region of MspA for 

nuclear trafficking. At the beginning of the project we attempted to identify 

putative NLSs within the MspA passenger domain. The prediction programmes 

http://rostlab.org/service/nlsdb, PredictsNLS–omicX and SeqNLS did not predict 

any NLSs in MspA, which is why we took a less targeted approach to identifying 

a region within the predicted α-peptide. Very late in the project, however, an 

additional prediction programme - cNLS mapper was used. This predicted a 

possible NLS at position 933N to 961N. Unfortunately, it was too late to generate 

a deletion mutant specifically targeting this region. Thus, it will be important to 

generate such a mutant in order to determine whether this motif is required for 

nuclear localisation of MspA. 

http://rostlab.org/service/nlsdb
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There are many challenges towards gaining a full understanding of the 

contribution of the nuclear targeting of App and MspA during meningococcal 

disease, and perhaps carriage of N. meningitidis. It would be of interest to know 

whether any alterations in the epigenome occur, for example, that have long-

term effects on host cells during meningococcal carriage. The role of nuclear the 

nuclear targeted autotransporters with respect to gene expression during 

pathogenesis will also require further study. Transcriptome analysis of cells 

exposed to nuclear targeting App and/or MspA should shed light on the effects 

of these proteins on host cell gene expression. Once differentially regulated 

genes are identified, it will also be possible to determine whether the proteolytic 

activity of the autotransporters is responsible for these changes by comparing 

the expression of these genes in cells expressing wild type and proteolytically 

inactive nuclear targeting variants of the proteins.  

It is known that very few bacterial molecules can enter into the 

eukaryotic cell nuclei and these bacterial virulence factors can potentially 

reprogram, directly or indirectly, the chromatin-regulatory machinery. Histones 

are key components of the nuclear machinery that regulates gene transcription 

and undergoes a broad range of post-translational modifications (PTM) at the 

N-terminal tail of the protein. PTM of histones is suggested to regulate diverse 

chromatin-based processes. We have presented the first evidence of histone 

clipping in the context of whole cells, demonstrating that the chromatin is 

accessible to the nuclear targeted autotransporters. It was also confirmed that 

the observed proteolytic processing of histones by App was serine mediated and 

was time- and dose-dependent. The proteolytic activity of a serine mutant of 

MspA was unexpected, but not unprecedented [305]. The finding that 

recombinant histones produced in E. coli were processed by the two 
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autotransporters in the same way as human cell-derived histones and histones 

in situ in human cells indicates that the specificity of the autotransporters for 

these proteins is not dependent on post-translational modifications that are 

known to occur within the nucleus. 

App and MspA both had maximal activity against the linker histone H1. 

This histone is likely to be most exposed to the proteases within chromatin 

compared to the core histones. Nevertheless, both App and MspA were also able 

to cleave the N-terminal tails of histones H2B and H3, which are thus also shown 

to be exposed to the proteases after their translocation into the nucleus. It is 

known that most of the post-translational modification of histones happens on 

N–terminal tail; cleavage of this tail is thus likely to have important 

consequences for the activities of these core histones. 

Cytotoxic effects of some nuclear targeted bacterial proteins on host cells 

have been reported. Thus for prior to histone clipping assays in whole cells, the 

toxicity of the protein was examined. At the concentrations used neither App 

nor MspA were toxic to the cells, which exhibited slightly higher metabolic rates 

after treatment with the proteins compared to untreated cells or cells treated 

with staurosporine (as positive control for apoptosis). The reason for the 

observed increased in cell metabolic activity is not clear, but it is clear that it 

results from an alteration in the transcription profile of the cells. 

Neutrophils are present in very high numbers during meningococcal 

sepsis and meningitis. One of the mechanisms by which these cells fight 

bacterial infection is to release large amounts of DNA and associated histones 

to form extracellular traps. DNA-bound histones can then act to kill bacteria. It 

is thus possible that the histone clipping activity that has been demonstrated 
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for the meningococcal autotransporters may play a role in defence against this 

activity.  

However, several questions have been raised: Where is the cleavage site 

of the histone clipping and what is the fate of the cleaved proteins? What is the 

influence of histone clipping on gene expression and other cellular processes, 

for example chromatin-associated DNA replication and repairing? What are the 

consequences of histone clipping during meningococcal disease and/or carriage? 

This study provides insights into the nature of the interaction between 

the two meningococcal autotransporters and the host cells via nuclear 

localization and the clipping of nuclear protein histones. These findings are likely 

to have consequences for our understanding of the complex interactions 

between this pathogen and its host and may provide important insights more 

generally in the fields of host-pathogen interactions and in chromatin biology. 
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10% Acrylamide mini gels Separating (resolving) gel master mix: 2.5 

ml Buffer A, 3.3 ml Acrylamide/Bis-acrylamide (30%, w/v), 4.1 ml dH2O, 30 µl 

10% (w/v) Ammonium persulfate (APS), 30 µl Tetramethylethylenediamine 

(TEMED).  

16% Acrylamide mini gels Separating (resolving) gel master mix: 2.5 

ml Buffer A, 5.3 ml Acrylamide/Bis-acrylamide (30%, w/v), 2.2 ml dH2O, 30 µl 

10% (w/v) Ammonium persulfate (APS), 30 µl Tetramethylethylenediamine 

(TEMED).  

Stacking gel master mix: 1.3 ml Buffer B, 1 ml Acrylamide/ Bis-acrylamide 

(30%, w/v), 2.7 ml dH2O, 10 µl 10% (w/v) APS, 10 µl TEMED.  

Agarose gel; preparation of 0.7-1.0% agarose gel was done by dissolving 0.7-

1 g of agarose powder (sigma) in 100 ml 1× TAE buffer and syber safe strain 

was added.  

Alkaline phosphatase buffer; 15.7 g Tris-HCl, 5.8 g NaCl, 0.2 g Mgcl
2
.6H

2
O, 

1000 ml dH
2
O, adjust the pH to 9.5.  

Antibiotics: All antibiotics were purchased from Sigma-Aldrich, UK, prepared 

according to the recommended concentration, sterilised by filtration, and stored 

at 4oC. 

Kanamycin (50 mg ml-1 stock solution prepared in dH2O) 

Ampicillin: (100 mg ml
-1 

stock solution prepared in dH
2
O) 

Spectinomycin (50 mg ml-1 stock solution prepared in dH2O) 

Blocking buffer (Milk): 5% (w/v) skimmed milk powder in 0.1% (v/v) PBST. 

Blocking buffer: 1-5% (w/v) Bovine serum albumin (Sigma-Aldrich A3912) in 

PBS-T and sterilize by filtration (0.22 µm filter).   

BSA: Bovine serum Albumin, (Sigma A3912) as lyophilized powder (MW ca. 66 

kDa) was prepared in sterile PBS according to the concentration needed.  
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Buffers for protein purification under native condition:  

Elution buffer; 50mM NaH
2
PO4, 300mM NaCl, 500mM imidazole, and pH 

adjusted to 7.5 using NaOH. 

Lysis Buffer; 50mM NaH
2
PO4, 300 mM NaCl, 10mM imidazole, and pH adjusted 

to 7.5 using NaOH.  

Wash buffer; 50 mM NaH
2
PO4, 300 mM NaCl, 20 mM imidazole, and pH 

adjusted to 7.5 using NaOH.  

Complete medium for cell culture: DMEM medium supplemented with 10% 

(v/v) Fetal Bovine Serum (FBS), 1% (v/v) Penicillin/Streptomycin, and 1% (v/v) 

Epithelial Cell Growth Supplement (ScienCell Research Labs.).  

DMEM medium: DMEM (Dulbecco’s Modified Eagle’s Medium) Contains 1000 

mg/L glucose, L-glutamine, and sodium bicarbonate. 

DNA loading dye (6×); 10 mM Tris-HCl (pH 7.6), 0.03% Bromophenol blue, 

0.03% Xylene cyanol FF, 60% glycerol, 60 mM Ethylenediaminetetraacetic acid 

(EDTA).  

Fixing solution (4% paraformaldehyde): 40 g of paraformaldehyde powder 

was added to the pre-heated 800 mL of PBS at 60oC. pH was slowly adjusted at 

6.9 by 1 N NaOH, final volume made up to 1L with PBS. 

IPTG (Isopropyl-β-D-1-thiogalactopyranoside [FW 238.8]); to prepare 1 

M stock solution, 0.23 g of IPTG was dissolved in 1 ml dH
2
O, sterilized by 

filtration and stored at -20°C. 

LB (Lysogeny broth); Tryptone 10 g, Yeast extract 5 g and Sodium chloride 

10 g for 1000 ml dH
2
O.  

LB agar; Tryptone 10 g, Yeast extract 5 g, Sodium chloride 10g, Microbial 

tested agar 15 g for 1000 ml of dH
2
O, pH 7.0 ± 0.2 at 25°C.  
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Permeabilization solution: 0.5 g of BSA in 50 ml of mixture of 0.1% of Triton 

X-100 (v/v) in PBS. 

Phosphate buffered saline solution (PBS); prepared by dissolving 1 tablet 

of Phosphate buffered saline (Dulbecco, Oxoid) in 100 ml dH
2
O and autoclave, 

this gives sodium chloride 0.16 mol, Potassium chloride 0.003 mol, Disodium 

hydrogen phosphate 0.008 mol and Potassium dihydrogen phosphate 0.001 mol 

with a pH value of 7.4.  

Radio-immunoprecipitation assay (RIPA) buffer: 5 ml of RIPA buffer 

(Sigma-Aldrich) supplemented with ½ tablet of PhosSTOP complete ultra-

protease inhibitor tablet (Roche) and ½ tablet of complete mini EDTA-free 

protease inhibitor cocktail tablet.   

SDS running buffer (10×); (30.3 g (0.25 M) Tris base, 187.7 g (2.5 M) 

Glycine, 950 ml dH
2
O,10 g SDS (1%), made up to 1000 ml with dH

2
O, mix well.  

SDS-PAGE Coomassie Staining Solution:  50% (v/v) methanol 10%(v/v) 

acetic acid, Coomassie Blue 12g/L(Sigma-Aldrich) in 1L. 

SDS-PAGE Destaining Solution: 30%(v/v) Methanol, 10%(v/v) Acetic Acid 

and 60% (v/v water in 1L). 

SDS-sample buffer (6×); 375mM M Tris-HCl (pH 6.8), 9% SDS, 50% 

Glycerol, 9% β-mercaptoethanol, 0.03% Bromophenol blue.  

Sodium dodecyl sulphate (SDS)-separating (resolving) buffer (Buffer 

A): 181.7 g Tris base, 40 ml 10% (w/v) SDS, made up to 1L with dH2O, pH 

adjusted at 8.8.    

SDS-stacking buffer (Buffer B): 60.6 g Tris base, 40 ml 10% (w/v) SDS, 

made up to 1L with dH2O, pH adjusted at 6.8.    

Semi-dry transfer buffer: 5.82 g Tris, 2.93 g Glycine, 3.75 ml 10% SDS, 200 

ml methanol, made up to 1L with dH2O, pH adjusted at 9. 



  

234 

 

Sodium carbonate buffer (coating buffer):  9.3 g of Sodium Carbonate 

(Na2CO3) and 1 g Sodium Bicarbonate (NaH2CO3), made up to 1L with dH2O, pH 

adjusted at 9.4. 

Stripping Buffer (Glycine-HCl, pH 2.5); 1.5 g Glycine, 200 ml dH
2
O, adjust 

the pH to 2.5 with 5 M HCl.  

Washing buffer (PBS-T): 0.05-0.1% (v/v) Tween20 in PBS. 

Working concentration was 1000x dilution from the prepared stock. 

Amino Acid Abbreviations 

Amino acid  Three-letter 

abbreviation  

One-letter 

abbreviation  

Alanine  Ala  A  

Arginine  Arg  R  

Asparagine  Asn  N  

Aspartate  Asp  D  

Cysteine  Cys  C  

Glutamate  Glu  E  

Glutamine  Gln  Q  

Glycine  Gly  G  

Histidine  His  H  

Isoleucine  Ile  I  

Leucine  Leu  L  

Lysine  Lys  K  

Methionine  Met  M  

Phenylalanine  Phe  F  

Proline  Pro  P  

Serine  Ser  S  

Threonine  Thr  T  

Tryptophan  Trp  W  

Tyrosine  Tyr  Y  

Valine        Val V 
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The annealing temperatures of the primers used in this study. 

Primer Annealing  

Temperature(°C) 

AppdelRed-AmpF1 62 

AppdelRed-AmpR1 

AppReddel901 to 980mt1-F5 65 

AppReddel901 to 980mt1-R5 

AppReddel908 to 965mt2-F2 67 

AppReddel908 to 965mt2-R2 

MspAReddel1037 to 1139mt1-F4 72 

MspAReddel1037 to 1139mt1-R4 

MspAReddel999 to 1073mt2-F3 71 

MspAReddel999 to 1073mt2-R3 

MspAdelRed-AmpF1 62 

AppRedS267A-F 60 

AppRedS267A-R 

MspARedS241A-F 61 

 MspARedS241A-R 

MspAD135E-F 72 

 MspAD135E-R 

AppRedNLSSS936&939AA-F 71 

AppRedNLSSS936&939AA-R 

 

 

 


