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Abstract 

 

Mycoplasma hyopneumoniae is a genome-reduced bacterium and an economically 

significant pathogen that chronically infects the respiratory tract of swine. This infection 

often leads to pneumonia and secondary infections, costing agricultural industries 

significantly in the use of antibiotics and vaccines, which are currently largely 

ineffective. An improved understanding of the molecular mechanisms behind the 

infection process is essential to our ability to rationally design better vaccine and 

therapeutic interventions. With fewer than 700 predicted protein coding sequences, M. 

hyopneumoniae possesses one of the smallest genomes of any free-living organism. As 

such, it lends itself well to thorough proteomic interrogation.  

 

In this thesis, a range of proteomic techniques have been used to investigate the M. 

hyopneumoniae global and surface proteome at the protein and peptide level, including 

surface shaving and labelling techniques, ligand and immuno-blotting and affinity 

chromatography, as well as N-terminal dimethyl labelling to determine true N-termini 

of mature proteins. This conceptually unbiased, function-oriented approach has revealed 

an unexpected level of complexity in the use of proteolytic processing, multifunctional 

proteins and moonlighting to compensate for reduced coding capacity at the genome 

level. While microarray and transcriptome studies suggest that under normal culture 

conditions, the majority of genes are transcribed; our analyses identified less than 400 

detectable expressed protein products under similar conditions. A significant number of 

the expressed proteins were discovered to be multifunctional, post-translationally 

modified by proteolysis.  

 

Surface proteome analyses identified a range of proteins to be surface exposed, despite 

lacking known signal peptides. Even though many of these proteins had well-

characterised functions in the cytoplasm, they were also identified to have secondary 

functions at the cell surface, a phenomenon known as moonlighting. Many of the 

proteins present at the cell surface were identified to be subjected to proteolytic 

cleavage events. These were predominantly cell surface adhesins, many of which have 

already been described in the literature, however a large number of cytoplasmic 
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“housekeeping” proteins are also found to be post-translationally cleaved, 

multifunctional proteins or moonlighting proteins.  

 

These findings can be applied to improve the rational design and development of 

vaccines and therapeutics for the prevention and treatment of Mycoplasma 

hyopneumoniae, as well as having wider implications for the field of biology as a 

whole, if similar levels of post-translational regulation can be found in other bacterial 

pathogens. 
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Chapter 1. Introduction 

 

Pork is currently the most consumed meat (per ton) worldwide, with the growing 

population constantly increasing the demand for animal-based protein. This increasing 

demand also calls for improvement in the efficiency of raising meat-production animals, 

with consideration of the associated environmental and agronomic impact. In a US 

study, the environmental burden of pork production was estimated to be approximately 

1 order of magnitude less than that of beef (Eshel et al., 2014). This could be further 

improved with the control of prevalent economically-significant respiratory diseases 

which currently pose a challenge to pig farmers. Prevention or improved management 

of porcine respiratory diseases has the potential to improve efficiency and reduce the 

environmental impact of meat production, increasing the long-term sustainability of pig-

farming. Up to 96% of swine herds worldwide experience outbreaks of mycoplasmal 

pneumonia (Escobar et al., 2002), a chronic, high morbidity, low mortality disease 

which ultimately leads to reduced feed conversion efficiency. The result is reduced 

output of product to market and massive economic losses to the agricultural industry 

estimated in the billions of dollars per annum (Clark et al., 1991). The primary 

etiological agent of porcine mycoplasmal pneumonia is the genome-reduced bacterium, 

Mycoplasma hyopneumoniae. 

 

1.1. The Mollicutes 

M. hyopneumoniae belongs to a distinct class of cell wall-less micro-organisms known 

as the mollicutes (Latin: mollis meaning ‘soft’, cutis meaning ‘skin’), which 

encompasses mycoplasmas, phytoplasmas and spiroplasmas, and are often 

interchangeably referred to simply as mycoplasmas (Razin and Hayflick, 2010). The 

mollicutes are widespread in nature, and colonise plants and animals, including insects, 

reptiles, fish and humans. Most occur as commensals, organisms that colonize a host 

without causing pathogenesis, and although many cause disease, particularly the 

mycoplasma species, little is known about the mechanisms of pathogenicity. The 

mollicutes classically lack a cell wall (and any genes required for cell wall synthesis) 

and have very small genomes, displaying an apparent lack of redundancy and 
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accordingly are often referred to as ‘minimal genomes’ or ‘genome reduced organisms’. 

As a result, the mollicutes have stimulated the basis of research into the development 

and recent successful creation of the first “synthetic genome” by the J. Craig Venter 

Institute (Gibson et al., 2008; Gibson et al., 2010). The genomes of the mollicutes often 

lack genes involved in amino acid biosynthesis and may be totally dependent on 

exogenous sources of amino acids. Mycoplasmas also lack a functional tricarboxylic 

acid (TCA) cycle, cannot synthesise many essential lipids, including cholesterol, and 

rely on importation of nucleotides for the synthesis of DNA (Fraser et al., 1995; 

Guimaraes et al., 2011; Jaffe et al., 2004b). Consequently, these organisms possess 

inefficient energy-yielding pathways and are extremely fastidious in their nutritional 

requirements (Dybvig and Voelker, 1996). This phenomenon is thought to be the result 

of degenerative evolution, presumably arising from a lifestyle that is predominantly 

parasitic in nature (Razin and Hayflick, 2010; Razin et al., 1998). Individual species 

thus tend to be highly host- and site-specific. For example, Mycoplasma pneumoniae 

infects the respiratory tract of human hosts, resulting in primary atypical pneumonia 

(walking pneumonia) and Mycoplasma genitalium infects the urogenital tract of 

humans, despite large similarities in their genomes. Mycoplasma hyopneumoniae infects 

the respiratory tract of swine exclusively (Razin et al., 1998; Zielinski and Ross, 1993).  

 

The mollicutes are amongst the smallest free-living organisms (Figure 1.1), many less 

than 1 μm in diameter, and for many years were thought to be viruses due to their ability 

to pass though bacterial filters and the difficulty to culture in vitro because of complex 

nutritional requirements (Razin and Hayflick, 2010; Razin et al., 1998). It is only 

through recent developments in the areas of genomics and ribosomal DNA sequencing 

that the species classed as mollicutes were defined as a group of eubacteria, 

phylogenetically related to gram-positive bacteria, having evolved through a process of 

reductive evolution from the firmicutes. Mollicute genomes have characteristically low 

G + C content in the range of 24 – 33 mol%, and unlike other bacteria, the TGA codon 

does not encode a stop codon, but a tryptophan, except in members of the genera 

Phytoplasma and Acholeplasma (Inamine et al., 1990; Osawa et al., 1992; Razin et al., 

1998). This difference in the genetic code creates problems when genetically 

manipulating the organism, particularly when expressing cloned genes in heterologous 

systems such as E. coli resulting in prematurely truncated proteins. Accordingly, cloned 
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mycoplasmal genes were in the past required to be expressed in UGA suppressor strains 

to study protein function (Dybvig and Voelker, 1996). To alleviate this problem, TGA 

codons can be readily converted to tryptophan-encoding TGG codons.  

 

 

Figure 1.1. Diagrammatic representation of size comparisons of bacteria and 

mollicutes. 

 

The mollicutes are bounded only by a single plasma membrane, lacking a cell wall and 

intracytoplasmic membranes. Consequently, all proteins that are not cytosolic are either 

membrane bound or secreted. Mollicutes possess eubacterial signal peptide sequences 

that direct proteins into a general secretory pathway for transport across the plasma 

membrane (Dybvig and Voelker, 1996). However, these signal peptides for the 

mollicutes have been found to be significantly different from E. coli and Gram positive 

bacteria, differing in their N-terminal charge, peptide length and periodicity of side 

chain hydrophobicity (Edman et al., 1999). Signal peptides for lipoproteins were also 

found to be longer than for any other bacteria, which may be attributed to a thicker 

membrane rich in host-derived cholesterol (Edman et al., 1999). The plasma membrane 

contains almost all mycoplasmal lipid, and like other biological membranes is made up 

of phospholipids, glycolipids and neutral lipids, although of the total mass of 

membrane, more than two thirds is protein and lipoprotein (Razin and Hayflick, 2010). 

The high number of lipoproteins possessed by members of the mollicutes is unusual 

compared to other bacteria and may be attributed to the lack of a periplasmic space. 

Lipoproteins are attached to the membrane by a lipid moiety, with the protein fraction 
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of the molecule on the outside surface. The function of most lipoproteins in the 

mollicutes is not yet known, however, several of these proteins demonstrate antigenic 

and/or size variation and may mediate interactions between the mycoplasma and its 

environment (e.g. ligand binding) (Dybvig and Voelker, 1996). Due to the lack of a cell 

wall, the membrane is directly in contact with the environment and the host, and 

membrane proteins are among the most dominant antigens of mycoplasma (Kim et al., 

1990). Thus, the plasma membrane is of great interest in the study of pathogenesis of 

mycoplasmas as host-pathogen interactions are mediated primarily through cell-cell 

contact. 

 

1.2. Mycoplasma hyopneumoniae features and pathogenesis 

Mycoplasma hyopneumoniae is a respiratory pathogen of swine and is the primary 

causative agent of porcine enzootic pneumonia (PEP); an economically significant, 

chronic respiratory disease prevalent in commercial pig farms worldwide 

(Kolodziejczyk and Pejsak, 2004). M. hyopneumoniae adheres directly to cilia and 

colonizes the respiratory tract, where it causes ciliostasis and epithelial cell death, 

causing characteristic lesions associated with PEP. Colonization also disrupts the 

mucocilliary escalator, resulting in a chronic infection, which reduces food conversion 

efficiency and increases the animal’s susceptibility to secondary infections which can 

result in further pathogenesis (DeBey and Ross, 1994; Kolodziejczyk and Pejsak, 2004) 

(Figure 1.2). Coughing is a characteristic symptom of infection and the bacteria can be 

aerosolized in mucous droplets, leading to rapid dissemination throughout pig herds, 

particularly in intensive rearing environments, but the droplets are also capable of being 

carried distances of up to 4.7 km to neighbouring farms (Otake et al., 2010). The 

occurrence of PEP is currently controlled in commercial pig farms through the use of 

vaccines and antibiotics to prevent or treat secondary infections, however such measures 

are often ineffective and may promote the evolution of antibiotic resistant bacteria 

(Haesebrouck et al., 2004). In Australian pig farms, infections attributed to Lawsonia, 

Mycoplasma and Escherichia coli motivated the most antimicrobial usage (Jordan et al., 

2009). There is a strong international consensus that antimicrobials in agriculture should 

be used judiciously to minimise the risk of the development of antibiotic resistant 

bacteria (Jordan et al., 2009). Current commercial vaccines developed to combat PEP 

are comprised of whole cell bacterin formulations based on killed or attenuated whole 
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bacteria and although they alleviate some of the losses associated with reduced growth 

rate, they are costly to produce and induce the production of serum antibodies to 

provide limited protection against the symptoms of infection, however they do not 

prevent colonization (Haesebrouck et al., 2004; Thacker et al., 1998a and b; Woolley et 

al., 2014). In addition to this, as mycoplasmas characteristically lack a cell wall, they 

also lack peptidoglycan and lipopolysaccharides (LPS) which are highly antigenic and 

are often targets for antimicrobial therapies. Hence M. hyopneumoniae can evade 

elimination by antibacterial agents that target cell wall synthesis (Razin et al., 1998). 

Currently quinolones, which inhibit the activity of DNA gyrase, which is essential for 

DNA replication in bacteria, are the most effective antibiotics against mycoplasmas 

(Razin et al., 1998). 31 tonnes of antimicrobials were sold for therapeutic use in swine 

in 2001-2002 according to the last reported figures in 2005 by the Australian Pesticides 

& Veterinary Medicines Authority (APVMA, 2005). Fortunately, Australian pig 

farmers tend to rely most on antimicrobials that are of low importance to human 

medicine, such as sulphonamides, tetracyclines and penicillins (Jordan et al., 2009). The 

sustained use of high volumes of antibiotics in food production results in the release of 

partially-metabolised antibiotics into the environment via animal waste. These 

environmental pollutants may subsequently contaminate waterways or pastures where 

they drive the capture of antibiotic resistance genes from complex microbial 

communities in soil and aquatic environments onto mobile elements that circulate 

between food animal and human populations (Gillings et al., 2014; Jechalke et al., 

2014). This use of antibiotics has been shown to be a driver of antibiotic resistance in 

pig-associated bacteria such as Campylobacter spp, enterococci and E. coli which may 

also directly or indirectly affect human health (Barton, 2014; Faldynova et al., 2013; 

Vicca et al., 2007). The development of novel, effective vaccines and therapeutics to 

combat M. hyopneumoniae infection could reduce not only the cost of raising food 

producing animals, but also decrease the use of antibiotics. An improved understanding 

of pathogenesis and the pathogen itself is necessary to enable rational drug design 

and/or vaccine development with greater efficacy and fewer undesirable side effects.  
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Figure 1.2. Cycle of pathogenicity of M. hyopneumoniae. 

 

Our understanding of many organisms has been bolstered by the ability to sequence the 

genome, allowing for prediction of genes and potentially gene functions. The genomes 

of four, geographically-distinct strains of Mycoplasma hyopneumoniae have been 

completely sequenced; including the virulent strains 168 from China, 232 from the 

United States and 7448 from Brazil, and the avirulent strain J (ATCC 25934) (Liu et al., 

2011; Minion et al., 2004; Vasconcelos et al., 2005). These genomes are approximately 

900 kbp and contain less than 700 predicted coding sequences (Minion et al., 2004). Of 

the predicted open reading frames (ORFs), around 60% show homologies to known 

proteins leaving approximately 40% of the predicted proteome comprised of putative 

uncharacterised proteins. Genomic comparisons of the virulent versus avirulent strains 

have revealed variations between orthologous proteins in the number of amino acid 

repeats they contain (de Castro et al., 2006). These insertions/deletions result from 

variations in the number of tandem nucleotide repeats within coding regions, which is 

indicative of a molecular mechanism generating functional and/or antigenic variants. 

Such variation in surface proteins is likely to be a key determinant of different 

pathogenic properties of each M. hyopneumoniae strain (Vasconcelos et al., 2005). 

Phase variation has been previously demonstrated in other members of the Mollicutes 

and is particularly well documented to occur through stochastic expression patterns of 

diverse lipoprotein genes in the Mycoplasma mycoides cluster of mycoplasmas (Wise et 
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al., 2006). As of yet, however, there is not sufficient evidence to suggest phase variation 

occurs in M. hyopneumoniae. 

  

 

1.2.1. Adhesin proteins of M. hyopneumoniae 

Mycoplasma hyopneumoniae is poorly suited to survival outside of the host, as it relies 

on the scavenging of host components that it is unable to produce itself, such as 

cholesterol which is required for the stability of the cell membrane. In order to survive 

as a species, it depends on its ability to establish an infection through the direct binding 

of respiratory cilia, colonising the respiratory tract and thus persisting in the host. 

Porcine cilia beat at a frequency of ~11-15 Hz (Joki and Saano, 1994), and are designed 

to clear bacteria and debris from the respiratory tract. In addition, unlike other adherent 

bacteria, M. hyopneumoniae is pleomorphic in structure and does not possess 

projections or appendages such as flagella or pili which classically aid in motility and 

adhesion (Layh-Schmitt et al., 2000; Minion et al., 2000). Given all this, the ability to 

directly bind to and colonize the host respiratory cilia is a testament to the evolution of 

the highly-specialized proteins that are responsible for initial binding events (Figure 

1.3).  

 

 

Figure 1.3. Microscopy of Mycoplasma hyopneumoniae binding cilia.  

A. Scanning electron micrographs showing adherence to cilia in vitro of large numbers 

of pathogenic M. hyopneumoniae (bar = 2 μm) (adapted from Young et al. (2000)). B. 

Mycoplasma hyopneumoniae attaching to ciliated epithelial cells in the respiratory tract 

of infected swine. Image by F. Chris Minion (Bentley et al., 2005). Red arrows indicate 

mycoplasma cells, blue arrows indicate cilia. 
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It was established in 1990 that the nature of the bacterial adhesins involved in host-

pathogen interaction were likely to be protein in nature, due to the decrease in binding 

to epithelial cell monolayers and cilia seen when intact mycoplasma cells were pre-

treated with the proteolytic enzyme, trypsin (Zielinski et al., 1990). In 1995 the first 

adhesin protein was identified through antibody affinity chromatography and inhibition 

studies using monoclonal antibodies (MAbs) raised against various M. hyopneumoniae 

antigens. A 97 kDa protein, called P97 (Mhp183) reacted with monoclonal antibodies 

F2G5 and F1B6 and inhibited adherence of mycoplasma cells to porcine cilia by up to 

67% (Zhang et al., 1995). Further, it was identified to be surface-exposed by 

immunogold labelling and scanning electron microscopy (Figure 1.4). It is now 

understood that P97 is a key mediator of cilium adherence in M. hyopneumoniae. The 

P97 protein contains two tandem repeat regions; R1, comprised of tandem pentapeptide 

repeats with the sequence A-A-K-P-V-(E); and R2 comprised of tandem decapeptide 

repeats with the sequence G-T-P-N-Q-G-K-K-A-E. A study by Hsu et al. concluded that 

the R1 region was critical to cilium adhesion while the R2 region did not influence 

ciliary binding (Hsu and Minion, 1998a). Further, through the creation of fusion 

proteins with a series of R1 repeats containing different numbers of repeating units, it 

was shown that a minimum of eight consecutive R1 repeated units are required for 

cilium binding whilst only three repeating units are required for antibody recognition 

(Minion et al., 2000). However, more recent studies have found that both R1 and R2 are 

necessary to bind to the glycosaminoglycan, heparin (the significance of this is 

discussed later), and it has been suggested that R2 is required for conformational 

stability and not its amino acid motif (Jenkins et al., 2006). A comparison of the P97 R1 

regions in strains of M. hyopneumoniae with varying degrees of virulence failed to 

identify any differences that could account for the reduced adherence of the avirulent 

strains; all strains had more than the minimum of eight repeats required for cilium 

binding, and as such it must be concluded that P97 is intricately, but not exclusively, 

involved in the process of adherence (Hsu and Minion, 1998a; Jenkins et al., 2006). 

 

The p97 gene occurs in a two-gene operon with partner p102, which encodes a 102 kDa 

protein (P102). Due to the close genetic linkage with P97, P102 was originally predicted 

to play some role in adherence either directly by interacting with host surface structures 

or indirectly through a supportive function for P97 activity (Adams et al., 2005; Hsu 
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and Minion, 1998b). To test this, P102 expression was examined in vivo by Adams et 

al. using immunogold labelling and electron microscopy, performed on respiratory 

tissues from infected pigs. From this, it was concluded that P102 is expressed in vivo 

and is secreted, as gold particles could be seen within mycoplasmas and attached to 

swine cilia, often in aggregates in high concentrations (Figure 1.4) (Adams et al., 2005). 

In addition, it did not appear that P102 interacts directly with the R1 cilium-binding 

region of P97 found exclusively along the mycoplasma membrane, suggesting an 

indirect mechanism for affecting virulence (Adams et al., 2005; Djordjevic et al., 2004; 

Hsu et al., 1997).  

 

 

Figure 1.4. Immunogold labelling and electron microscopy, showing the localization of 

adhesins, indicated by black arrows.  

A. Mycoplasma hyopneumoniae reacted with monoclonal antibody against P97 (F2G5) 

and gold conjugates (adapted from Zhang et al. (1995)); B. Infected trachea from pigs 

challenged with strain 232. Regions containing ciliated epithelium were sectioned and 

stained with gold-labelled mouse anti-P102 antibodies (adapted from Adams et al. 

(2005)). 
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Genome analysis of Mycoplasma hyopneumoniae strain 232 in 2004 suggested that 

adhesion could indeed be attributed to interactions other than P97, through the 

discovery of the P97 and P102 paralogous gene families of adhesins. A BLAST-P 

search discovered that there are six paralogs of P97 and six paralogs of P102 in the 

sequenced genomes, with >30% amino acid identity over 70% of the length and many 

of these occur as two-gene operons containing a p97 and p102 paralog (Figure 1.5) 

(Adams et al., 2005; Minion et al., 2004). At the time the prevailing hypothesis was that 

P97 was the archetype cilium adhesin because it was the only gene in the genome of M. 

hyopneumoniae that expressed an adhesin protein with the requisite number of 

pentapeptide repeats in the R1 cilium-binding domain. The gene products are 

collectively referred to as adhesins and are highly conserved in the genomes of the four 

strains of M. hyopneumoniae so far sequenced (Table 1.1). Many members of these 

families are prominently expressed during broth culture and mRNA transcripts encoding 

most of these adhesins have been detected in M. hyopneumoniae recovered from 

infected pigs (Adams et al., 2005), demonstrating expression in vivo. As M. 

hyopneumoniae is incapable of surviving for long periods outside the host, the initial 

adherence and colonisation steps are critical for survival, thus from an evolutionary 

standpoint, redundancy in adhesive capacity is likely essential to survival of the species. 
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Figure 1.5. Paralog gene structure and genome location in M. hyopneumoniae strain 

232. 

Grey bars indicate P102 gene paralogs, and black bars indicate P97 gene paralogs. 

mhp182 is the P102 gene while mhp183 is the gene for P97. The arrows indicate 

direction of transcription. Not shown are mhp280 (encoding P95) and mhp493 

(encoding P216) which do not occur as two-gene operons. Adapted from Adams et al. 

(2005).  

 

Members of the adhesin families have predicted molecular weights ranging from ~100 

to 216 kDa; however they have subsequently been shown through the use of 

immunoblotting and mass spectrometry to be extensively post-translationally cleaved, 

sometimes in a strain-specific manner (discussed below). Cleavage products of all the 

adhesins have been found to be enriched in hydrophilic amino acids, soluble in non-

ionic detergents and lack any known membrane anchorage motifs. However it has also 

been demonstrated that cleavage products are prominently displayed on the cell surface 

and remain associated with the surface despite rigorous washing cycles to remove media 

derived contaminants (Burnett et al., 2006; Djordjevic et al., 2004; Seymour et al., 

2010; Wilton et al., 2009; Zhang et al., 1995).  
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Table 1.1: Members of the P97/P102 paralog family of adhesins and their equivalent 

genes in strains J and 232. 

 

1.2.2. Proteolytic cleavage of adhesins 

In the initial investigation into P97, immunoblots were performed using the monoclonal 

antibody F2G5 against M. hyopneumoniae whole cell lysates (Figure 1.6C). The 

appearance of multiple reactive bands in the 1D immunoblot was hypothesised to be 

unlikely due to degradation of P97 during sample handling as protease inhibitors were 

used, but rather due to the presence of the epitope in multiple antigens (Zhang et al., 

1995). Almost ten years later, it was confirmed that the appearance of multiple bands 

was a legitimate finding, with the discovery that the adhesin undergoes proteolytic 

processing and is displayed on the cell surface (Djordjevic et al., 2004). 

 

Genomic analyses revealed the gene encoding the P97 cilium adhesin actually encodes a 

~120 kDa pre-protein (Hsu and Minion, 1998b; Minion et al., 2004; Vasconcelos et al., 

2005). Through one-dimensional gel electrophoresis in combination with 

immunoblotting and Edman N-terminal sequencing to identify cleavage sites, it was 

demonstrated that this pre-protein is post-translationally cleaved into dominant 

fragments of 22, 28, 70 and 97 kDa (Figure 1.6). Endoproteolytic cleavage at amino 

acid position 195 removes an amino-terminal fragment of approximately 22 kDa 

(P22P97) and generates the mature cilium adhesin known as P97. Amino-terminal 

P97 family P102 family 

Strain 232 Strain J Strain 232 Strain J 

Mhp183 (P97) MHJ_0194 Mhp182 (P102) MHJ_0195 

Mhp107 MHJ_0264 Mhp108 MHJ_0263 

Mhp271 MHJ_0105 Mhp272 MHJ_0104 

Mhp684 (P146) MHJ_0663 Mhp683 MHJ_0662 

Mhp385 MHJ_0369 Mhp384 MHJ_0368 

Mhp493 (P216) MHJ_0493 Mhp275 No gene 

Mhp280 MHJ_0096 Mhp274 No gene 
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sequence analysis of P97 from strains J and 232 detected the sequence
1
 
195

ADEKTSS
201

 

and further studies identified that an identical sequence is present in the cilium adhesin 

paralog Mhp271 (Deutscher et al., 2010; Djordjevic et al., 2004). Consistent with this, 

P22 has been detected in cell lysates of M. hyopneumoniae strains J and 232 (Djordjevic 

et al., 2004). The only putative transmembrane domain in P97 occurs between amino 

acids 8 and 22 (TMpred score 2202) and this region is likely to be critical for targeting 

the P124 pre-protein to the general secretion machinery (Figure 1.7). Edman sequencing 

of the amino-terminal 22 kDa cleavage fragment (P22) detected the sequence 

2
SKKSKTF

8
 (Djordjevic et al., 2004). Although M. hyopneumoniae contains a gene 

which has a signal peptidase I signature motif (Minion et al., 2004), existing 

biochemical data from amino-terminal sequence analysis of cleavage products indicates 

that this species lacks SPase I activity, at least in so far that cleavage at the A-X-A site 

immediately following the signal sequence does not occur. We cannot exclude the 

possibility that SPaseI plays a role in the processing of proteins with a secretion signal 

by cleaving at sites with different recognition motifs. Clearly, SPase I activity is not 

required to cleave the signal peptide during processing of P124/P97, but other 

processing events take place, presumably during or immediately after secretion. A 

carboxyl-terminal fragment of the cilium adhesin of approximately 28 kDa (P28P97) is 

also removed by an endoproteolytic cleavage event. Edman analysis detected the amino-

terminal sequence 
863

NTNTGFS
869

. The lack of sequence similarity spanning the two 

endoproteolytic cleavage sites suggests that these cleavage events are executed by 

different proteases, a hypothesis that has since been further supported by investigations 

of processing patterns in other adhesins (Bogema et al., 2012; Bogema et al., 2011; 

Burnett et al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 

2004; Seymour et al., 2011; Seymour et al., 2012; Wilton et al., 2009). Cleavage 

fragments derived from P97 have been located on the surface of M. hyopneumoniae 

cells by immunogold labelling (Adams et al., 2005; Djordjevic et al., 2004; Hsu et al., 

1997; Hsu and Minion, 1998a; Minion et al., 2000; Zhang et al., 1995). Cleavage 

fragments are also detected in cell-free culture supernatants (See Chapter 4). 

  

                                                 
1
 Superscript numbers refer to the amino acid position in the complete translated pre-protein and are used 

throughout this thesis. 
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Figure 1.6. Map of cleavage of the P97 cilium adhesin and immunoblot analyses using 

MAb F1B6 and F2G5.  

(A) The map shows antibody epitope locations, repeat regions, and selected cleavage 

sites identified by peptide mass fingerprint analysis, fragment masses, and N-terminal 

sequences. The major cleavage event at amino acid 195 (large arrow) and another event 

at amino acid 891 (small arrow) are shown. The locations of the R1 and R2 repeat 

regions are represented by gray-shaded boxes. The locations of the epitope for MAb 

F1B6, ΔNP97 peptide, and NP97, P97 N-terminal (P97 N-term), and P28 antisera are 

shown as bars above or below the map. The coiled-coil regions are represented by the 

black boxes. The cleavage products of strains J and 232 are shown as gray-shaded bars 

below the map. Their molecular masses and N-terminal sequences are shown to the 

right of the map. NF: not found; ND: not determined. (B) 1D immunoblot using MAb 

F1B6 against M. hyopneumoniae whole cell lysates performed by Djordjevic et al. (C) 

1D immunoblot using MAb F2G5 against M. hyopneumoniae whole cell lysates 

performed by Zhang et al. Adapted from (Djordjevic et al., 2004; Zhang et al., 1995).  
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Figure 1.7. Model for signal peptide insertion into the cytoplasmic membrane and 

cleavage by SPase I.  

This is the general secretion mechanism, similar to the proposed mechanism for export 

of adhesins of M. hyopneumoniae. First, the positively charged N-domain of the signal 

peptide interacts with negatively charged phospholipids in the membrane, after which 

the H-domain integrates loopwise into the membrane. Next, the H-domain unloops, 

whereby the first part of the mature protein is pulled through the membrane. During or 

shortly after translocation by a translocation machinery (not shown), the signal peptide 

is cleaved by SPase I and subsequently degraded by signal peptide peptidases 

(SPPases). After its translocation across the membrane, the mature protein folds into its 

native conformation. Adapted from Tjalsma et al. (2000). There is no evidence that 

degradation by SPPases occurs in M. hyopneumoniae, but rather, the adhesin is then 

proteolytically processed into functional domains, in a manner akin to ectodomain 

shedding in eukaryotes. 
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Djordjevic et al. also demonstrated the cleavage of P102 into 72 and 42 kDa fragments; 

showing that complex processing is protein specific. The 42 kDa protein represented the 

C-terminal cleavage fragment of P102 (Djordjevic et al., 2004). It has been assumed 

that proteolytic activity on the mycoplasma membrane surface is selective, and although 

the mechanisms for this remain unclear, the discovery of the specific cleavage sites and 

the identification of other post-translationally cleaved surface proteins and proteases 

may aid in the elucidation of this process. 

 

It has now been shown that many members of the P97 and P102 paralogous families of 

adhesins are post-translationally cleaved into functional domains such that they are 

retained on the surface of the cells harvested from broth culture, but the mechanism 

enabling this to occur is not understood (Bogema et al., 2012; Bogema et al., 2011; 

Burnett et al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 

2004; Raymond et al., 2014; Raymond et al., 2013; Seymour et al., 2010; Seymour et 

al., 2011; Seymour et al., 2012; Tacchi et al., 2014; Wilton et al., 2009). Cleavage 

fragments display multifunctional binding abilities for extracellular matrix components 

and other key host circulatory molecules, including various glycosaminoglycans 

(Bogema et al., 2012; Bogema et al., 2011; Burnett et al., 2006; Deutscher et al., 2010; 

Deutscher et al., 2012; Jenkins et al., 2006; Seymour et al., 2010; Seymour et al., 2011; 

Seymour et al., 2012; Wilton et al., 2009; Zhang et al., 1995), fibronectin (Deutscher et 

al., 2010; Seymour et al., 2010; Seymour et al., 2011; Seymour et al., 2012) and 

plasminogen (Bogema et al., 2012; Seymour et al., 2010; Seymour et al., 2011; 

Seymour et al., 2012). Figure 1.8 depicts how proteolytic processing has a dramatic 

effect on how adhesin proteins migrate in 2D gels compared to their predicted migration 

patterns based on sequence data. In addition to proteolytic processing, other PTMs such 

as phosphorylation or deamidation can cause a shift in pI, and where this is not present 

in all proteins or fragments, this may result in spot trains across pI units. 

Phosphorylation has been shown to occur in P216 previously (Wilton et al., 2009). 
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Figure 1.8. Diagrammatical illustration of the effect of post-translational modifications 

of adhesin molecules of M. hyopneumoniae.  

Panel A shows a computationally composed theoretical 2D gel map of M. 

hyopneumoniae adhesins based on in silico predicted ORFs. Panel B shows a 

computationally composed 2D gel map of M. hyopneumoniae adhesins based on 

experimentally determined isoelectric points and molecular mass of adhesins in panel A 

denoted by triangular markers. From Djordjevic and Tacchi (2014). 
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Considerable progress has been made in deciphering proteolytic cleavage motifs that 

reside within the P97 and P102 paralog families. In a landmark study, Bogema et al. 

(2011) identified an amino acid sequence motif TTKF↓QE in the P102 paralog Mhp683 

that resided in two regions of the molecule where cleavage was determined to occur. A 

combination of Edman sequencing and LC-MS/MS was used to decipher the cleavage 

site at the phenylalanine residue in both these motifs that produced the three cleavage 

fragments P45683, P48683 and P50683 (Bogema et al., 2011). The cleavage site was 

refined to S/T-X-F↓X-D/E by examining cleavage data (Edman sequence and peptide 

identifications by LC-MS/MS) for all members of the P97 and P102 paralogs and 

searching for atypical tryptic peptides (semitryptic peptides) that reside within regions 

of these molecules that span known cleavage sites (Bogema et al., 2012; Bogema et al., 

2011; Burnett et al., 2006; Deutscher et al., 2012; Djordjevic et al., 2004; Seymour et 

al., 2012; Wilton et al., 2009). It has since been shown that efficient cleavage occurs at 

S/T-X-F↓X-D/E motifs found in most of the P97 and P102 adhesin families and in 

P159, and has been designated as the “dominant” adhesin cleavage motif (Bogema et 

al., 2011; Deutscher et al., 2012). Peptides spanning these motifs are never identified 

and proteins are very rarely identified at their intact ORF mass, hence cleavage is 

considered efficient. It has been demonstrated that these motifs typically reside within 

disordered regions of more than 40 amino acids (Bogema et al., 2012; Bogema et al., 

2011; Deutscher et al., 2012; Raymond et al., 2014; Raymond et al., 2013; Tacchi et al., 

2014), suggesting that disorder can influence the accessibility of cleavage motifs in the 

pre-protein to proteolytic cleavage. Regions of intrinsic protein disorder are regions 

which do not have defined or rigid 3D structures under physiological conditions in vitro 

and are thus hypothesised to allow for increased flexibility in the protein and thereby 

improved accessibility of the cleavage site (Dunker et al., 2005; Uversky and Dunker, 

2010). This discovery has been instrumental in discovering and accurately mapping 

potential cleavage sites in the adhesins and other proteins (discussed further in Chapters 

3 and 5), as protein disorder may be predicted using bioinformatics algorithms such as 

PONDR (Linding et al., 2003; Xue et al., 2010) (Table 1.2). 

 

Other efficient cleavage sites have been mapped in P97 at T-N-T↓N-T-N (Djordjevic et 

al., 2004), in P159 at L-K-V↓G-A-A (Raymond et al., 2013) and in P97 paralog 

Mhp385 at L-N-V↓A-V-S (Deutscher et al., 2012). Trypsin-like cleavage events in 
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members of the P97 and P102 adhesin families and in P159 have also been 

characterised (Moitinho-Silva et al., 2013; Raymond et al., 2013). A dominant cleavage 

event has also been shown to occur within a putative transmembrane domain in the N-

terminus of P216 (See Chapter 5) with sequence 
7
T-L-L↓L↓A↓T↓A↓A↓A-I-I-G-S-T-V-

F-G-T-V-V-G-L-A-S
30

. Consecutive cleavage events at positions L10, A11, T12, A13 

and A14 are indicative of aminopeptidase activity. Aminopeptidase activity was 

observed at a number of putative endoproteolytic cleavage sites in P216 suggesting that 

M. hyopneumoniae expresses several aminopeptidases on its cell surface (See Chapter 

5). 

 

It should be noted that host-derived proteases are not responsible for these cleavage 

events as they are consistently described in cultured bacteria. The Friis media used in 

culture is unlikely to possess protease activity as media incubated with recombinant P97 

adhesin displayed no cleavage activity (Djordjevic et al, 2004). In addition, inefficient 

cleavage sites also exist (mostly as sub-fragments) where peptides spanning the 

proposed cleavage site are sometimes identified and peptides mapping to the protein are 

identified at both intact (or dominant fragment) and fragment (or sub-fragment) masses. 
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Table 1.2. Adhesin proteins of M. hyopneumoniae strain J and respective cleavage fragments so far identified. 

Protein J  Intact MW /pI  Fragments Fragment 

location 

Features References 

P97 Paralogs 

P97  MHJ_0194  

Q4AAD6  

124903.59  

9.50  

P22 N-term (cleaved) Leader sequence (Djordjevic 

et al., 2004; 

Jenkins et 

al., 2006; 

Okamba et 

al., 2007; 

Raymond et 

al., 2014)  

   P94 Full length Intact (- leader sequence) 

   P66/P70 N-term  Binds heparin 

   P28 C-term TNT//NTNT 

P216* 

 

MHJ_0493  

Q4A9J2  

215649.06  

9.15  

P120 N-term  

 

Binds heparin (Tacchi et 

al., 2014; 

Wilton et 

al., 2009) 

 

   P85 C-term  

 

Phosphorylated serine 

Binds heparin 

   Extensive minor cleavage and aminopeptidase activity* 

P146/ 

Mhp684 

 

MHJ_0663  

Q4A925  

148202.35  

9.32  

P50 N-term Immunogenic, binds cilia 

and heparin  

TYF//AE putative site, 1 

TMD 

(Bogema et 

al., 2012) 

   P40 Mid PQ repeat region 

   P85 C-term TEF//QQ semitryptic ID 

PS and S repeat regions, 3 

coiled-coil domains 

Binds cilia, plasminogen 

and heparin 

   P25N (P50N) P50 N-term TKSF//QT inefficient site 

   P25C (P50C) P50 C-term  
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   P50minor (P85N) P85 N-term PS repeat region 1 coiled 

coil domain 

   P35 (P85C)  2 coiled coil domains, S 

repeat region 

Mhp385  

 

MHJ_0369  

Q4A9W4  

114786.69  

9.38  

P115 Full length 

preprotein 

Novel motif identified – 

LNV//AVS 

Reduced efficiency of 

cleavage 

Binds heparin 

(Deutscher 

et al., 2012) 

   P88 N-term  

   P27 C-term  

Mhp107  

 

MHJ_0264  

Q4AA66  

119854.64  

9.55  

23.4 kDa 

 

N-term TNF//SDQ efficient 

cleavage 

Binds heparin 

(Deutscher 

et al., 2012; 

Seymour et 

al., 2011)    96.4 kDa C-term  

Mhp271  

 

MHJ_0105  

Q4AAM4  

118835.63  

9.72  

Intact Full length Intact 

Binds heparin, fibronectin 

and porcine cilia 

(Deutscher 

et al., 2010) 

   P96.6 C-term Cleavage like P97 

P95  

  

MHJ_0096  

Q4AAN1  

131553.36  

9.23  

- - - ND 

P102 Paralogs 

P102  MHJ_0195  

Q4AAD5  

102343.99  

10.03  

P60 N-term  (Djordjevic 

et al., 2004; 

Seymour et 

al., 2012) 
   P42 C-term  

P76/ 

P159** 

MHJ_0494  

Q4A9J1  

158676.10  

9.07  

P27 N-term 1 TMD (Probable motif: 

TEF//QQQ) 

(Burnett et 

al., 2006) 

   P110 Mid (Probable motif: 

TTF//QDD) 
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Binds PK15 monolayers 

and heparin 

   P52 C-term Binds PK15 monolayers 

and heparin 

   P76 (3) Extensive minor cleavage fragments and 

aminopeptidase activity  

(Raymond 

et al., 2013)    P35 (7) 

   P50 (8) 

   P70 (9) 

P135/ 

Mhp683  

 

MHJ_0662  

Q4A926  

134633.60  

7.89  

P45 N-term Motif identified – 

TTK//FQE 

Binds heparin 

(Bogema et 

al., 2011) 

   P48 Mid  

   P50 C-term  

Mhp384  

 

MHJ_0368  

Q4A9W5  

109224.14  

9.53  

P60 N-term Similar motif to Bogema – 

ILF//NEE 

Bind heparin 

(Deutscher 

et al., 2012) 

   P50 C-term  

P116/ 

Mhp108  

 

MHJ_0263  

Q4AA67  

116173.20  

9.80  

P116 Full length 

 

First to be shown to bind 

fibronectin and 

plasminogen 

(Seymour et 

al., 2010) 

   17 kDa   

   47 kDa C-term Binds fibronectin 

   70 kDa C-term Binds fibronectin 

   55 kDa N-term  

   39 kDa   

Mhp272  

 

MHJ_0104  

Q4AAM5  

107795.25  

9.84 

- - - ND 

*P216 is described in full detail in Chapter 5. 

**P159 shall be included as an adhesin in this thesis due to its close similarity to other recognized adhesin proteins.
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It is remarkable that M. hyopneumoniae can secrete and process paralogs of the P97 and 

P102 families without genetic evidence for the presence of genes with significant 

homology to spaseI, secB, secD, secE, secF and secG or the entire groEL-groES 

operon. Nonetheless, endoproteolytic cleavage fragments of the majority of the P97 and 

P102 paralog families are prominent components comprising the surface topography of 

this species. Collectively, these observations suggest that M. hyopneumoniae maintains 

an “adhesion-competent state” during broth culture and that expression of members of 

these two paralog families are crucial during the infection process. 

 

1.2.3. Processing in other bacteria 

In other pathogenic bacteria, large extracellular proteins, particularly those that function 

as adhesins, are often processed by limited and timely endoproteolysis (Coutte et al., 

2003; Coutte et al., 2001). Processing is considered essential for the maturation of large 

mass proteins to avoid aggregation on the external membrane surface (Coutte et al., 

2001). Like M. hyopneumoniae, various Bordetella species target the respiratory cilia as 

the preferred site of colonisation. Adherence to cilia by Bordetella brochiseptica is 

mediated by multiple adhesins to ensure maximal adherence and is a critical early step 

in pathogenesis (Edwards et al., 2005). Mutants of the respiratory pathogen Bordetella 

pertussis deficient in the enzyme responsible for processing the major adhesin, 

filamentous haemagglutinin, are severely affected in their ability to colonise the murine 

respiratory tract. Processing involves chaperones and a protease(s) that has access to the 

proteolytic cleavage site(s), at least for a limited period of time before the molecule 

refolds on the extracellular side of the cell membrane. Secretion is likely to occur 

immediately following or concomitantly with translation. Once cleaved, the products 

either remain attached non-covalently to the external surface of the membrane or are 

released into the extracellular milieu. It has been suggested that adhesin processing 

plays a key role in respiratory tract colonisation by assisting in the dispersal of B. 

pertussis from microcolonies (Coutte et al., 2003). It is highly likely that Mycoplasma 

hyopneumoniae follows a similar pattern with regards to adhesin processing and 

involvement in pathogenesis.  
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1.2.4. Proteases of M. hyopneumoniae and identification of proteolytic processing 

Proteases are enzymes which hydrolyse peptide bonds between amino acids within a 

protein, constituting an irreversible post-translational modification (PTM). Proteases are 

classified based on the catalytic site residue (serine, cysteine, threonine, aspartic or 

glutamic acid), if the mode of action is mediated through coordination with a metal ion 

(metalloproteases) and the location of the cleavage site within the polypeptide chain. 

Proteases that cleave at the N-terminus (usually one or two amino acids at a time) are 

referred to as aminopeptidases, while carboxypeptideases cleave at the C-terminus and 

endoproteases cleave within the polypeptide chain (Turk, 2006).  

 

The M. hyopneumoniae (strain J) genome possesses 18 ORFs that have been annotated 

in the UniProt database to have putative protease activity. Three of these have poorly 

predicted functions and five are predicted to have aminopeptidase activity. MHJ_0125 

has been characterised as a glutamyl aminopeptidase (Robinson et al., 2013) and 

another, MHJ_0461, has been described as a leucine aminopeptidase (Jarocki et al., 

2015). Both of these aminopeptidases of M. hyopneumoniae have also been shown to 

carry out moonlighting functions on the cell surface (described later). The remaining 

ORFs are predicted to have endoprotease activity based on sequence similarity to 

characterised endoproteases, and these are the likely candidates for carrying out 

processing at the dominant internal cleavage motifs in the adhesin proteins. Although 

considerable progress has been made in the identification of cleavage motifs and 

mapping of cleavage sites in the P97 and P102 adhesins, the endoproteases responsible 

remain unknown. In addition, aminopeptidase activity has also been described to 

modify the N-terminal regions of the adhesins (See Chapter 5), and may contribute to 

modification of new N-termini generated from endoproteolysis occurring at dominant 

cleavage motifs. 

 

While the function of proteases was initially thought to be restricted to protein 

degradation, many microbial proteases have been implicated in prominent pathological 

roles and are recognised as important virulence factors, which is unsurprising given that 

host immune effector and signalling molecules are often proteins or peptides (Jarocki et 

al., 2014). Through peptide bond cleavage, many pathogens are capable of modulating 

host innate immune responses, including disruption of cascade systems, such as 
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complement, coagulation and fibrinolysis (Travis and Potempa, 2000). Some proteases 

may affect virulence directly by acting as toxins (Tonello et al., 1996) or indirectly 

through the processing of other virulence factors, for example the P97 and P102 

paralogous families of adhesins (Coutte et al., 2001). However, as proteases often 

function within intricate proteolytic networks, their exact targets and biological actions 

are often difficult to ascertain or even predict. The majority of early discoveries of 

proteolytic processing have been serendipitous, through the appearance of bands at 

multiple molecular masses on Western blots, or through untargeted identification of 

proteins in bands or gel spots following separation by PAGE in protein-centric analyses 

(auf dem Keller and Schilling, 2010; Davis and Wise, 2002). In this respect, high-

throughput peptide-centric proteomics approaches would fail to detect this kind of post-

translational modification and many of these fragments would go undiscovered.  

 

The ability to identify post-translational modifications of proteins is a relatively new 

acquisition to the proteomics “toolbox”. The importance of PTMs has increasingly 

become recognised in relation to biological systems, with apparently minor changes to 

proteins such as phosphorylation or methylation playing substantial roles in activation 

or deactivation of protein functions and cascade initiations (auf dem Keller and 

Schilling, 2010; Lange and Overall, 2013). In particular, the importance of post-

translational processing has increasingly become recognised due to the ability to create 

enormous diversity (Lange and Overall, 2013; Shahinian et al., 2013) and contribute to 

virulence in pathogenic organisms as discussed above. Techniques to identify these 

modifications began initially with serendipitous findings, which then required follow-up 

by biochemical analyses performed on purified proteins, however with the progression 

of high-throughput proteomics, strategies were also developed for enrichment and high-

throughput identification of PTMs (auf dem Keller and Schilling, 2010; Lange and 

Overall, 2013; Shahinian et al., 2013). Unfortunately, the nature of high-throughput 

proteomics is that it largely utilises “bottom-up”, or peptide-centric approaches whereby 

all proteins in a sample are digested into smaller, more homogenous peptides which 

provides increased sensitivity and specificity of mass spectrometry analyses. These 

techniques result in a loss of protein mass context which made identification of genuine 

proteolytic cleavage events in vivo difficult or even impossible to determine, and this in 

turn led to the under-representation of proteolytic cleavage as a PTM (Lange and 
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Overall, 2013). Protein-centric methods to detect proteolytic cleavage are 

predominantly gel-based, with 2D gels providing good resolution of individual 

proteoforms (Smith et al., 2013) which allows identification of cleavage fragments, and 

one-dimensional gels retaining mass context, however these techniques are limited by 

technical challenges (Gorg et al., 2004) and are not high-throughput. Edman 

degradation is a technique used to determine the native N-terminal sequence of mature 

proteins, which allows the identification of post-translational cleavage, however this 

technique is slow (at the rate of one amino acid per hour) and require proteins to be 

purified to homogeneity, preventing any high-throughput analysis of the proteome 

(Brune et al., 2006; Doucet and Overall, 2011).  

 

Novel solutions to the identification of proteolytic processing, in a high-throughput 

manner have only been developed within the last decade, with the expansion of the field 

known as “degradomics” – the study of all elements involved in proteolysis, including 

proteases, inhibitors and the processed substrates (Doucet et al., 2008; Doucet and 

Overall, 2008; Impens et al., 2010a; Impens et al., 2010b; Lopez-Otin and Overall, 

2002). Numerous experimental strategies have been developed to characterise the active 

site specificity of proteolytic enzymes, such as: substrate phage and bacterial display, 

peptide microarrays, mixture-based oriented peptide libraries, positional scanning 

peptide libraries, and proteome-derived, database-searchable peptide libraries; for 

example, proteomic identification of cleavage sites or “PICS” (Schilling and Overall, 

2007, 2008). Many of these techniques are reviewed in detail by auf dem Keller and 

Schilling (2010). The identification of active site specificity alone is rarely sufficient to 

predict in vivo cleavage events, as cleavage of native, folded proteins is not only guided 

by active site but also by structural constraints of both enzyme and substrate (Overall, 

2002; Schilling and Overall, 2008).  

 

Terminal Amine Isotopic Labelling of Substrates (TAILS) utilises differential labelling 

of control and protease-treated samples in order to identify substrates of a specific 

protease (Kleifeld et al., 2011). As novel N-termini are identified in this method, it can 

also be used to infer proteolytic cleavage motifs of the protease. This method can also 

be adapted to screen for true N-termini at a global-proteome level, which makes it a 

high-throughput, non-targeted approach to identifying post-translationally cleaved 
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products. N-terminomics techniques have been applied to model mammalian systems 

yielding promising results (Guryca et al., 2012; Kleifeld et al., 2011). These techniques 

have been applied to M. hyopneumoniae (Berry, Djordjevic, Unpublished data) with 

limited success, mainly due to variations in the lysine and arginine content of different 

organisms. TAILS and TAILS-like labelling techniques rely on dimethyl-labelling 

through primary amines on accessible lysine residues which effectively block those 

residues for cleavage using trypsin. When digestion for capture of neo-N-termini and 

mass spectrometric identification is required, only arginine residues are accessible for 

cleavage by trypsin and this creates very large peptides which are often incompatible 

with ionisation and mass spectrometry (Kleifeld et al., 2011). In addition, knowledge of 

protein N-termini does not fully characterise cleavage events or provide comprehensive 

information about cleavage efficiency, particularly in the case of multiple cleavage 

events within a single pre-protein, generating overlapping fragments (See Chapter 5 for 

more detail). Thus, even with these promising new additions to the proteomics 

“toolbox”, the most comprehensive information of post-translational proteolytic 

processing events in vivo should be obtained through complementary analyses, 

including analysis of intact proteins (i.e. a protein-centric approach). 

 

1.3. Proteomic analysis of M. hyopneumoniae  

Despite the apparent simplicity of the Mycoplasma hyopneumoniae genome, the 

proteome of these organisms is paradoxically complex, as a large number of important 

proteins, including the adhesin paralogs, are post-translationally modified and 

potentially multi-functional. Patterns of protein expression and cleavage are likely to 

influence pathogenesis (Djordjevic et al., 2004). Microarray and transcriptome studies 

suggest that under normal culture conditions, the majority of genes (627 of the 691 

genes of strain 232) are transcribed; while under various stressors all genes are 

transcribed (Madsen et al., 2006a; Madsen et al., 2006b; Madsen et al., 2007; Madsen 

et al., 2008; Oneal et al., 2008; Schafer et al., 2007). The molecular analyses so far 

carried out on M. hyopneumoniae can be supplemented by proteomic approaches that 

combine high-throughput analysis with further detailed analysis of surface-exposed 

proteins and post-translational cleavage patterns. This is necessary because protein 

cleavage and post-translational modification cannot be fully predicted by interpretation 

of the genome or transcriptome. 
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1.3.1. Global analyses and Mycoplasmas as model organisms 

The minimal genomes of Mycoplasmas make them well-suited to large-scale, global 

analysis of the genome, transcriptome, proteome and metabolome, collectively referred 

to as systems biology. Mycoplasmas have long been considered to represent what is 

close to the “minimal requirements for life” and as such present as interesting model 

organisms for such studies (Balish, 2014; Karr et al., 2013; Kuhner et al., 2009; Wodke 

et al., 2013). In addition, this has led to recent interest in these organisms for use in 

synthetic biology (Gibson et al., 2010). 

Traditionally the exploration of gene function in a bacterium has been investigated 

through the generation of random insertional mutants by transposon mutagenesis 

(Maglennon 2013). Typically, this involves a transposon and transposase enzyme being 

delivered into the organism by transformation, resulting in random insertions 

throughout the chromosome. Insertions disrupt gene expression, and therefore insertions 

in essential genes will result in lethality, however insertions in non-essential genes can 

provide clues to gene function. Non-essential genes may be involved in pathogenicity 

and virulence, playing roles in adherence, invasion or immune evasion, and random 

mutants can be screened in vivo to identify attenuated mutants (Maglennon 2013, 

Hutchinson 1999). The genetic intractability of Mycoplasma hyopneumoniae has 

hindered the development of transposon mutagenesis strategies until very recently, 

Maglennon et al.  (2013) developed a technique using simple artificial self-replicating 

plasmids containing the oriC of M. hyopneumoniae and an antimicrobial resistance 

gene. This is the first time that transposon mutagenesis has been demonstrated in this 

minimal genome pathogen. 

 

The difficulty in performing genetic manipulation of Mycoplasmas has also seen an 

increase in global proteomic studies, in order to investigate gene function, without 

requiring genetic manipulation. Several members of the mollicutes have been profiled at 

the global proteome level including M. genitalium (Parraga-Nino et al., 2012), M. 

pneumoniae (Jaffe et al., 2004a; Ueberle et al., 2002), Acholeplasma laidlawii (Lazarev 

et al., 2011), M. mobile (Fisunov et al., 2011; Jaffe et al., 2004b), M. synoviae 

(Menegatti et al., 2010), M. gallisepticum (Demina et al., 2009), M. penetrans (Ferrer-

Navarro et al., 2006), M. suis (Yuan et al., 2010) and M. hyopneumoniae strains 7448 
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(Pinto et al., 2007) and 232 (Pendarvis et al., 2014). The work presented in this thesis 

will further contribute the comprehensive global proteome of strain J. In previously 

published work, coverage of the predicted proteomes varied from 4% presented in the 

partial proteome of M. synoviae using only 2D gels (Menegatti et al., 2010) to 85.3% in 

M. genitalium, using gel-based and gel-free methods (Parraga-Nino et al., 2012), and 

88% of ORFs were validated in M. mobile by proteogenomic mapping (Jaffe et al., 

2004b). Some studies have also investigated sub-proteomes such as the membrane 

proteome (Cacciotto et al., 2010; Parraga-Nino et al., 2012) and immunoproteome 

(Jores et al., 2009; Parraga-Nino et al., 2012; Pinto et al., 2007), illustrating the 

amenability of these organisms to comprehensive analyses.  

 

Kuhner et al. (2009) investigated the proteome organisation of M. pneumoniae using a 

tandem affinity purification-mass spectrometry approach that enabled detection of 

protein interactions and putative complexes. This analysis revealed a number of homo-

and heteromultimeric complexes, some of which showed higher level organisation. A 

number of protein complexes appeared to form larger, multiprotein complex entities, 

which suggested sequential steps in biological processes were taken. Proteins were also 

identified as belonging to more than one protein complex, or interacting amongst 

several known complexes, implying that these proteins are multifunctional. Overall, the 

study revealed an unexpected complexity in the proteome for an apparently minimal 

organism that could not be directly inferred from its genome composition and 

organization or from transcriptional analysis, emphasizing the importance of an 

integrated systems-wide approach to the study of organisms and their interactions 

(Balish, 2014; Flintoft, 2009; Kuhner et al., 2009). 

 

1.3.2. Surface proteome investigation 

It is apparent that cell surface components of Mycoplasma hyopneumoniae are critically 

involved in infection and pathogenesis and as such it is desirable to be able to 

characterise the surface proteome of the bacteria to determine which components may 

be interacting with the host during infection. Despite the apparent suitability of 

mycoplasmas as model organisms for membrane proteomic studies (as they are bounded 

by only a single plasma membrane, with no organellar membranes to contaminate the 

sample) (Razin and Hayflick, 2010); with the exception of the detailed analysis of the 
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adhesins, very little cell surface proteome analysis had been performed for 

mycoplasmas until recently. This lack of detailed analysis is addressed and performed in 

Chapter 4. 

 

Proteomic methods to examine the surface of cells, including but not limited to 

mycoplasmas, have been hindered by issues of insolubility, largely attributed to the 

hydrophobic nature of proteins with transmembrane domains (Cordwell, 2006; 

Cordwell and Thingholm). Several techniques have emerged in an attempt to 

circumvent this issue, including membrane enrichment with detergents such as Triton 

X-114 and gel-free techniques such as enzymatic cell surface shaving and cell surface 

labelling methods using reagents that are unable to permeate the cell membrane.  

 

1.3.2.1. Membrane enrichment 

Octylphenoxy polyethoxyethanol, or Triton X-114 (TX-114) is a non-ionic detergent 

that enables the separation and enrichment of hydrophilic and hydrophobic proteins, 

including integral membrane proteins with an amphiphilic nature (Bordier, 1981). When 

in solution above its critical micelle concentration and warmed from 0 to 20°C, TX-114 

increases its micelle weight and in the process decreases its critical micelle 

concentration. This induces intermicellar interactions, which leads to turbidity known as 

the “cloud point” and phase separation of the detergent at 20°C. Hydrophilic proteins 

are recovered in the aqueous phase and hydrophobic proteins including the membrane 

component can be recovered in the detergent phase (Bordier, 1981; Rubin and 

Tzagoloff, 1973). This presents as a unique and highly effective pre-fractionation step 

prior to protein analysis of a complex sample, and enriches for membrane proteins in 

the detergent phase.  

 

The use of TX-114 phase partitioning has historically been useful in the investigation of 

membrane proteins of Mycoplasma hyopneumoniae, including in the identification of 

immunogenic membrane proteins and lipoproteins. A study by Kim et al. identified 

immunogenic proteins of 70, 65, 50 and 44 kDa in the detergent phase following TX-

114 extraction (Kim et al., 1990; Wise and Kim, 1987a, b). Immunogenic M. 

hyopneumoniae proteins of apparent molecular masses 41, 66 and 82 kDa have also 

been identified following TX-114 enrichment, however they were found to partition to 
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the aqueous phase, and  the 41 kDa protein was shown through antibody binding to 

whole cells to have a surface exposed epitope (Wise and Kim, 1987b). TX-114 phase 

separation may be useful for enrichment of membrane proteins, however it does not 

discriminate between outer, inner and integral membrane proteins and a subset of M. 

hyopneumoniae proteins, have been demonstrated to partition to both the detergent and 

aqueous phases (Djordjevic et al., 2004). Whilst it may be suitable as a general 

enrichment technique for more hydrophobic proteins, more specific techniques are 

required to obtain an accurate representation of the surface topography. 

 

1.3.2.2. Shaving 

Proteolytic cell surface ‘shaving’ has been described extensively in the literature as an 

ideal method for identifying surface-exposed peptide epitopes and investigating the cell 

surface proteome of bacteria and eukaryotic cells (Bledi et al., 2003; Cordwell, 2006; 

Cordwell and Thingholm, 2010; Solis et al., 2010; Rodriguez-Ortega et al., 2006). 

Commonly, enzymes such as trypsin are used to liberate proteins from the cell surface 

without lysing the cells and these liberated proteins are further digested into peptides 

and analysed by mass spectrometry (Figure 1.9).  

 

 

Figure 1.9. Diagrammatic representation of enzymatic cell surface shaving, releasing 

extracellular exposed domains.  

Adapted from Bledi et al. (2003). 
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Literature covering bacterial and mammalian cell surface shaving experiments reveals 

that a major problem associated with this technique is the large number of proteins with 

known cytosolic functions that are (falsely or otherwise) identified as cell surface 

proteins. This is often attributed to contamination caused by cell lysis during enzymatic 

treatment. A major issue remains regarding those proteins that are truly surface-exposed 

and those that are theoretically cytoplasmic, but routinely identified in surface extracts 

(Solis et al., 2010; Tjalsma et al., 2008). Some models of surface associated 

cytoplasmic proteins are based on non-specific secretion and then re-association with 

the cell surface. Such proteins are referred to as ‘anchorless’ membrane proteins and are 

said to be “non-classically secreted”. These proteins are possibly exported by currently 

unknown secretion mechanisms, diffuse through porins, or re-associate to the cell 

membrane following autolysis particularly in bacterial communities, such as biofilms, 

which some Mycoplasma species have been shown to form (McAuliffe et al., 2006). 

Proteins that are weakly associated with the surface by charge interactions (or other 

mechanisms) are referred to as ‘shed’ proteins by Tjalsma et al. (Tjalsma et al., 2008). 

This highlights the need for verification of the biological functions of different classes 

of cell surface-associated molecules by multiple methods and methods that do not 

require removal of proteins from the surface prior to analysis. 

 

1.3.2.3. Cell surface labelling 

A supporting method in cell surface topography investigation is analysis using cell 

surface labelling methods such as isotope labelling or biotinylation (Cole et al., 1987; 

Elia, 2008; Han et al., 2001). The strong biotin-avidin affinity (Kd ~ 10
-5

 M) can be 

greatly exploited using such methods, and as such there are many commercially 

available forms of biotin, including water soluble and membrane impermeable 

variations such as N' Hydroxysuccinimido-biotin. The use of biotin in conjunction with 

avidin or streptavidin yields the highest binding affinity and allows the use of strong 

detergents during the purification of relatively insoluble proteins (Elia, 2008). Biotin 

labelling can be carried out under a variety of conditions to suit the purpose of labelling 

– minimising chances of cell lysis and active export or secretion of proteins and 

internalisation of biotin, while maximising surface protein labelling (Cole et al., 1987; 

Elia, 2008). Once cell surface proteins are labelled, strong surfactants such as SDS can 

be used to disrupt the cells, maximising the solubility, and therefore recovery, of 
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hydrophobic membrane proteins. Biotin labelled surface proteins can be identified 

through gel electrophoresis followed by Western blotting and probed with streptavidin-

conjugated detection reagents, or alternatively through affinity purification using for 

example monomeric avidin columns, which, if performed under mild enough conditions 

enables co-purification of binding partners and thus surface protein interactions may be 

examined under near-physiological conditions (Elia, 2008).  

 

Recently, the surface proteome of M. hyopneumoniae strain 7448 was catalogued using 

biotin labelling of intact cells, identifying 59 protein species to be present at the cell 

surface (Reolon et al., 2014) (Discussed in Chapter 4). 

 

1.4. Functional cell surface analyses 

Although adhesin molecules have been well studied in mycoplasma, few studies have 

described other proteins that may be involved in pathogenesis of M. hyopneumoniae. 

Taking an unbiased approach to the study of the mycoplasma cell surface, where 

proteins are not excluded on the basis of predicted or annotated subcellular localisation; 

in conjunction with global studies of interactions with host molecules will provide 

valuable insight into host-pathogen interactions. This is further discussed in Chapter 4.  

 

1.4.1. Interactions of M. hyopneumoniae with extracellular matrix components  

The initial interaction between cell surface adhesins and host receptors is a crucial step 

in the infection process for any pathogen, however it is especially crucial in host-

specific pathogens such as Mycoplasmas that have limited capacity to survive outside 

the host (Candela et al., 2010). This early colonization is also essential for pathogens to 

establish molecular processes to subvert the host cell machinery and allow bacterial 

replication, propagation and immune evasion, ultimately leading to chronic infection 

(Jacques et al., 1992; Nobbs et al., 2009). A key factor in understanding pathogenesis 

and enabling the intelligent design of vaccines or disease treatments is the 

understanding of host-pathogen interactions. In M. hyopneumoniae, the major 

interactions occur between cell-surface proteins of the bacteria and host extracellular 

matrix components. A number of mycoplasma proteins including the adhesins have 
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already been found to be capable of binding host extracellular matrix components such 

as heparan sulphate and fibronectin and other host molecules such as plasminogen. 

 

1.4.1.1. Glycosaminoglycans 

Host extracellular matrix is composed of a variety of proteoglycans and 

glycosaminoglycans (GAGs) which form a network in and around tissues. While the 

composition of the matrix varies from tissue to tissue, common components include 

fibronectin, collagens type I to XV, laminin and proteoglycans such as heparan sulphate 

and chondroitin sulphate (Hynes, 2009; Kim et al., 2011). Glycosaminoglycans are 

found on the surface of a majority of eukaryote cells and provide an attractive target for 

micro-organisms with the ability to bind them (Erlinger, 1995). Erlinger (1995) found 

that cilia and microvilli of the porcine respiratory tract display glycosaminoglycans 

which were sensitive to heparinase, an enzyme capable of degrading heparan sulphate. 

Jenkins et al. (2006) demonstrated that P97 is able to bind heparin, a highly sulphated 

glycosaminoglycan related to heparan sulphate, and that both R1 and R2 regions are 

required for this. P159 and P216 also have the ability to bind heparin and when bound, 

prevent binding to cilia, suggesting that M. hyopneumoniae binds to the GAG 

component of cilia (Jenkins et al., 2006). Zhang et al. (1994) found that dextran sulfate, 

heparin, chondroitin sulfate, laminin, mucin, and fucoidan significantly inhibited the 

binding of the mycoplasmas, while laminin also blocked the receptors in cilia (Table 

1.3). The six inhibitors also disrupted the adherence of the mycoplasmas to intact 

ciliated cells, indicating these host molecules interact with the adhesive molecules on 

the surface of the mycoplasmas (Zhang et al., 1994). 

 

In addition to direct adherence to host cell GAGs, the recruitment of sulphated 

glycosaminoglycans to the bacterial cell surface has been recognised as a mechanism 

for pathogenesis, whereby they may serve as universal binding sites for a diverse array 

of host heparin-binding proteins, including adhesive glycoproteins (such as fibronectin), 

and inflammatory or immunomodulatory intermediates (Henderson et al., 2011; 

Rabenstein, 2002). 
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Table 1.3. Inhibitory mechanisms of different competitors.  

Inhibitor
a
 

% Inhibition
b
 produced by pre-incubation with: 

Cilia Mycoplasma 

Laminin (200) 74.8 ± 0.6 6.2 ± 5.8 

Mucin (200) -6.6 ± 6.6 78.3 ± 3.1 

Dextran Sulfate
c
 (100) 0.5 ± 6.7 16.4 ± 20.2 

Chondroitin sulphate B 

(200) 
-1.3 ± 0.4 45.6 ± 15.5 

Fucoidan (100) 27.0 ± 3.5 77.6 ± 6.5 

Heparin (10 U/ml) -2.2 ± 6.2 93.4 ± 11.5 

a
 Concentrations are in milligrams per millilitre unless indicated otherwise. 

b
 Reported as mean ± standard deviation in triplicate assays. 

c
 Molecular weight, 500 000. 

Reproduced from Zhang et al. (1994). 

 

In 1989, the first heparin-binding motifs were identified; XBBBXXBX or XBBXBX 

where B represents basic residues and X represents any other residue, preferentially 

hydrophobic (Cardin and Weintraub, 1989). The motifs have recently been revised, 

following structural analysis of heparin binding proteins, to consist of a string of 

between five and eight amino acids containing a pattern of basic amino acids 

(preferentially lysine or arginine and also histidine) periodically distributed amongst the 

remaining 17 natural amino acids (Dempewolf et al., 2013). The identification of such 

motifs allows for the prediction of potential heparin-binding proteins or regions from 

protein sequences.  

 

1.4.1.2. Fibronectin 

M. hyopneumoniae has been shown to bind fibronectin in a dose-dependent manner and 

several of the adhesin paralogs have been shown to bind fibronectin, including Mhp271 

(Deutscher et al., 2010), Mhp107 (Seymour et al., 2011) and Mhp684 (Bogema et al., 

2012), P102 and Mhp108 (Seymour et al., 2010; Seymour et al., 2012). While the 

biological significance of the interaction between M. hyopneumoniae and fibronectin 

has not yet been confirmed, other pathogenic bacteria utilize fibronectin as a bridging 

molecule to integrin β1 receptors, causing downstream signalling events leading to actin 
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and microtubule rearrangement that facilitates internalization and hence microbial 

invasion (Henderson and Martin, 2011). 

 

Fibronectin is a host extracellular matrix glycoprotein and a eukaryotic adhesin, with 

the ability to bind an array of molecules, including collagen, fibrin, actin (through β1 

integrins), DNA and heparin (Henderson and Martin, 2011). It is found in the interstitial 

connective tissues and ECM as well as in a soluble form in body fluid such as plasma. 

Fibronectin serves diverse biological functions including cellular adhesion, migration, 

tissue development and differentiation, blood clot stabilisation and wound healing 

(Carsons, 1989). Fibronectin is also affected by the fibrinolytic system; plasmin may 

degrade fibronectin (Wachtfogel et al., 1988) and plasminogen activators have been 

shown to degrade fibronectin in the absence of plasminogen (Quigley et al., 1987). 

Urokinase-type plasminogen activator and tissue-plasminogen activator (tPA) have also 

been shown to promote the expression of fibronectin, and tPA can promote the 

assembly of fibronectin in the extracellular matrix (De Petro et al., 2002).  

 

It has been shown that the distribution of fibronectin on the surface of model porcine 

kidney epithelial-like cells (PK15 cells) correlates with the distribution of M. 

hyopneumoniae colonisation of the cell monolayer, indicating that fibronectin is 

recruited to the site where M. hyopneumoniae cells are attached (Figure 1.10) (Raymond 

et al., 2014). It has been demonstrated that this is also the case in vivo using 

immunohistochemistry to show that M. hyopneumoniae cells co-localise with 

fibronectin in lung tissue samples of infected and healthy pigs (Raymond et al., 2014).  
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Figure 1.10. Fluorescence micrographs showing the distribution of fibronectin in M. 

hyopneumoniae-infected PK15 monolayers. 

A–C. Confocal laser scanning microscopy images of M. hyopneumoniae cells 

colonizing PK15 monolayers. Panel A shows the location of M. hyopneumoniae cells on 

PK15 cell monolayers in red. Panel B shows the distribution of fibronectin on PK15 cell 

monolayers in green. Panel C shows a merge of M. hyopneumoniae cells and fibronectin 

showing their co-localization. Scale bar is 10 μm. 

D–E. 3D-structured illumination microscopy images of M. hyopneumoniae cells bound 

to a PK15 cell monolayer. Panel D shows two M. hyopneumoniae cells adhering to the 

surface of a PK15 cell showing the distribution of P123J cleavage fragments containing 

R1 and R2 in red. Panel E shows the distribution of fibronectin on M. hyopneumoniae 

cells in green. Panel F shows an overlay of D and E. The merged image clearly depicts 

fibronectin co-localizing on the surface of M. hyopneumoniae cells. DNA was stained 

with DAPI and appears blue. Scale bar is 1 μm. Adapted from Raymond et al. (2014). 
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In M. hyopneumoniae infected pigs, bronchoalveolar lavage fluid (BALF) plasmin 

levels have been shown to be up-regulated and given that fibronectin is present on the 

ciliated epithelial border at the site of infection (Seymour et al., 2012; Woolley et al., 

2013), plasmin(ogen) and tPA in the lung may play a dual role in the degradation of 

extracellular matrix proteins and in initiating increased expression of fibronectin. This 

complex interplay between the host systems may contribute to the success of M. 

hyopneumoniae adherence and colonisation. 

 

Fibronectin carries out a range of functions. In addition to cellular fibronectin which is 

recognised as an ECM component, there is also plasma fibronectin, which is found in 

blood, saliva and other body fluids, playing roles in wound healing and clot formation. 

Plasma fibronectin has been shown to be involved in inflammation, promoting 

chemotaxis, modulating leukocyte function and potentially activating macrophages 

(Henderson et al., 2011). Fragments of fibronectin are found in the blood after injury 

(La Celle et al., 1991) and have been found in the fluid of chronic wounds. These 

fibronectin fragments have cell signalling actions, which appear to be important in 

infection and during inflammatory disease. Bacterial fibronectin binding proteins may 

target these fibronectin fragments and interfere with fibronectin fragment signalling. In 

addition, bacterial fibronectin binding proteins will often have actions other than acting 

solely as adhesins. This is reasonable considering that fibronectin has so many 

biological actions that interfering with it must have ramifications (Henderson et al., 

2011).  

 

This draws similarities with the M. hyopneumoniae adhesins, which function primarily 

as adhesins, and many have been identified to bind fibronectin, however many have also 

been found to be multifunctional (Bogema et al., 2012; Bogema et al., 2011; Deutscher 

et al., 2010; Deutscher et al., 2012; Raymond et al., 2014; Raymond et al., 2013; 

Seymour et al., 2010; Seymour et al., 2011; Seymour et al., 2012; Tacchi et al., 2014; 

Wilton et al., 2009). 

 

1.4.1.3. Plasminogen 

Plasminogen, whilst not an extracellular matrix component, is ubiquitous in the 

respiratory tract where it is available to be bound by cell surface proteins of M. 
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hyopneumoniae (Woolley et al., 2013). Plasminogen is a circulating pro-enzyme, the 

precursor molecule to the broad-spectrum serine protease, plasmin. The mammalian 

plasminogen-plasmin system is central to fibrinolysis and extracellular matrix 

degradation (Lahteenmaki et al., 2005). It has also been shown to play an active role in 

tissue remodelling, acting on glycoproteins and proteoglycans of the ECM (such as 

fibronectin), and degradation of collagens through activation of latent matrix 

metalloproteases (Kucharewicz et al., 2003; Lahteenmaki et al., 2005). This activation 

of matrix metalloproteases leads to cleavage of extracellular matrix proteins 

(Lahteenmaki et al., 2001). This, in turn, generates cleavage fragments of proteins and 

thus provides a pool of new N-termini that are substrates for microbial cell surface 

aminopeptidases, which in turn provide free amino acids that are required for growth. 

We have recently shown that a glutamyl aminopeptidase (Robinson et al., 2013) and a 

leucine aminopeptidase (Jarocki et al., 2015) are active as aminopeptidases on the 

surface of M. hyopneumoniae. This is particularly relevant for genome reduced 

organisms such as Mycoplasma spp., which lack many biosynthesis pathways (Maier et 

al., 2013).  

 

The host plasminogen-plasmin system may also be hijacked by bacterial pathogens in 

order to promote binding of host structures, carry out tissue remodelling and facilitate 

invasion (Bergmann et al., 2013). In order to do this, the bacteria must sequester 

plasminogen to the cell surface in such a way as to allow it to be cleaved by host 

activation molecules to yield active plasmin, a serine protease with broad substrate 

specificity. Some bacterial species express endogenous plasminogen activators, 

facilitating plasmin generation independent of the host (Rabijns et al., 1997; Sodeinde 

et al., 1988; Wang et al., 1995). This process has been recognized as a common 

virulence mechanism displayed by a wide variety of pathogenic bacteria, parasites, 

fungi and several symbiotic organisms, with some examples provided in Figure 1.11 

(Bergmann and Hammerschmidt, 2007; Lahteenmaki et al., 2005; Lahteenmaki et al., 

2001).  
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Figure 1.11. Overview of the mammalian plasminogen (Plg) system, its control and 

how pathogenic bacteria engage the system.  

Bacteria intervene with the system (shown in green) by immobilizing Plg, plasmin and 

tPA on their surface, which enhances activation of Plg by tPA and protects plasmin 

from the main anti-protease, α2-antiplasmin. Some pathogens activate Plg by 

themselves, and a few species inactivate the antiproteases. Bacteria and endotoxin also 

influence secretion of tPA and PAI-1 from endothelium as well as uPA, uPAR and Pro-

MMPs from macrophages (MØ). Generation of bacterium-bound plasmin and/or 

uncontrolled soluble plasmin can be targeted to fibrin clots and by bacterial adherence 

to BM and ECM, the degradation of which enables bacterial migration through tissue 

barriers. Reproduced from Lahteenmaki et al. (2005). 
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In vitro studies in M. hyopneumoniae have previously shown that the binding of 

plasminogen to the bacterial cell surface promotes activation to plasmin in the presence 

of host tissue-specific activator (tPA) (Seymour et al., 2011; Seymour et al., 2012). M. 

hyopneumoniae promotes the conversion of plasminogen to plasmin in the BALF 

bathing the respiratory tract of pigs. Elevated levels of plasmin can be detected in the 

BALF of pigs infected with M. hyopneumoniae (Seymour et al., 2012; Woolley et al., 

2013) and a significant correlation has been described between bacterial load and 

plasmin activity in the BALF of experimentally challenged pigs (Woolley et al., 2013). 

As mentioned previously, the ability of a pathogen to bind and activate plasmin(ogen) is 

linked with the ability to invade tissue site distal to the initial colonization site 

(Lahteenmaki et al., 2005). M. hyopneumoniae has been cultured from the liver, spleen 

and kidneys of infected swine suggesting that it is capable of invading epithelial barriers 

and traversing to distal tissue sites (Le Carrou et al., 2006; Marois et al., 2007; Woolley 

et al., 2013). The exact mechanism which allows M. hyopneumoniae to disseminate to 

these distal tissue sites is unknown; however, it is hypothesised to involve binding to 

glycosaminoglycans, plasminogen, fibronectin and/or actin (Raymond et al., 2014). 

 

1.4.1.4. Actin 

Actin is a protein central to the eukaryotic cytoskeleton, exploitation of which is a 

common feature in host-pathogen interactions (Truong et al., 2014). Actin may be 

manipulated by invading pathogenic bacteria, as actin remodelling promotes bacterial 

invasion by non-phagocytic cells, survival within host cells, cell-to-cell spread and 

colonization at the interface of host epithelium (Hicks and Galan, 2013). Intracellular 

bacterial pathogens such as Shigella, Salmonella, Listeria, Burkholderia, Rickettsia and 

Mycobacterium species have been demonstrated to subvert cellular actin dynamics in 

order to facilitate movement within host cells and also infect neighbouring cells. This 

promotes intracellular survival and assists in immune evasion (Stevens et al., 2006). 

Intracellular pathogens may hijack the actin assembly machinery and display 

intracellular motility through the formation of membrane protrusions which form 

vacuoles in adjacent cells, leading to bacterial dissemination (Talman et al., 2014). 

Extracellular pathogens such as enteropathogenic E.coli have also been demonstrated to 

modulate the host actin cytoskeleton, by inducing motile, actin-rich pedestals. These 

possibly serve to facilitate the spread to nearby cells (Stevens et al., 2006). Actin 
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binding may be direct, or indirect through binding fibronectin as discussed above. The 

ability of M. hyopneumoniae to directly bind actin has not yet been extensively 

investigated; however it may be a contributing factor to potential internalisation 

mechanisms. Functional screening of surface proteins of M. hyopneumoniae presented 

in Chapter 4 includes preliminary identification of putative actin-binding proteins. 

 

1.4.1.5. Host epithelial cell surface proteins 

Pathogen binding interactions may be mediated by other, as of yet unidentified protein-

protein interactions between cell surface proteins of bacteria and host epithelial cells. In 

order to identify such interactions, an infection cell culture model has been established 

in the Djordjevic laboratory, utilising porcine kidney epithelial-like cells (PK15 cells). 

M. hyopneumoniae strains J, and 232 have previously been shown to adhere to PK15 

cells in a receptor-dependent manner and their adherence was blocked by pre-

treating M. hyopneumoniae cell suspensions with trypsin (Zielinski et al., 1990), 

suggesting these interactions are mediated by protein. This was further investigated by 

examining M. hyopneumoniae strain J interactions with PK15 cells by scanning electron 

microscopy (Burnett 2006). It was found that M. hyopneumoniae adheres intimately to 

PK15 cells, and can be seen closely associated with microvilli on the surface of the 

monolayers (Figure 1.12), however, this adherence could be significantly reduced by 

pre-incubation of M. hyopneumoniae cells with a recombinant C-terminal 52 kDa 

fragment of the adhesin-like protein P159 (Figure 1.12B), and also by pre-treating M. 

hyopneumoniae cells with a saturating concentration of heparin (Figure 1.12C). SEM 

and binding studies using PK15 cells have also been performed using latex beads coated 

in recombinant Mycoplasma protein fragments to determine adherence and invasion 

capacity (Figure 1.12 D-F). (Burnett et al., 2006).  
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Figure 1.12. Scanning electron micrographs depicting the interaction of 

M. hyopneumoniae with PK15 cells.  

A. M. hyopneumoniae interacting with PK15 cells. B. The inhibition 

of M. hyopneumoniae adherence due to the presence of recombinant C-terminal 

fragment of P159 (F4P159) protein (1 µg). Adhering M. hyopneumoniae cells are 

indicated by an arrow. C. The inhibition of adherence due to the presence of heparin 

(500 µg ml
−1

). D-F Scanning electron micrographs depicting the interaction of latex 

beads separately coated with recombinant P159 fragment (F4P159) with PK15 cells. D. 

shows an F4P159-coated bead adhering to; and another within, a PK15 cell 2 h after 

incubation. E and F. depict F4P159-coated latex beads adhering to and residing inside 

PK15 cells 2 and 4 h after incubation respectively. Scale bars are given at the bottom of 

each image. Adapted from Burnett et al. (2006). 
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Collectively these interaction studies determined the C-terminal region of P159 

(through binding studies with recombinant fragment F4P159) to be a key factor in 

adhesion to host cells which may also play a role in facilitating invasion (Burnett et al., 

2006). Although these methods provide robust physical evidence for adherence or 

inhibition of binding, they are laborious and cannot be applied in a high-throughput 

manner.   

 

To identify M. hyopneumoniae proteins that bind PK15 cell surface proteins in a global 

manner, we have developed a 2-step column affinity chromatography technique which 

utilises intact cell surface biotinylation of PK15 cells and subsequent avidin purification 

to create a PK15 surface protein column (modified from Nunomura et al. (2005)). This 

column is then incubated with M. hyopneumoniae cell lysate, washed and interacting 

proteins eluted (Raymond et al., 2014; Raymond et al., 2013; Tacchi et al., 2014). This 

allows selective purification of low- and high-affinity binding proteins in a high-

throughput, global manner that is useful as a screening tool prior to more thorough 

investigations. 

 

1.5. Moonlighting proteins 

The term “moonlighting” was coined to describe multifunctional proteins, capable of 

performing two or more distinct biological functions within a single polypeptide chain, 

excluding proteins that play the same role in different locations or splice variants 

(Jeffery, 1999). Since the term was defined, several hundred moonlighting proteins have 

been identified in a wide variety of organisms across all three domains of life 

(Henderson and Martin, 2014). Moonlighting proteins appear to be able to switch 

between functions due to a change in cellular localization, expression in a novel cell 

type, oligomeric state, and cellular concentration of a ligand, substrate, cofactor or 

product (Figure 1.13) (Jeffery, 1999). 
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Figure 1.13. Examples of moonlighting functions.  

Mechanisms for switching between functions (1 and 2). Reproduced from Jeffery 

(1999). 
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The discovery of moonlighting proteins in surface proteome analyses has been a 

contentious issue as they are not readily validated as truly surface-exposed without 

further investigation of individual proteins, which is not always feasible in large-scale 

analyses. Hence, the presence of potential moonlighting proteins at the cell surface has 

frequently been attributed to cell lysis in sample handling or normal cell turnover (de 

Miguel et al., 2010; Hempel et al., 2010; Tan et al., 2008). However there is 

groundswell of support for the concept of microbial moonlighting proteins (Henderson, 

2014; Henderson and Martin, 2014; Wang et al., 2014). 

 

Metabolic enzymes, previously assumed to be “housekeeping proteins”, are now among 

the most commonly recognized examples of moonlighting proteins, particularly those 

involved in glycolysis (Henderson and Martin, 2011) (Figure 1.14). The structural and 

catalytic properties of glycolytic enzymes are well characterised in relation to their 

primary functions, and thus they can be easily recognised when carrying out alternative 

functions. Many glycolytic enzymes, despite lacking typical signal peptides and 

membrane anchoring mechanisms, are found on the surface of microbial pathogens and 

perform a variety of functions (Alderete et al., 2001; Chhatwal, 2002; Pancholi, 2001; 

Pancholi and Chhatwal, 2003; Sirover, 1999). These proteins have frequently been 

shown to act as virulence factors, contributing to host cell adhesion, invasion and 

immune modulation or evasion (Pancholi and Chhatwal, 2003). 
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Figure 1.14. The glycolytic pathway and moonlighting actions of bacterial glycolytic 

proteins.  

HK, hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; TPI, 

triose phosphate isomerase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 

PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; ENO, enolase; PK, 

pyruvate kinase. Reproduced from Henderson et al. (2011). 

 

Identification of moonlighting proteins, much like identification of proteolytic cleavage, 

has previously relied on serendipitous empirical data (Jarocki et al., 2014). Currently, 

there are no reliable methods to predict moonlighting proteins in silico as there are no 

apparent moonlighting motifs (Babady et al., 2007) and no obvious links to sequence 
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homology between moonlighting and non-moonlighting proteins of the same class or 

between species (Zhao et al., 2009). 

 

In Mycoplasma pneumoniae, elongation factor Tu (EfTu) and pyruvate dehydrogenase 

(PdhB) were identified as surface-exposed moonlighting proteins, through screening for 

fibronectin binding proteins by ligand blotting of whole cell lysates (Dallo et al., 2002).  

Immunogold labelling clearly showed localisation to the cell surface (Figure 1.15). 

 

 

Figure 1.15. Immunogold electron microscopy detection of EfTu and PdhB proteins on 

M. pneumoniae cell surfaces.  

Mycoplasmas were incubated with antisera generated against recombinant EfTu and/or 

recombinant PdhB and rabbit IgG conjugated gold particles (size 10 or 20 nm). Gold 

labelling of PdhB (panel A, 10 nm) showed both membrane and tip-associated 

localization. In contrast, gold labelling of EfTu (panel B, 20 nm) revealed random 

membrane distribution. Furthermore, gold particle double-labelling (panel C) confirmed 

the contrasting distribution of PdhB (10 nm) and EfTu (20 nm) on the M. pneumoniae 

membrane and tip surfaces (bar = 0.1 µm). From Dallo et al. (2002). 
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Further, in M. hyopneumoniae, two aminopeptidases, glutamyl aminopeptidase 

MHJ_0125 and leucine aminopeptidase MHJ_0461, were identified as surface-exposed 

moonlighting proteins, retaining proteolytic activity while also functioning as adhesins, 

binding host molecules such as plasminogen and heparin (Jarocki et al., 2015; Robinson 

et al., 2013). Moonlighting functions of proteases has been recently extensively 

reviewed (Jarocki et al., 2014). While there are no accurate ways to predict 

moonlighting activity, global surface proteome analyses with an emphasis on functional 

interactions is likely to provide useful information on potential moonlighting proteins. 

The results of such an approach are presented in Chapter 4. 

 

1.6. Conclusions and research aims 

Mycoplasmas, despite possessing simple genomes have shown to have complex post-

transcriptional and post-translational regulation, employing proteolytic processing and 

multifunctional or moonlighting proteins. The background presented highlights the need 

for a system-wide, non-hypothesis driven analysis of the proteome, with a specific focus 

on function in order to characterise the protein content of M. hyopneumoniae and 

potentially elucidate the mechanisms of pathogenesis.  

 

The work presented in this thesis will be divided into three main chapters. Firstly the 

characterisation of the global proteome of M. hyopneumoniae is described, with a focus 

on protein-centric proteomic approaches to enable analysis of proteolytic processing. 

This is followed by a report of the surface-exposed proteome, examining moonlighting 

proteins with details of identified host-pathogen interactions. Finally, the in-depth 

characterisation of a prominent adhesin protein P216 is presented, focusing on post-

translational processing and adherence to host substrates. A separate methods section 

will also be presented to provide complete descriptions of the methods. Changes or 

modifications to individual methods are described in the relevant chapters where 

appropriate. 

 

This work has endeavoured to elucidate the expressed, functional proteome of 

Mycoplasma hyopneumoniae, and in doing so has revealed the complexity of this 

genome-reduced organism by uncovering the extent of post-translational modifications 

of proteins, that peptide-centric or targeted proteomics approaches would have failed to 
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identify. This has provided us with valuable insight into the way this organism interacts 

with its environment within the host, so we can better understand mechanisms of 

pathogenesis in order to intelligently design novel vaccines and therapeutics. In 

undertaking such a detailed proteomic study on a minimal organism, an aim is also to 

improve our understanding of fundamental cellular processes that may have wide-

ranging implications in the field of cell biology in general and particularly in bacterial 

pathogenesis. 
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Chapter 2. Materials and methods 

 

This section describes in full all methods carried out throughout the presented chapters. 

Specific details, including any modifications to techniques are included in the relevant 

chapters where appropriate.  

 

Ethics statement: Antisera generation and collection was performed by trained staff at 

the Elizabeth Macarthur Agricultural Institute, following  approval by the Animal 

Ethics Committee at the Elizabeth Macarthur Agricultural Institute (AEC project no. 

M12/11). Animal work was performed in accordance with the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes. 

 

2.1. Bacterial strains and growth conditions 

2.1.1. Mycoplasma hyopneumoniae culture 

Mycoplasma hyopneumoniae strain J was originally isolated in the United States, 

provided by T. Young (Iowa State University Veterinary Research Medical School, 

USA) (Bereiter et al., 1990). M. hyopneumoniae strain 232 was originally isolated in 

Great Britain, and subsequently obtained from A. Pointon (South Australian Research & 

development Institute, Australia) (Goodwin et al., 1965). 

All M. hyopneumoniae cultures were grown in modified Friis medium (Appendix I), 

inoculated 1:50 with previously grown culture or cells from -80°C storage, to mid-log 

phase (pH 6.8-7.2 as indicated by colour change) at 37°C in rolling culture. Cells were 

harvested by centrifugation for 20 min at 10 000 × g and washed three times in 

phosphate buffered saline. Cell pellets were then used fresh, frozen at -20°C for later 

use or freeze-dried for longer term storage. 

 

2.1.2. Escherichia coli culture 

E. coli BL21™ Star (DE3) [Invitrogen, USA] was used for expression of hexahistidine 

(6x His) tagged recombinant proteins. Constructs were maintained in E. coli TOP10 

[Invitrogen, USA]. 

All E. coli strains were grown in Luria Bertani (LB) broth (10% (w/v) peptone, 5% 

(w/v) yeast extract, 5% (w/v) NaCl) or on LB agar (10% (w/v) peptone, 5% (w/v) yeast 
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extract, 5% (w/v) NaCl, 12% (w/v) agar) supplemented with 50 mg.mL
-1

 Ampicillin (as 

required) at 37°C with aeration by shaking at 220 rpm. 

 

2.1.3. PK15 cell culture 

Porcine kidney epithelial like cells (PK15 cells) were used as a cell culture model for 

evaluation of in vitro binding capacity of M. hyopneumoniae. Adherent cells were 

cultured in flat-bottomed culture flasks at 37°C with 5% CO2 in Dulbecco Modified 

Eagle Medium supplemented with 10% (v/v) foetal calf serum until 70-80% confluence 

was reached. Cells were subcultured or harvested by incubating with TrypLE Express 

[Life Technologies] for 10 min at room temperature. Cells were subcultivated at a ratio 

of 1:2. 

 

2.2. Recombinant protein expression, purification and generation of antisera 

2.2.1. Recombinant protein expression 

The selected genes were synthesized and cloned into the expression vector PS100030 

by Blue Heron Biotech (USA) removing any in-frame TGA codons by mutagenizing to 

TGG. In Mycoplasmas, the TGA codon encodes for tryptophan which results in 

truncated proteins when expressing Mycoplasma genes in E. coli. The recombinant 

constructs were transformed into BL21 Star™ (DE3) One Shot® chemically competent 

E. coli cells [Life Technologies] by heat shock. Overnight cultures (50 mL) in LB broth 

containing 100 µg.mL
-1

 ampicillin were grown and used to inoculate 1 L LB broth 

supplemented with 100 µg.mL
-1

 ampicillin. Once the OD600 of the cultures reached 0.5 

indicating mid-log phase, cells were induced with 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG). Incubation was maintained for 3-4 h and the cells were 

harvested by centrifugation at 10 000 × g for 20 min. 

 

2.2.2. Recombinant protein purification 

6x His-tagged proteins were purified by nickel chromatography. E. coli cells were lysed 

by gentle stirring in Lysis buffer (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 

8.0). Unbroken cells and debris were pelleted by centrifugation at 10 000 × g for 20 

min. Lysate was mixed with 2 mL Profinity™ immobilized metal affinity 
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chromatography (IMAC) nickel-charged resin [BioRad Laboratories] with gentle 

mixing overnight at 4°C. Slurry was then loaded into a column and washed with 8 mL 

wash buffer (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 6.3). 6x His-tagged 

recombinant proteins were eluted with 12 mL (4 × 3 mL) elution buffer 1 (100 mM 

NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 5.9) and 12 mL (4 × 3 mL) elution buffer 2 

(100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 4.5). Purity of elutions was 

assessed by 1D SDS-PAGE. Recombinant proteins were dialysed against 3 × 3 L PBS 

containing 1% (w/v) SDS for a minimum of 18 h with at least 3 h between buffer 

changes. Dialysed proteins were checked by 1D SDS-PAGE and verified by LC-

MS/MS.  

 

2.2.3. Generation of polyclonal antisera 

Antisera against recombinant proteins were generated via primary and secondary 

intramuscular injections of antigen into New Zealand White rabbits at 2-week intervals. 

Antigens (approximately 0.5 mg) were prepared for injection by mixing equal volumes 

of purified protein (approximately 500 μl) and Freund's incomplete adjuvant [Sigma 

Aldrich, St. Louis, Missouri]. Pre-immune serum was collected prior to the primary 

injection and served as control antiserum. A trial bleeding was performed 10 to 14 days 

after the secondary injection of antigen, and immune responses to the antigen at this 

stage were assessed via immunoblotting. Positive sera were collected via cardiac 

bleeding, during which the rabbits were anesthetized and euthanized by exsanguination. 

 

2.3. Sample preparation for proteomics 

2.3.1. Preparation of Mycoplasma whole cell lysates for 2D gel electrophoresis 

Washed mycoplasma cell pellets were resuspended in solubilisation buffer (7 M urea, 2 

M thiourea, 1% w/v C7BzO) with 40 mM Tris-HCl, pH 8.8 and lysed by three rounds 

of sonication in 30 s bursts. Proteins were reduced and alkylated by the addition of 5 

mM tributylphosphine and 20 mM acrylamide monomers and incubated for 90 min at 

room temperature. Samples were centrifuged at 16 000 × g for 10 min to pellet 

insoluble material and the soluble protein precipitated by 5 volumes of acetone at room 

temperature for 30 min. Protein was pelleted by centrifugation at 4 000 × g for 10 min 

and acetone decanted and the pellet air-dried. Pellets were resuspended in solubilisation 
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buffer (7 M urea, 2 M thiourea, 1% w/v C7BzO) and assayed to determine protein 

concentration.  

 

2.3.2 Triton X-114 phase extraction of Mycoplasma proteins  

Mycoplasma cell pellets were resuspended in 1% Triton X-114 buffer (1% TX-114, 10 

mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA) and extracted overnight (minimum 16 

h) at 4°C on a rotating wheel. Insoluble material was pelleted and stored as “TX-114 

insoluble phase”. The soluble material was removed to a new tube and incubated at 

37°C for 10 min. Phase separation was induced by centrifugation at 9000 × g for 5 min 

at room temperature. The TX-114 aqueous phase (top) was removed to a new tube, and 

TX-114 was added to a final concentration of 2%. To the TX-114 detergent phase 

(bottom) in remaining tube, 1% Triton X-114 buffer was added to a final concentration 

of 2% TX-114. Both samples were re-extracted for a further 4-6 h on a rotating wheel at 

4°C. Phase partition was performed again and both aqueous (top) and detergent 

(bottom) fractions were pooled and precipitated with 5 volumes of ice-cold acetone for 

30 min. Protein was pelleted by centrifugation at 4 000 × g for 10 min, the acetone 

decanted and the pellets air-dried. Aqueous, detergent and insoluble pellets were then 

subjected to extraction as described to obtain whole cell lysates above. 

 

2.3.3. Preparation of native whole cell extracts 

Washed mycoplasma cell pellets were resuspended in 0.1% Triton X-100 with the 

addition of Benzonase endonuclease [Sigma Aldrich] to degrade DNA. Samples were 

incubated for 10 min at room temperature before the addition of 1× cOmplete protease 

inhibitor solution [Roche]. Samples were centrifuged for 10 min at 16 000 × g to pellet 

any insoluble material.  

 

2.3.4. Preparation of whole cell lysates for dimethyl labelling 

All steps for dimethyl labelling preparation and purification were performed according 

to, or adapted from the protocol described by Kleifeld et al. (2011). Fresh washed M. 

hyopneumoniae cell pellets were resuspended in 4 M guanidine hydrochloride, 100 mM 

HEPES buffer at pH 8.0 and lysed by ultrasonication. Samples were diluted with 100 

mM HEPES buffer and re-concentrated by passing through a 3000 MWCO filter. This 
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washing step was performed 3 times to remove any free amino acids or other small 

cellular contaminants which could interfere with the labelling. Sample was reduced and 

alkylated with 5 mM tributylphosphine and 20 mM of acrylamide monomers for 90 min 

at room temperature. 

 

2.4. Cell surface analyses 

2.4.1 Biotinylation 

Cell surface biotinylation was carried out on intact cells using Sulfo-NHS-LC-biotin, 

combined with avidin column purification and/or blotting to purify or identify 

biotinylated surface proteins.  

For surface biotinylation experiments, freshly harvested and washed M. hyopneumoniae 

cells were resuspended in PBS (pH 7.8) and biotinylated with 0.5 mg.mL
-1

 EZ-Link 

Sulfo-NHS-LC-biotin [Thermo Scientific] for 30 s on ice. The reaction was then 

quenched with the addition of a final concentration of 50 mM Tris-HCl (pH 7.4) and 

incubated for 15 min. Cells were washed in three changes of PBS and pelleted by 

centrifugation as above. 

 

2.4.2 Enzymatic cell surface shaving 

Enzymatic cell surface shaving with trypsin was used to identify surface exposed 

proteins. Freshly harvested and washed M. hyopneumoniae cells were resuspended in 

PBS (pH 7.8) and pre-warmed with gentle mixing for 15 min at 37°C. A solution of 5 

mg.mL
-1 

cell culture grade trypsin [Sigma Aldrich] was pre-warmed along with the 

cells. A final concentration of 50 µg.mL
-1

 trypsin was added to the cells and allowed to 

incubate with gentle mixing for 5 min.  After 5 min cells were immediately placed on 

ice and pelleted by centrifugation at 4000 × g at 4°C. Supernatant containing liberated 

surface exposed proteins and peptides was removed and centrifuged to remove debris 

and any remaining intact cells at 10 000 × g at 4°C for 20 min. Supernatant was pH 

corrected with 100 mM ammonium hydrogen carbonate (NH4HCO3) to pH >8 and 

reduced and alkylated with 5 mM tributylphosphine (TBP), 20 mM acrylamide 

monomers for 90 min at room temperature. For analysis by LC-MS/MS, sample was 

diluted with five volumes 100 mM NH4HCO3 and 1 µg Trypsin Gold [Promega] added 

and digested overnight at 37°C with gentle mixing. Sample was cleaned up using solid 
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phase extraction as described in section 2.5.8 before analysis by LC-MS/MS as 

described in section 2.7.1.  

 

2.5. Proteomic techniques 

2.5.1. Isoelectric focusing – immobilised pH gradient strips (IPG IEF) 

Samples prepared for isoelectric focusing were free from contaminating salts and 

conductive material. This was checked by monitoring conductivity of the sample to 

ensure it was < 200 µSi.cm
-1

. Samples with higher conductivity were desalted prior to 

loading using a BioSpin column [BioRad] as per manufacturer’s instructions. 

Samples were loaded using either active or cup loading methods. For both methods, 11 

cm immobilised pH gradient strips pH 3-10, 4-7 [BioRad] or 6-11 Immobiline Drystrips 

[GE Healthcare] were partially rehydrated in a hydrophobic rehydration tray [Proteome 

Systems] with 150-200 µL solubilisation buffer (7 M urea, 2 M thiourea, 1% w/v 

C7BzO) for ~1 h with the lid on to prevent evaporation. 

For active loading, 100-150 µL of sample containing 150-300 µg of protein was loaded 

underneath the strip while in the focusing tray [Proteome Systems] under paraffin oil. 

The sample is drawn into the strip through hydrophilic attraction and when current is 

applied during focusing.  

For cup loading, the focusing tray [BioRad] was assembled as shown in Figure 2.1. The 

loading cup was placed at the acidic end of the strip and 150-300 µg of protein in 50-

100 µL was loaded into the cup and overlaid with paraffin oil. The sample is drawn into 

the strip when the current is applied and improves resolution of the basic proteins. 

Focusing was performed using a Protean IEF [BioRad]. The current was limited to 50 

µA per strip and isoelectric focusing was performed using the following method. 

Standard 3-step program: slow ramp to 4000 V for 4 h, linear ramp to 10000 V for 4 h, 

then 10000 V until 120 kVh was reached.  

TX-114 prepared samples were focused using a stepped program with rapid ramping: 

100 V for 1 h, 300 V for 1 h, 600 V for 1 h, 1000 V for 1 h, 2000 V for 1 h, 4000 V for 

40 kVh, 100 V for 12 h. 
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Figure 2.1. Schematic depiction of cup-loading for isoelectric focusing in IPG strips. 

 

2.5.2. Liquid-phase isoelectric focusing (LP-IEF) 

500 µg – 2 mg of protein sample was prepared to 2.5 mL in 7 M urea, 2 M thiourea, 

with or without 1% C7BzO as needed to maintain solubility for denaturing preparations 

or alternatively in 2.5 mL 0.05-0.1% Triton X-100 for native preparations. The 

conductivity was checked to ensure it was < 200 µSi.cm
-1 

and sample was desalted 

using MicroBioSpin [BioRad] columns if necessary. A final concentration of 0.2% w/v 

pH 3-10 BioLyte ampholytes [BioRad] were added and sample was loaded into the 

chamber of the BioRad MicroRotofor Isoelectric focusing cell. Focusing was carried 

out at using anode solution of 0.1 M NaOH and Cathode solution of 0.1 M H2PO4 at 1 

W constant until the voltage stabilised. The run was allowed to continue for 30 min 

once voltage stabilised then fractions harvested (10 fractions total). IEF runs were 

typically completed in < 3 h. 
 

 

2.5.3. One-dimensional sodium dodecyl sulphate –polyacrylamide gel electrophoresis 

(1D SDS-PAGE) 

Samples to be run were mixed with 2× or 4× SDS sample buffer (Appendix - 0.25 M 

Tris-HCl pH 6.8; 0.25% w/v SDS; 10% glycerol and 0.0025% w/v bromophenol blue) 

and boiled for 5 min, or heated to 60°C for 10 min if the sample contained Urea in order 

to reduce carbamylation. All samples to be loaded were centrifuged to pellet debris for 5 

min at 16 000 × g prior to loading. Precision Plus™ dual colour or unstained Molecular 

weight markers [BioRad] were loaded alongside samples. 

Gel systems used were either Criterion Bis-Tris 4-12% pre-cast gels (1, 12 or 26 wells) 

with MES running buffer [BioRad], Criterion TGX 4-20% pre-cast gels (1, 12 or 26 

wells) with TGX or TGS running buffer [BioRad] (Appendix). 

Bis-Tris gels were run at 160 V for ~1 h and TGX gels were run at 300 V for ~25 min, 

or until the dye front reached the bottom of the gel. 
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All gels were fixed with fixing solution (40% Methanol/ 10% Acetic acid) for 30 min at 

room temperature with constant gentle agitation. Gels were stained to visualise protein 

with either Flamingo™ fluorescent stain [BioRad] for ~1 h in the dark with gentle 

agitation, or with Coomassie blue G250 (Appendix) overnight with gentle agitation. 

Gels stained with Flamingo were scanned with a Pharos FX™ Plus Molecular Imager 

[BioRad] and gels stained with Coomassie were scanned with an Epson Perfection 4870 

Photo flatbed document scanner, set to film.  

 

2.5.4. Two-dimensional sodium dodecyl sulphate –polyacrylamide gel electrophoresis 

2D SDS-PAGE 

Immobilised pH gradient strips were gently blotted to remove residual oil and 

equilibrated for 20 min in ~5 mL per strip SDS equilibration solution (2% SDS, 6 M 

urea, 250 mM Tris-HCl pH 8.5, 0.0025% w/v bromophenol blue) with gentle agitation. 

Strips were loaded into single well gels alongside Precision Plus™ dual colour or 

unstained Molecular weight markers [BioRad]. Alternatively, samples separated by LP-

IEF were run in 12 well gels. Fractions were mixed with 2× or 4× sample buffer and 

heated to 60°C for 10 min and centrifuged to pellet insoluble material. Gels were run, 

fixed and stained according to the methods described in section 2.5.3 above. 

 

2.5.5. Dimethyl labelling of bacterial proteins 

Protein labelling was performed on 1 mg of M. hyopneumoniae strain J protein by the 

addition of 40 mM formaldehyde (ultra-pure grade) [Polysciences Inc., USA] in the 

presence of 20 mM sodium cyanoborohydride, buffered with 100 mM HEPES solution 

adjusted to pH 6 – 7 in a final volume of 1 mL, and incubated at 37°C for a minimum 4 

h. The reaction was quenched by the addition of 100 mM ammonium bicarbonate and 

precipitated with 8 volumes of acetone and 1 volume of methanol at -20°C for 3 h. The 

precipitated protein was then pelleted by centrifugation at 14000 × g and washed with 5 

volumes of methanol. The protein pellet was resuspended in 50 mM sodium hydroxide, 

pH 8.0 and digested with trypsin prior to peptide enrichment and analysis by LC-

MS/MS.  
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2.5.6. Enrichment of labelled N-terminal peptides 

To enrich for blocked N-terminal peptides, the high molecular weight aldehyde-

derivatised polymer (HPG-ALD type II) [Flintbox Innovation Network] was added in a 

ratio 2 μg of polymer per 1 μg of peptides in the presence of 20 mM of sodium 

cyanoborohydride. The reaction was allowed to proceed at 37°C for a minimum of 4 h. 

Ammonium bicarbonate was added to 100 mM, adjusted to pH 6 – 7 and incubated for 

30 min to quench the reaction. Samples were passed through a 10000 MWCO 

Ultrasep™ Advance Centrifugal Device by centrifugation at 10000 × g. Filtrates 

containing unbound N-terminal peptides, were acidified with 0.02% Trifluoroacetic acid 

and reduced to ~15 μL in a Vacufuge™ Concentrator 5301 [Eppendorf, Germany], 

ready for analysis by LC-MS/MS. 

 

2.5.7. In-gel trypsin digestion 

Protein spots or bands of interest were excised from gels using a scalpel. Large gel 

pieces were further cut to ~ 1 mm
3
. Pieces were washed by incubation with wash 

solution (50 mM NH4HCO3, 50% acetonitrile (ACN)), for 10 min at room temperature 

with vortexing. Wash solution was removed and discarded and the process repeated at 

least 3 times or until all stain was removed from the gel. Gel pieces were dehydrated 

with the addition of 100% ACN and incubated for 10 min with vortexing. ACN was 

removed and discarded. For samples which had not been subjected to reduction and 

alkylation prior to electrophoresis, an in-gel reduction and alkylation step was required. 

Dehydrated gel pieces were rehydrated with 5 mM tributylphosphine, 20 mM 

acrylamide monomers in 100 mM NH4HCO3 and incubated at room temperature for 90 

min. Residual liquid was removed and discarded and the washing procedure was 

repeated. Gel pieces were again dehydrated with 100% ACN and the gel pieces air-

dried. Pieces were rehydrated with 12.5 ng.µL
-1

 Trypsin gold made up in 100 mM 

NH4HCO3 at 4°C for 30 min. NH4HCO3 was added to cover the gel pieces and samples 

incubated at 37°C overnight (or a minimum of 6 h). 

Tubes containing gel pieces in solution were incubated in a sonicating water bath for 10 

min to encourage peptide extraction from the gel. Solution was removed to a new tube 

and 50% ACN, 0.2% TFA was added to cover the gel pieces. Sonication was repeated 

and peptide-containing solutions were pooled with the first extraction. This process was 

repeated twice. Solutions containing peptides were concentrated to ~15 µL in an 
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Eppendorf vacuum concentrator at 30°C. All samples were centrifuged for 10 min at 16 

000 × g to pellet any insoluble material and the supernatant removed to an autosampler 

vial for analysis by LC-MS/MS. Alternatively, peptides were subjected to desalting 

using solid phase extraction (as described in section 2.5.8.). 

 

2.5.8. Solid phase extraction (SPE) 

Solid phase extraction was performed using C18 ZipTips [Millipore], or OASIS HLB 

SPE C18 columns, 1cc [Waters]. Columns or tips were pre-treated with 100% ACN 

(buffer B), equilibrated with 10 column/tip volumes of 98% MilliQ water 2% ACN 

(buffer A), then sample applied and allowed to bind by repeatedly flowing through the 

tip/column up to 10 times. Resin was washed with 5-10 column/tip volumes of buffer A 

and sample eluted in 75% buffer B, 0.2% formic acid. Eluted sample was dried to 25% 

original volume to remove ACN and sample reconstituted to required volume with MS 

loading buffer. 

 

2.6. Detection of interactions 

2.6.1. Blotting  

Proteins were separated by SDS-PAGE and transferred to PVDF membrane using a 

semi-dry transfer method. Following gel electrophoresis, gels were rinsed with ddH2O, 

before equilibration in 100 mL of buffer 1 (described below) for 5 min. PVDF 

membrane was cut to size and wetted completely with methanol for 2 min, before 

equilibration in buffer 2 for a minimum of 5 min. 

Electroblotting was carried out in an Owl™ semi-dry horizontal transfer apparatus 

[Thermo Scientific] assembled according to Figure 2.2, with buffer compositions as 

follows: 

 Buffer 1, 2 papers: 40 mM ε-aminocaproic acid, 25 mM Tris, 10% methanol, 

0.0005% (w/v) SDS 

 Buffer 2, 2 papers : 25 mM Tris, 20% methanol 

 Buffer 3, 1 paper : 300 mM Tris 
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Figure 2.2. Electroblotting apparatus setup.  

 

Transfer was conducted at 300 mA constant for 30 min. Following transfer, membranes 

were rinsed briefly with ddH2O and stained with 0.0025% (w/v) Ponceau S in 1% acetic 

acid to check transfer. Membranes were fully destained in ddH2O or 1% acetic acid 

before proceeding with probing. 

 

Membranes were blocked with 5% (w/v) skim milk powder in PBS with 0.1% (v/v) 

Tween 20 (PBS-T) at room temperature for 1 h.  

For detection of immunogenic proteins, membranes were probed with pooled 

convalescent sera from Mycoplasma hyopneumoniae infected pigs diluted 1:100 in 

PBS-T for 1 h, followed by incubation with peroxidase conjugated anti-pig antibodies 

diluted 1:3000 in PBS-T for 1 h.  

For detection of fibronectin-binding proteins, membranes were probed with human
2
 

fibronectin [Calbiochem] 10 µg mL
-1

 in PBS-T for 1 h, then rabbit anti-fibronectin [MP 

Biomedicals, Inc.] diluted 1:3000 in PBS-T for 1 h, then peroxidase conjugated anti-

rabbit antibodies diluted 1:1500 in PBS-T for 1 h.   

For detection of plasminogen-binding proteins, membranes were probed with either 

purified biotinylated porcine plasminogen diluted 1:250 in PBS-T for 1 h, followed by 

incubation with ExtrAvidin-HRP diluted 1:5000 in PBS-T for 1 h; or alternatively 

probed with 10 µg mL
-1

 purified porcine plasminogen in PBS-T for 1 h, then rabbit anti-

plasminogen diluted 1:3000 in PBS-T for 1 h, then peroxidase conjugated anti-rabbit 

antibodies diluted 1:1500 in PBS-T for 1 h. 

                                                 
2
 Human fibronectin displays sequence similarity to porcine fibronectin and was able to be obtained at 

higher purity than porcine fibronectin. 
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Between incubations, membranes were washed in three changes of PBS-T. Membranes 

were developed with SIGMAFAST™ 3,3´-Diaminobenzidine tablets [Sigma-Aldrich] as 

per manufacturer’s instructions. 

Control blots showed no naturally biotinylated proteins in M. hyopneumoniae cell 

lysates and there was no cross-reactivity with anti-rabbit antibodies. 

 

2.6.2. Avidin purification of interacting proteins 

One 175 cm
2
 culture flask containing semi-confluent PK15 cells was washed with ice 

cold PBS pH 8.0 to remove medium components and was then labelled with 2 mM 

sulfo-NHS-LC-biotin at 4˚C for 30 min. PBS with 100 mM glycine was added to 

quench the reaction and remove excess biotin. Glycine was removed by washing in 

PBS. Cells were lysed in 1.0% Triton X-100 in Tris-HCl pH 7.6, 150 mM NaCl with 

protease inhibitors on ice with vortexing. After insoluble material was removed by 

centrifugation, the cleared lysate was added to avidin agarose [Thermo Scientific] and 

left to incubate on a rotating wheel for 1 h. The slurry was then packed into a column, 

the flow through collected, and any unbound proteins were removed by extensive 

washing with PBS.  

M. hyopneumoniae cells from a 250 ml culture were pelleted, washed with PBS and 

gently lysed in 0.5% Triton X-100 in Tris-HCl pH 7.6, 150 mM NaCl with Complete 

protease inhibitors [Roche] on ice with vortexing and water bath sonication. Insoluble 

material was removed by centrifugation and the cleared lysate incubated with the 

biotinylated PK15-avidin agarose mixture overnight at 4˚C on a rotating wheel. The 

mixture was packed into a column, the flow through collected, and non-interacting 

proteins were removed by washing 6 times with 25 mM Tris-HCl and 150 mM NaCl, 

pH 7.4. Interacting proteins were collected by eluting 5 times with 100 mM Tris-HCl 

and 2 M NaCl, pH 7.4. A secondary elution in 30% Acetonitrile and 0.4% 

trifluoroacetic acid was performed in order to collect the biotinylated PK15 proteins and 

any strongly bound M. hyopneumoniae proteins which were not eluted by 2M NaCl. 

The salt and acidic elutions were concentrated separately through 3000 dalton cut-off 

filters and then acetone precipitated at -20°C for 30 min and finally pelleted by 

centrifugation at 25 000 × g at 4°C for 30 min. Protein was resuspended in SDS sample 

buffer and separated by 1D SDS-PAGE. Proteins were in-gel trypsin digested and 

analysed by LC-MS/MS.  
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2.6.3. Heparin column affinity chromatography 

M. hyopneumoniae whole cell lysates were prepared by sonicating washed cell pellets in 

10 mM sodium phosphate, pH 7 on ice for 3 rounds of 30 s bursts. Insoluble material 

was pelleted by centrifugation at 16 000 × g for 10 min. 300 µg of M. hyopneumoniae 

soluble protein was loaded into an autosampler vial on a Waters 2690 Alliance LC 

separations module, and loaded at 0.5 mL min
-1

 onto a 1 mL HiTrap™ Heparin HP 

column in binding buffer (10 mM sodium phosphate, pH 7). The standard elution 

program was run at 0.5 mL min
-1 

with continuous gradients as follows: Sample was 

loaded and washed with 100% binding buffer for 20 min, then 0-50% elution buffer (10 

mM sodium phosphate, 2 M sodium chloride, pH 7) for 25 min, increasing 50-100% 

elution buffer over 10 min, 100% elution buffer for 5 min, then returning to 100% 

binding buffer. The elution profile was monitored at A 210-400 with a Waters 996 

photodiode array detector and fractions were collected in 3 min intervals using a Waters 

fraction collector III. 

 

2.6.4. Avidin purification of fibronectin binding proteins  

1 mg of human fibronectin [Calbiochem] was biotinylated with EZ-link sulfo-NHS-

biotin [Thermo Fisher Scientific] and then bound to avidin agarose [Thermo Scientific] 

overnight at 4°C on a rotating wheel. The slurry was then packed into a column, and the 

flowthrough was collected for monitoring by SDS-PAGE. Unbound biotinylated 

fibronectin was removed with 4 × 5 ml sequential washes with PBS. Freshly 

harvested M. hyopneumoniae cells were washed extensively (>3 times) in PBS and 

pelleted by centrifugation (11,000 × g, 10 min). Cells were resuspended in 10 ml of 1% 

(w/v) C7BzO [Sigma-Aldrich] in PBS (pH 7.8) and disrupted with three rounds of 

sonication at 80% power for 30 s bursts whilst on ice. After insoluble material was 

removed by centrifugation, the cleared lysate was added to the slurry and incubated 

again overnight at 4°C on a rotating wheel. The mixture was again packed into a 

column, the flow through collected, and non-binding proteins were removed by washing 

with 4 × 5 ml sequential washes with PBS. Fibronectin binding proteins were collected 

by eluting with 7 M urea, 2 M thiourea, 40 mM Tris and 1% (w/v) C7BzO. The elution 

was concentrated through 3,000 Da cutoff filters, then acetone precipitated at −20°C 



 

64 

 

overnight, and finally pelleted by centrifugation at 25,000 × g at 4°C for 30 min. Protein 

was resuspended in SDS sample buffer and separated by SDS-PAGE.  Gel lanes were 

sliced into 10 sections and proteins in-gel digested before analysis by LC-MS/MS. 

 

2.6.5. Avidin purification of plasminogen binding proteins 

Plasminogen from human serum [Sigma-Aldrich] was labelled in 20-fold molar excess 

with Sulfo-NHS-LC-Biotin for 3 h at room temperature. Removal of excess biotin and 

buffer exchange into PBS was performed in a PD-10 Desalting Column [GE Healthcare, 

Life Sciences]. Biotinylated plasminogen was incubated with avidin agarose [Thermo 

Scientific] on a rotating wheel for 5 h. The slurry was packed into a column and the 

flow through collected. Unbound plasminogen was thoroughly washed with PBS. 

M. hyopneumoniae cells from a 250 mL culture were pelleted, washed with PBS, and 

gently lysed in 0.5% Triton X-100/PBS. Insoluble material was removed by 

centrifugation at 16 000 × g for 10 min. The cleared lysate was incubated with 

biotinylated plasminogen-avidin agarose mixture overnight on a rotating wheel at 4 ˚C. 

The mixture was packed into a column and the flow through collected. Unbound 

proteins were thoroughly washed and collected in PBS, and interacting proteins were 

eluted with 30% ACN, 0.4% trifluoroacetic acid. The eluting proteins were concentrated 

using a 3000 Da cutoff filter and acetone precipitated at −20 °C for 30 min. Proteins 

were pelleted by centrifugation at 25 000 × g at 4 °C for 30 min. Protein was 

resuspended in SDS sample buffer for separation  by 1D SDS-PAGE and/or GeLC-

MS/MS. 

 

2.6.6. Avidin purification of actin binding proteins 

Actin from bovine muscle [Sigma-Aldrich] was solubilised in 8 M urea, 20 mM 

triethylammonium bicarbonate, pH 8.0. Cysteine residues were reduced and alkylated 

with 5 mM tributylphosphine and 20 mM acrylamide monomers for 90 min at room 

temperature. Actin monomers were labelled in 20-fold molar excess with Sulfo-NHS-

LC-Biotin for 3 h at room temperature. Removal of excess biotin and buffer exchange 

into PBS was performed in a PD-10 Desalting Column [GE Healthcare, Life Sciences]. 

Biotinylated actin was incubated with avidin agarose [Thermo Scientific] on a rotating 
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wheel for 5 h. The slurry was packed into a column and the flow through collected. 

Unbound actin was thoroughly washed with PBS.  

M. hyopneumoniae cells from a 250 mL culture were pelleted, washed with PBS, and 

gently lysed in 0.5% Triton X-100/PBS. Insoluble material was removed by 

centrifugation at 16 000 × g for 10 min. The cleared lysate was incubated with 

biotinylated actin-avidin agarose mixture overnight on a rotating wheel at 4 ˚C. The 

mixture was packed into a column and the flow through collected. Unbound proteins 

were thoroughly washed and collected in PBS, and interacting proteins were eluted with 

30% ACN, 0.4% trifluoroacetic acid. The eluting proteins were concentrated using a 

3000 Da cutoff filter and acetone precipitated at −20 °C for 30 min. Proteins were 

pelleted by centrifugation at 25 000 × g at 4 °C for 30 min. Protein was resuspended in 

SDS sample buffer for separation  by 1D SDS-PAGE and/or GeLC-MS/MS. 

 

2.6.7. Co-Immunoprecipitation using Dynabeads protein A 

M. hyopneumoniae whole cell lysates were prepared by sonicating washed cell pellets in 

PBS, pH 7.4 with 0.05% TX-100 on ice for 3 rounds of 30 s bursts. Insoluble material 

was pelleted by centrifugation at 16 000 × g for 10 min. 50 µL pooled positive 

convalescent pig sera diluted with 0.1% Tween-20 in PBS (PBS-T) was interacted with 

50 µL solution (corresponding to 1.5 mg) of Dynabeads protein A equilibrated with 

PBS for 20 min at room temperature with mixing. Beads with bound antibody were 

washed in two changes of PBS-T. 0.5-2 mg of M. hyopneumoniae lysate in 100-600 µL 

PBS-T was incubated with the beads for 20 min at room temperature with mixing. 

Unbound proteins were removed and the beads washed with three changes of PBS-T, 

150 mM NaCl. The beads were resuspended in 100 µL PBS-T, 150 mM NaCl and 

transferred to a clean tube to prevent elution of proteins non-specifically adsorbed to the 

tube wall. Bound proteins were collected in two steps; a “native” elution was performed 

with the addition of 20 µL 1% acetic acid, mixing and incubation for 2 min, collecting 

into a new tube. A second “denaturing/reducing” elution step was performed with the 

addition of 1× SDS sample buffer with 20 mM DTT, mixing and incubation at 70°C for 

10 min. All fractions, washes and elutions were collected and analysed by SDS-PAGE 

and/or LC-MS/MS. 
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2.7. Mass spectrometry and data analysis 

2.7.1. 1D LC-MS/MS using QTOF  

Using an Eksigent AS-1 autosampler connected to a Tempo nanoLC system [Eksigent, 

USA], 10 µL of sample was loaded at 20 µL min
-1

 with MS buffer A (2% ACN + 0.2% 

Formic Acid) onto a C8 Cap Trap column [Michrom, USA]. After washing the trap for 

3 min, the peptides were washed off the trap at 300 nL min
-1

 onto an IntegraFrit column 

(75 µm × 150 mm) packed with ProteoPep II C18 resin [New Objective, Woburn, MA]. 

Peptides were eluted from the column and into the source of a QSTAR Elite hybrid 

quadrupole-time-of-flight mass spectrometer [Applied Biosystems/MDS Sciex] using 

the following program: 5−50% MS buffer B (98% ACN + 0.2% formic acid) over 30 

min for gel slices or 15 min for gel spots, 50−80% MS buffer B over 5 min, and 80% 

MS buffer B for 2 min, 80−5% for 3 min. The eluting peptides were ionized with a 75 

μm ID emitter tip that tapered to 15 μm [New Objective] at 2300 V. An Intelligent Data 

Acquisition (IDA) experiment was performed, with a mass range of 375−1500 Da 

continuously scanned for peptides of charge state 2+ to 5+ with an intensity of more 

than 30 counts/scan and a resolution >12000. Selected peptides were fragmented, and 

the product ion fragment masses were measured over a mass range of 100−1500 Da. 

The mass of the precursor peptide was then excluded for 120 s for gel slices or 15 s for 

gel spots. 

 

2.7.2. 1DLC-MS/MS using Ion Trap  

This technique was carried out by Professor Paul Haynes at the Australian Proteomics 

Analysis Facility, Macquarie University.  

Each of the 16 SDS-PAGE fractions of triplicate sets was analysed by nanoflow LC-

MS/MS (nanoLC-MS/MS) using a LTQ-XL linear ion trap mass spectrometer [Thermo, 

San Jose, CA]. In a fused silica capillary with an integrated electrospray tip, reversed-

phase columns were packed in-house to approximately 7 cm (100 μm ID) using 100 Å, 

5 μm Zorbax C18 resin [Agilent Technologies, CA, USA]. An electrospray voltage of 

1.8 kV was applied via a liquid junction upstream of the C18 column. Samples were 

injected onto the column using a Surveyor autosampler, which was followed by an 

initial wash step with buffer A (5% v/v ACN, 0.1% v/v formic acid) for 10 min at 

1 μL.min
-1

. Then, peptides were eluted from the column with 0–50% buffer B (95% v/v 

ACN, 0.1% v/v formic acid) for 58 min at 500 nL min
-1

. The column eluate was directed 
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into a nanospray ionization source of the mass spectrometer. Spectra were scanned over 

the range of 400–1500 amu and, using Xcalibur software (Version 2.06, Thermo) 

automated peak recognition, dynamic exclusion and MS/MS of the top six most intense 

precursor ions at 35% normalization collision energy were performed. 

 

2.7.3. Protein extraction and digestion for strong cation exchange chromatography and 

MudPIT 

To extract and alkylate proteins, lyophilised cells were resuspended in 8 M urea, 100 

mM NH4HCO3, pH 9 and sonicated with an ultrasonic probe at 80% power for 3 × 30 s 

on ice. Reduction and alkylation of cysteine and precipitation was carried out as 

described above. The protein was resuspended in 8 M urea, 100 mM NH4HCO3, pH 9 

and digested to peptides firstly by addition of 2.5 µg of Endoproteinase LysC [Roche, 

Switzerland] and incubating overnight at 37
°
C. The sample was then diluted to 1M Urea 

by adding 100mM NH4HCO3 prior to the addition of 2.5 µg of trypsin [Promega, USA] 

and incubated at 37
°
C for 16 h. Formic acid was added to a concentration of 1% and the 

peptides desalted and concentrated using an OASIS HLB SPE column 1cc [Waters] as 

per manufacturer’s instructions, described in section 2.5.8. Bound peptides were eluted 

with 75% ACN, 0.2% formic acid. The ACN was removed by lyophilisation to a 

volume of 50 µl and 5 µl removed for 1DLC-MS/MS using QTOF as described above.  

 

2.7.4. Peptide fractionation by cation-exchange chromatography 

After addition of 20 mM KH2PO4, 20% ACN, pH 3 (SCX buffer A), the complex 

peptide sample was separated using a PolyLC polysulfoethyl A column (2.1 mm × 100 

mm) pre-equilibrated in SCX buffer A while connected to an Agilent 1200 HPLC 

system. After sample injection and collection of unbound peptides, retained peptides 

were fractionated by an increasing  gradient (0-50% B in 50 min) of 20 mM KH2PO4, 

20% ACN, pH 3 + 0.5 M KCl (SCX buffer B). Eluting peptides were monitored at 214 

nm and collected in a 96 well plate by peak detection mode. Peptide fractions were then 

transferred to microtubes and lyophilised to approximately 10 µl by lyophilisation. The 

peptide fractions were desalted using OMIX C18 SPE pipette tips as per the 

manufacturer’s instructions. Desalted peptide fractions were briefly (2 min) lyophilised 
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to remove ACN and 10 µl of MS buffer A (2% ACN, 0.2% formic acid) added prior to 

analysis by 1DLC-MS/MS on the QTOF as described above. 

 

2.7.5. Multidimensional Protein Identification Technology (MudPIT) analysis using FT 

ICR 

This technique was carried out by Mark Raftery at the Bioanalytical Mass Spectrometry 

Facility, University of New South Wales.  

Digested peptides were separated by nano-LC using an Ultimate 3000 HPLC and 

autosampler system (Dionex, Amsterdam, Netherlands).  Ten microliters of sample was 

loaded onto a SCX micro column (0.76 × 15 mm) containing Poros S10 or S20 resin 

(Applied Biosystems, Foster City, CA). Peptides were eluted sequentially using 5, 10, 

15, 20, 25, 30, 40, 50, 100, 250, 500, and 1000 mM ammonium acetate (20 μL). The 

unbound load fraction and each salt step were concentrated and desalted onto a micro 

C18 pre-column (500μm × 2 mm, Michrom Bioresources, Auburn, CA) with buffer A 

(H2O:CH3CN, 98:2; 0.1% formic acid) at 15 μL.min
-1

.  After a 4 min wash the pre-

column was switched (Valco 10 port valve, Dionex) into line with a fritless nano 

column (75 µm × ~10 cm) containing C18 media (5µ, 200 Å Magic, Michrom).  

Peptides were eluted using a linear gradient of H2O:CH3CN (98:2, 0.1% formic acid) to 

H2O:CH3CN (64:36, 0.1% formic acid) at 350 nl.min
-1

 over 60 min.  High voltage 1800 

V) was applied to low volume tee [Upchurch Scientific] and the column tip positioned ~ 

0.5 cm from the heated capillary (250°C) of a LTQ FT Ultra [Thermo Electron, 

Bremen, Germany] mass spectrometer.  Positive ions were generated by electrospray 

and the LTQ FT Ultra operated in data dependent acquisition mode (DDA). A survey 

scan m/z 350-1750 was acquired in the FT ICR cell (Resolution = 100,000 at m/z 400, 

with an accumulation target value of 1,000,000 ions).  Up to the 6 most abundant ions 

(>3,000 counts) with charge states > +2 were sequentially isolated and fragmented 

within the linear ion trap using collisionally induced dissociation with an activation q = 

0.25 and activation time of 30 ms at a target value of 30,000 ions.  m/z ratios selected 

for MS/ MS were dynamically excluded for 30 s. 

 

2.7.6. MS/MS Data Analysis  

The MS/MS data files were searched using Mascot (provided by the Australian 

Proteomics Computational Facility, hosted by the Walter and Eliza Hall Institute for 
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Medical Research Systems Biology Mascot Server) against the LudwigNR database 

(comprised of the UniProt, plasmoDB and Ensembl databases (25,913,601 sequences; 

9,279,221,698 residues) with the following parameter settings:  

Default samples – Fixed modifications: none. Variable modifications: NQ deamidation, 

propionamide, oxidised methionine. Enzyme: semitrypsin. Number of allowed missed 

cleavages: 3. Peptide mass tolerance: 100 ppm. MS/MS mass tolerance: 0.2 Da. Charge 

state: 2+ and 3+.  

Dimethyl-labelled samples – Variable modifications: Dimethylated lysine, 

Dimethylated N-terminus, NQ deamidation, propionamide, oxidised methionine. 

Enzyme: semitrypsin. Number of allowed missed cleavages: 5. Peptide mass tolerance: 

100 ppm. MS/MS mass tolerance: 0.2 Da. Charge state: 2+ and 3+.  

Biotinylated samples – Variable modifications: NHS-LC-Biotinylated lysine, NHS-LC-

biotinylated N-terminus, NQ deamidation, propionamide, oxidised methionine. 

Enzyme: semitrypsin. Number of allowed missed cleavages: 3. Peptide mass tolerance: 

100 ppm. MS/MS mass tolerance: 0.2 Da. Charge state: 2+ and 3+. 

 

2.8. Bioinformatics 

In-silico analyses were performed using protein sequence data obtained from UniProt 

(http://www.uniprot.org) with the use of several online resources (UniProt, 2015). 

Basic Local Alignment Search Tool (BLAST) searches, performed using the non-

redundant protein database at the National Center for Biotechnology Information 

(NCBI) or UniProt database, were used to identify proteins that share regions of identity 

or similarity.  

Physical data such as theoretical pI, molecular weight, amino acid composition and 

protein stability were collected using the ProtParam tool at ExPASy (Wilkins et al., 

1999).  

Putative transmembrane domains (TMDs) were predicted using TMpred with 

parameters: TM helix length between 17 and 33 amino acids, score ≥ 500.  

Signal peptide predictions were made using SignalP v. 3.0 and/or v. 4.1, organism 

group: Gram positive bacteria, default D-cutoff values (Bendtsen et al., 2004; Petersen 

et al., 2011). Note: Mycoplasmas lack a type 1 signal peptidase and as such do not have 

standard signal peptides, however this analysis was used to better understand prediction 
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algorithms and predict proteins that may be classed non-classically secreted, using 

SecretomeP. 

Non-classically secreted proteins were predicted using SecretomeP v. 2.0, organism 

group: Gram positive bacteria (Bendtsen et al., 2005). Proteins were classed as non-

classically secreted if they were predicted to be secreted with SecretomeP and were not 

predicted to possess a standard signal peptide by SignalP. 

 Lipoprotein prediction was performed using LipoP 

(http://www.cbs.dtu.dk/services/LipoP/) (Juncker et al., 2003; Rahman et al., 2008) and 

LIPO CBU (http://services.cbu.uib.no/tools/lipo) (Berven et al., 2006). 

Motifs and consensus sequences were located in protein sequences using PattInProt.  

Bioinformatic analysis used online resources: ProtParam (Wilkins et al., 1999), 

PattInProt (Combet et al., 2000), TMpred (Wilkins et al., 1999), COILS (Lupas et al., 

1991) and PONDR VSL2 and VL-XT (Li et al., 1999; Romero et al., 1997; Romero et 

al., 2001).  

The search for coiled-coils was conducted by means of the COILS2 algorithm with 

window widths of 14, 21, and 28 and the MTIDK matrix (Lupas et al., 1991). The 

outputs from both weighted and unweighted scans were compared. In addition, the 

Paircoil2 algorithm, with a minimum window size of 21 and a P-score cutoff of 0.025, 

was used (McDonnell et al., 2006). 
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Chapter 3. Global protein-centric proteomic approaches highlight the 

widespread nature of post-translational protein processing in 

Mycoplasma hyopneumoniae 

 

Sections of this chapter have been submitted for peer review to the journal Proteomics. 
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3.1. Abstract  

Mycoplasma hyopneumoniae is a genome-reduced, cell wall-less, bacterial pathogen 

with a predicted coding capacity of less than 700 proteins and is one of the smallest 

self-replicating pathogens. These features make it an attractive model to study 

proteolytic processing as a means to generate functional diversity. Here we present 

analyses of the global proteome of M. hyopneumoniae strain J using a multitude of 

techniques, including peptide-centric (2D LC-MS/MS and peptide isoelectric focusing) 

and protein-centric approaches (1D and 2D GeLC-MS/MS) which identified expressed 

protein products for 52% of the predicted proteome (347 proteins). Notably, our 

analyses highlight the prevalence of post-translational proteolytic processing of M. 

hyopneumoniae surface-associated proteins. Adhesins, lipoproteins, and proteins with 

well-characterised cytosolic functions that are also detected at the cell surface were 

shown to be proteolytically processed. Cleavage fragments were recovered from affinity 

chromatography assays using heparin, fibronectin, actin and host epithelial cell surface 

proteins as bait, suggesting these fragments retain biologically-important roles in 

pathogenesis. We hypothesise that protein processing is underestimated as a post-

translational modification in genome-reduced bacteria and represents an important 

mechanism for creating cell surface protein diversity, potentially to compensate for a 

reduction in coding capacity at the genome level.   
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3.2. Introduction 

The current trend in global proteomic analysis has been to use high-speed, ultra-

sensitive mass spectrometers combined with orthogonal upfront chromatographic 

fractionation (i.e. 2DLC-MS/MS) in a peptide-centric manner to characterise proteomes. 

These high-throughput protocols rely on all proteins in a sample being digested with an 

efficient protease (e.g. trypsin) into peptides for downstream analysis. Peptide-centric or 

“bottom-up” approaches are widely used because peptides are more readily solubilised 

for fractionation and are amenable to chromatographic separation, and mass 

spectrometry is more sensitive when analysing peptides, rather than intact proteins 

(Mann et al., 2013). Conversely protein-centric approaches aim to preserve intact 

proteins throughout fractionation steps so that proteoform information may be retained 

(Smith et al., 2013) and then discrete proteins or fractions are digested to peptides and 

analysed individually by mass spectrometry. Protein-centric methods are thus not 

necessarily “top-down” approaches which aim to analyse individual intact proteins by 

mass spectrometry (Kelleher, 2004). Without selective enrichment, high-throughput 

peptide-centric approaches can fail to capture post-translational proteolytic 

modifications and can lead to an oversimplification of the complexity of the proteome. 

 

Mycoplasma spp. are bacteria that evolved by a process of degenerative evolution from 

the low G + C Firmicutes. Mycoplasmas have lost genes for cell wall biosynthesis and 

many anabolic processes including a TCA cycle and are reliant on glycolysis for the 

production of cellular ATP (Razin et al., 1998; Woese, 1987). Mycoplasmas typically 

have small genomes of less than 1000 kbp and are dependent on the host for the supply 

of cholesterol for membrane biosynthesis, amino acids, nucleotides and other 

macromolecular building blocks for cell growth (Minion et al., 2004). As such, 

Mycoplasmas are excellent model organisms to examine the complexity of post-

translational modifications in microbial proteomes. Despite an apparent wealth of 

genomic information until recently, there has been a notable paucity of proteomic 

information described for genome-reduced bacteria, with much of it particular to the 

human pathogen, Mycoplasma pneumoniae (Kuhner et al., 2009; Maier et al., 2013; van 

Noort et al., 2012). 
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Mycoplasma hyopneumoniae is a geographically-dispersed respiratory pathogen that 

inflicts significant losses to swine production, estimated at approximately a billion 

dollars per annum (Clark et al., 1991). In addition to these direct losses, antibiotics are 

used heavily to prevent or curtail outbreaks of mycoplasmal pneumonia (Cromwell, 

2002; Jordan et al., 1998). Antibiotics used in intensive pig production systems are also 

released into soil and aquatic ecosystems and onto pastures used for plant production 

(Jechalke et al., 2014). As a consequence, the use of antibiotics in swine production 

drives the evolution of multiple antibiotic-resistant pathogen and commensal microbial 

populations in diverse environments (Faldynova et al., 2013; Vicca et al., 2004). 

Efficacious and cost-effective vaccines for the control of M. hyopneumoniae infections 

represent a key strategy to alleviate reliance on antibiotics.  

 

Complete genome sequences of four geographically distinct strains of M. 

hyopneumoniae are available (Liu et al., 2011; Minion et al., 2004; Vasconcelos et al., 

2005), shedding light on the metabolic capacity, host specialisation and the evolutionary 

background of this minimal organism. Genomes range in size from 850-920 kb and 

encode approximately 700 open reading frames (ORFs). The Mycoplasma 

hyopneumoniae strain 232 genome contains 691 known proteins and 728 annotated 

genes. A recent proteome analysis of strain 232 identified 8607 unique peptide 

sequences (false discovery rate of 0.53%) confirming the expression of 70% (483) of 

the 691 predicted ORFs during culture in Friis broth. This included 171 of the 328 

predicted hypothetical proteins (52%), 80% of the lipoprotein genes, and all the 

P97/P102 adhesin gene families. In the same study, proteogenomic analysis of strain 

232 uncovered previously unidentified genes and 5´ extensions to several genes 

(Pendarvis et al., 2014). 

 

Transcriptome studies indicate that 92% of predicted ORFs are transcribed in M. 

hyopneumoniae strain 7448 (Siqueira et al., 2014). Seventy-eight non-coding RNAs 

were also identified in the analysis. Genes with the highest expression levels primarily 

encoded proteins involved in basal metabolism, as well as chaperones, adhesins, surface 

proteins, transporters and RNase P. A number of uncharacterised proteins were also 

identified. The M. hyopneumoniae gene encoding the P216 adhesin protein was also 
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presented with a significant number of transcripts (RPKM – Reads Per Kilobase of 

transcript per Million mapped reads: 10,796.4) (Siqueira et al., 2014). 

 

During initial infection, M. hyopneumoniae strongly adheres specifically along the 

entire length of cilia of ciliated epithelial cells that line the trachea, bronchi and 

bronchioles in the upper respiratory tract of pigs. This association causes ciliostasis, loss 

of cilia and eventual epithelial cell death, which effectively perturbs mucociliary 

function. The P97 and P102 adhesin families are central to mediating attachment of M. 

hyopneumoniae to epithelial cilia (Bogema et al., 2012; Bogema et al., 2011; Deutscher 

et al., 2010; Deutscher et al., 2012; Hsu et al., 1997; Jenkins et al., 2006; Seymour et 

al., 2010; Seymour et al., 2011; Seymour et al., 2012; Wilton et al., 2009; Zhang et al., 

1994). Notably, all members of the P97 and P102 adhesin families are processed post-

translationally to the extent that it is difficult to find evidence of adhesin pre-proteins 

(Bogema et al., 2012; Bogema et al., 2011; Deutscher et al., 2010; Deutscher et al., 

2012; Djordjevic et al., 2004; Raymond et al., 2014; Raymond et al., 2013; Seymour et 

al., 2010; Seymour et al., 2012; Tacchi et al., 2014; Wilton et al., 2009). Most members 

of the P97 and P102 families are processed via highly efficient cleavage events typically 

at S/T-X-F↓-X-D/E sites, but also within stretches of hydrophobic amino acids and by 

numerous, less-efficient cleavage events often in a manner consistent with trypsin-like 

activity (Moitinho-Silva et al., 2013; Raymond et al., 2014; Raymond et al., 2013; 

Tacchi et al., 2014). Consequently the surface protein architecture of M. 

hyopneumoniae displays cleavage fragments derived via processing of the P97 and 

P102 adhesin families by several endopeptidases. Peptide-centric, high throughput mass 

spectrometric analyses largely fail to detect these critical post-translational events. What 

is unclear is how endoproteolysis alters the presentation of surface proteins not related 

to the P97 and P102 adhesin families including members of the lipoprotein family.    

 

Cleavage fragments of the P97 and P102 adhesin families are the adhesive effector 

molecules on the surface of M. hyopneumoniae and are efficient binders of 

glycosaminoglycans that line the respiratory epithelia (Bogema et al., 2011; Deutscher 

et al., 2010; Deutscher et al., 2012; Raymond et al., 2013; Tacchi et al., 2014; Wilton et 

al., 2009); fibronectin, a key component of host extracellular matrix (Deutscher et al., 

2010; Seymour et al., 2010; Seymour et al., 2012); and plasmin(ogen), a serine protease 
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that regulates fibrinolysis and other key proteolytic cascades in the host (Bogema et al., 

2012; Robinson et al., 2013; Seymour et al., 2010; Seymour et al., 2011; Seymour et 

al., 2012). The recruitment of plasmin(ogen) to the cell surface of M. hyopneumoniae is 

significant in pathogenesis because the bound plasmin is capable of degrading host 

extracellular matrix and scavenging nutrients from the host. The lungs of pigs 

experimentally-infected with M. hyopneumoniae show higher bacterial loads, elevated 

levels of plasmin and inflammatory cytokines and more severe lung lesions compared to 

pigs vaccinated with a commercial bacterin formulation and experimentally-challenged 

with M. hyopneumoniae (Woolley et al., 2013). These data are consistent with the 

growing body of evidence linking the plasminogen/plasmin system and inflammation 

(Carmo et al., 2014; Raymond and Djordjevic, 2015; Syrovets and Simmet, 2004). 

 

Here we used a combination of peptide- and protein-centric approaches to catalogue the 

global proteome of Mycoplasma hyopneumoniae strain J and assess the extent of 

proteolytic processing in the proteome of this species. 
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3.3. Methods  

 

3.3.1. Preparation of M. hyopneumoniae whole cell lysate  

M. hyopneumoniae (strain J) was grown in modified Friis broth (Friis, 1975) and 

harvested as described previously (Scarman et al., 1997). A 0.1 g pellet of M. 

hyopneumoniae cells was resuspended in 7 M urea, 2 M thiourea, 40 mM Tris-HCl pH 

8.8, 1% w/v C7BzO and disrupted with four rounds of sonication at 50% power for 30 s 

bursts on ice. Proteins were reduced and alkylated with 5 mM tributylphosphine and 20 

mM acrylamide monomers for 90 min. Insoluble material was pelleted by centrifugation 

and the remaining soluble protein was precipitated in five volumes ice cold acetone for 

30 min and the pellet air dried. 

For 1D SDS-PAGE, the pellet was resuspended in SDS sample buffer (0.25 M Tris-HCl 

pH 6.8; 0.25% w/v SDS; 10% glycerol and 0.0025% w/v bromophenol blue). For 2D-

PAGE, protein pellets were resuspended in 7 M urea, 2 M thiourea, 1% w/v C7BzO. If 

solution conductivity was measured to be > 200 µS.cm
-1

, samples were desalted and 

buffer exchanged into 7 M urea, 2 M thiourea, 1% w/v C7BzO using a microBioSpin 

column [Bio-Rad] according to manufacturer’s instructions. 

Preparation of whole cell lysate for N-terminal dimethyl-labelling of proteins and 

peptides was performed as described previously (Tacchi et al., 2014). 

 

3.3.2. TX-114 Extraction 

M. hyopneumoniae cell pellets were resuspended in 1% Triton buffer (1% Triton X-114, 

10 mM Tris-HCl pH 8.0, 150 mM sodium chloride, 1 mM EDTA) and extracted as 

previously described (Deutscher et al., 2010; Jenkins et al., 2008). The detergent phase 

sample was mixed with SDS-sample buffer and separated as for GeLC-MS/MS. 

 

3.3.3. Protein extraction and digestion for Strong Cation Exchange Chromatography 

Harvested cell pellets were freeze-dried and lyophilised cells were resuspended in 8 M 

urea, 100 mM NH4HCO3, pH 9 and sonicated with an ultrasonic probe at 80% power 

for 3 × 30 s on ice. Reduction and alkylation of cysteine and precipitation was carried 

out as described above. The protein was resuspended in 8 M urea, 100 mM NH4HCO3, 

pH 9 and digested to peptides firstly by addition of 2.5 µg of Endoproteinase LysC 

[Roche, Switzerland] and incubating overnight at 37°C. The sample was then diluted to 
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1 M urea by adding 100 mM NH4HCO3 prior to the addition of 2.5 µg of trypsin 

[Promega, USA] and incubated at 37°C for 16 h. Formic acid was added to a 

concentration of 1% and the peptides desalted and concentrated using an OASIS HLB 

SPE column [Waters, 1cc] as per manufacturer’s instructions. Bound peptides were 

eluted with 75% ACN, 0.2% formic acid. The ACN was removed by lyophilisation to a 

volume of 50 µl and 5 µl removed for 1DLC-MS/MS using Q-TOF.  

 

3.3.4. Peptide fractionation by strong cation-exchange chromatography (SCX) 

After addition of 20 mM KH2PO4, 20% ACN, pH 3 (SCX buffer A), the complex 

peptide sample was separated using a PolyLC polysulfoethyl A column (2.1 mm ID × 

100 mm) pre-equilibrated in SCX buffer A while connected to an Agilent 1200 HPLC 

system. After sample injection and collection of unbound peptides, retained peptides 

were fractionated by an increasing  gradient (0-50% B in 50 min) of 20 mM KH2PO4, 

20% ACN, pH 3 + 0.5 M KCl (SCX buffer B). Eluting peptides were monitored at 214 

nm and collected in a 96 well plate by peak detection mode. Peptide fractions were then 

transferred to microtubes and lyophilised to approximately 10 µl. The peptide fractions 

were desalted using OMIX C18 SPE pipette tips as per manufacturer’s instructions. 

Desalted peptide fractions were briefly (2 min) lyophilised to remove ACN and 10 µl of 

MS buffer A (2% ACN, 0.2% formic acid) added prior to analysis by 1DLC-MS/MS 

using Q-TOF. 

 

3.3.5. Peptide fractionation by isoelectric focusing (Peptide IEF) 

Isoelectric fractionation of peptides was performed using an Agilent 3100 OFFGEL 

system as per the manufacturer’s instructions with the following modifications. A 13 cm 

pH 3-10 IPG strip [GE Healthcare] was rehydrated with a solution of 7 M urea, 2 M 

thiourea, 1% C7BzO and 12% glycerol for 30 min before assembling with the OFFGEL 

frames (12 well). 100 µg of protein digest (prepared as for SCX) was desalted and 

concentrated using an OASIS HLB SPE column, lyophilised to remove ACN and the 

resulting peptide mixture was diluted to 1.8 mL with 7 M urea, 2 M thiourea, 1% 

C7BzO and 12% glycerol and equal volumes loaded into the 12 wells of the assembled 

OFFGEL frame. Isoelectric focusing was performed overnight using the following 

program: 150-3000 V over 3 h, 3000-10000 V over 5 h, 10000 V until 100 000 kVh was 
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reached. Fractions were then recovered into separate tubes and frozen at -20°C until 

further analysed. 

 

3.3.6. Two dimensional polyacrylamide gel electrophoresis (2D-PAGE) 

2D gels were run using 250 µg of whole cell lysate with 0.2% pH 3-10 carrier 

ampholytes [Bio-Rad]. Isoelectric focusing was performed using 11 cm pH 4-7 IPG 

strips [Bio-Rad] and 11 cm pH 6-11 immobiline drystrips [GE healthcare]. Focusing 

was carried out using a Protean IEF system [Bio-Rad] at a constant 20°C and 50 μA 

current limit per strip with a 3-step program: slow ramp to 4000 V for 4 h, linear ramp 

to 10000 V for 4 h, then 10000 V until 120 kVh was reached. Following IEF, the strips 

were equilibrated with 5 mL equilibration solution (2% SDS, 6 M urea, 250 mM Tris-

HCl pH 8.5, 0.0025% (w/v) bromophenol blue) for 20 min before the second dimension 

SDS-PAGE. The second dimension gels were run using precast Bio-Rad TGX midi gels 

with TGS running buffer [Bio-Rad]. Reference gels were stained with Coomassie blue 

G250 overnight and destained with 1% acetic acid to remove background. All visible 

spots (180 from the pH 4-7 gel and 160 from the pH 6-11 gel) were manually excised 

from the gel and subjected to in-gel trypsin digestion, before analysis by LC-MS/MS. 

 

3.3.7. 1D gel electrophoresis liquid chromatography tandem mass spectrometry (GeLC-

MS/MS) 

150 µg protein from any preparation were separated by SDS-PAGE and fixed and 

stained with Coomassie Blue G-250. Additionally, a high-load lane was run using 500 

µg protein from whole cell lysates. Entire gel lanes were cut into 16 equal slices for 

whole cell lysates, 30 for the high-load lane or 15 for the TX-114 fraction. Gel slices 

were further diced into ~1 mm
2
 cubes, destained, washed and digested in-gel with 

trypsin for analysis. Identification of proteins was performed following clean-up of 

peptide fractions using OMIX C18 SPE pipette tips, using one of the LC-MS/MS 

methods described below. 

 

3.3.8. Expression of recombinant proteins and creation of polyclonal antisera 

Expression of recombinant P65, creation of polyclonal antisera was carried out as 

described previously (Bogema et al., 2012; Jenkins et al., 2006; Minion et al., 2003). 
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3.3.9. Blotting 

Proteins separated on narrow range pH 6-11 2D gels were transferred to PVDF 

membranes as previously described (Deutscher et al., 2012). Blots were blocked with 

5% (w/v) skim milk powder in PBS with 0.1% Tween 20 (v/v) (PBS-T) at room 

temperature for 1 h. For detection of immunogenic proteins, membranes were probed 

with pooled convalescent sera collected from low health status Mycoplasma 

hyopneumoniae infected pigs described previously (Bogema et al., 2012) diluted 1:100 

in PBS-T for 1 h, followed by incubation with peroxidase conjugated anti-pig antibodies 

diluted 1:3000 in PBS-T for 1 h. For detection of adhesin R1 cilium binding domains, 

membranes were probed with a antisera raised against the F3 recombinant fragment that 

spans the R1 cilium binding domain of MHJ_0194 (F3P97); described previously 

(Jenkins et al., 2006) diluted 1:100 in PBS-T for 1 h, then peroxidase conjugated anti-

rabbit antibodies diluted 1:1500 in PBS-T for 1 h. For detection of P65 fragments, 

membranes were probed with antisera raised against recombinant P65 diluted 1:200 in 

PBS-T for 1 h, then peroxidase conjugated anti-rabbit antibodies diluted 1:2000 in PBS-

T for 1 h.  Membranes were washed in 3 changes of PBS-T between incubations and 

were developed with SIGMAFAST™ 3,3´-Diaminobenzidine tablets [Sigma-Aldrich] as 

per manufacturer’s instructions. 

 

3.3.10. Affinity chromatography for identification of protein interactions 

Heparin affinity chromatography and avidin purification of fibronectin-binding proteins 

and PK15 cell surface protein interactors were performed as described previously 

(Raymond et al., 2014; Raymond et al., 2013; Tacchi et al., 2014).  

Avidin purification of actin- and plasminogen-binding proteins was carried out as 

follows. Actin from bovine muscle [Sigma-Aldrich] was solubilised in 8 M urea, 20 

mM triethylammonium bicarbonate, pH 8.0. Cysteine residues were reduced and 

alkylated with 5 mM tributylphosphine and 20 mM acrylamide monomers for 90 min at 

room temperature. Actin monomers were labelled in 20-fold molar excess Sulfo-NHS-

LC-Biotin for 3 h at room temperature. Plasminogen from human serum [Sigma-

Aldrich] was labelled in 20-fold molar excess Sulfo-NHS-LC-Biotin for 3 h at room 

temperature. Excess biotin was removed by buffer exchange into PBS using a PD-10 

Desalting Column [GE Healthcare, Life Sciences]. Biotinylated actin and plasminogen 

were incubated with avidin agarose [Thermo Scientific] on a rotating wheel for 5 h. The 
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separate slurries were packed into columns and the flow-through collected from each. 

Unbound ligand was thoroughly washed with PBS. M. hyopneumoniae cells were 

pelleted, washed with PBS, and gently lysed in 0.5% Triton X-100/PBS. Insoluble 

material was removed by centrifugation and the cleared lysate was incubated with 

biotinylated ligand-avidin agarose mixtures overnight on a rotating wheel at 4 ˚C. The 

mixtures were packed into columns and the unbound proteins were thoroughly washed 

and collected in PBS. Interacting proteins were eluted with 30% ACN, 0.4% 

trifluoroacetic acid. The eluting proteins were concentrated using a 3000 Da cutoff filter 

and acetone precipitated before pelleting by centrifugation. Elutions were subsequently 

subjected to 1D SDS-PAGE for transfer and detection by blotting or GeLC-MS/MS for 

protein identification.  

 

Surface proteins were identified by enzymatic cell surface shaving using trypsin for 5 

min at 37°C as previously described (Deutscher et al., 2012) and cell surface labelling 

using Sulfo-NHS-LC-Biotin for 30 s at 4°C as previously described (Bogema et al., 

2011).  

 

3.3.11. 1D LC-MS/MS using Q-TOF  

These methodologies were performed as described previously (Raymond et al., 2013; 

Tacchi et al., 2014). Briefly, samples were loaded using an Eksigent AS-1 autosampler 

connected to a Tempo nanoLC system [Eksigent, USA] at 20 µl.min
-1

 onto a C8 trap 

column [Michrom, USA] before washing and elution at 300 nL.min
-1

 onto a PicoFrit 

column (75 μm × 150 mm) packed with Magic C18AQ resin [Michrom, USA]. Peptides 

were eluted and ionised into the source of a QSTAR Elite hybrid quadrupole-time-of-

flight mass spectrometer [AB Sciex] at 2300 V using the following programs: 5−50% 

MS solvent B (98% ACN + 0.2% formic acid) over 30 min for gel slices or 15 min for 

gel spots, 50−80% MS B over 5 min, 80% MS B for 2 min, 80−5% for 3 min. An 

Intelligent Data Acquisition (IDA) experiment was performed, with a mass range of 

350−1500 Da scanned for peptides of charge state 2+ to 5+ with an intensity of more 

than 30 counts/scan. Selected peptides were fragmented, and the product ion fragment 

masses were measured over a mass range of 50−1500 Da. The mass of the precursor 

peptide was then excluded for 120 s for gel slices or 15 s for gel spots. 
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3.3.12. 1D LC-MS/MS using Ion Trap  

Peptide samples were analysed by nanoflow LC-MS/MS (nanoLC-MS/MS) using a 

LTQ-XL linear ion trap mass spectrometer [Thermo, San Jose, CA], using a fused silica 

capillary with an integrated electrospray tip (75 µm ID × 70 mm) packed with 100 Å, 

5 μm Zorbax C18 resin [Agilent Technologies, CA, USA]. An electrospray voltage of 

1800 V was applied via a liquid junction upstream of the C18 column. Samples were 

injected onto the column using a Surveyor autosampler, which was followed by an 

initial wash step with buffer A (5% v/v ACN, 0.1% v/v formic acid) for 10 min at 

1 μl.min
-1

. Peptides were eluted from the column with 0–50% buffer B (95% v/v ACN, 

0.1% v/v formic acid) for 58 min at 500 nL.min
-1

. The column eluate was directed into a 

nanospray ionization source of the mass spectrometer. Spectra were scanned over the 

range of 400–1500 amu and, using Xcalibur software (Version 2.06, Thermo) 

automated peak recognition, dynamic exclusion and MS/MS of the top six most intense 

precursor ions at 35% normalization collision energy were performed. 

 

3.3.13. MS/MS data analysis  

The MS/MS data files were searched using Mascot (provided by the Australian 

Proteomics Computational Facility, hosted by the Walter and Eliza Hall Institute for 

Medical Research Systems Biology Mascot Server) against the LudwigNR database, 

comprised of the UniProt, plasmoDB and Ensembl databases (vQ209. 8785680 

sequences, 3087386706 residues) with the following parameter settings: fixed 

modifications: none; variable modifications: propionamide, oxidised methionine, 

deamidated asparagine, n-terminal pyroglutamic acid and carbamoylmethylcysteine 

cyclization; enzyme: semitrypsin; number of allowed missed cleavages: 3; peptide mass 

tolerance: 100 ppm or 2.0 Da for data generated by Q-TOF or ion trap instruments, 

respectively. MS/MS mass tolerance: 0.2 Da or 0.4 Da for data generated by Q-TOF or 

ion trap instruments respectively; charge state: 2+ and 3+. 

 

Scaffold v3.00.02 [Proteome Software Inc., Portland] was used to validate and compare 

MS/MS based peptide and protein identifications. Peptide identifications were accepted 

if their calculated probability was greater than 95.0% with a false discovery rate of 

1.27% and protein identifications were accepted if their calculated probability using the 

Peptide Prophet algorithm was greater than 80.0% with a false discovery rate of 2.4%. 
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Protein probabilities were assigned by the Protein Prophet algorithm. Proteins that 

contained similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony.  

 

3.3.14. In-silico analyses 

Predicted MW and pI information for intact proteins and fragments was obtained using 

ProtParam via ExPASy bioinformatics resource portal 

(http://web.expasy.org/protparam/) (Wilkins et al., 1999). Transmembrane domain 

predictions were made using TMPred (http://embnet.vital-

it.ch/software/TMPRED_form.html) (Hofmann and Stoffel, 1993) with default 

minimum 17 and maximum 33 amino acid length of the hydrophobic portion of the 

transmembrane helix. The PONDR VSL2 algorithm was used to predict regions of 

protein disorder (http://pondr.com) (Obradovic et al., 2005). Molecular modelling was 

carried out using the UCSF Chimera software (http://www.cgl.ucsf.edu/chimera) 

(Pettersen et al., 2004). All analyses were performed using sequence data obtained from 

UniProt (http://www.uniprot.org/) (UniProt, 2015). 
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3.4. Results 

3.4.1. The global proteome 

GeLC-MS/MS was performed on 3 biological replicates of M. hyopneumoniae whole 

cell lysates, with technical replicates analysed by ion trap MS/MS and Q-TOF MS/MS 

(Figure 3.1A). 1D GeLC-MS/MS was also performed on a TX-114 detergent fraction 

and on a high-load lane of whole cell extract (where mass context was not reliably 

retained due to macromolecular crowding effects) and these were also analysed by Q-

TOF MS. In addition, 2DLC experiments were performed in duplicate using SCX 

followed by 1D LC-MS/MS and peptide IEF was performed in duplicate as an 

additional upfront fractionation technique. Table 3.1 summarises the identification of 

proteins expressed in M. hyopneumoniae as detected by each of these methods. 

 

Table 3.1. Overview of number of identifications by each method. 

Method Protein IDs Peptide IDs Unique Spectra 
Proteins unique 

to method 

2DLC 232 689 802 0 

Peptide IEF 249 1147 1217 0 

Ge Ion Trap 331 2774 3832 7 

Ge Q-TOF 297 1701 1961 2 

Ge high-load 331 1748 2093 6 

Ge TX-114 206 846 897 5 

 

The use of multiple techniques improved confidence in “one-hit wonders”; proteins 

identified by a single peptide in a single replicate. Adopting the approach of White et al. 

(White et al., 2011), if the same single peptide was identified in two or more replicates, 

the protein was considered to be present, rather than a “one-hit wonder”. Similarly, if a 

single peptide identified a protein in one replicate and a different single peptide 

identified the same protein in a separate replicate, the protein was considered to be 

expressed. Single peptide hits were only retained in the data set if, after being subjected 

to manual validation, the MS/MS spectra had a considerable sequence of b- and y-ions 

that were the dominant ions in the spectra. Five proteins were identified to be true one-
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hit wonders, with the identifying spectra and fragmentation data shown in 

Supplementary file S3.2. 

 

Three hundred and forty-seven unique Mycoplasma hyopneumoniae strain J proteins, 

representing ~52% of the predicted proteome, were identified from the combined 

experiments following analysis by Scaffold [Proteome Software] (Supplementary file 

S3.1). Interestingly, 2 uncharacterised proteins were identified mapping only to strain 

232; an 8.8 kDa protein, Q5ZZV3 identified by 1 peptide in 2 runs on both ion trap and 

Q-TOF, and an 11.3 kDa protein, Q5ZZV5 identified by 2 peptides in 1 run from ion 

trap data. A BLAST search of the UniProt database shows these proteins are conserved 

among strains 232, 7448 and 168, however are not annotated to be present in strain J. 

Seventy-seven (22%) of the identified proteins are named in UniProt as 

“Uncharacterised protein”, despite some sharing homology with proteins that are well 

characterised in the literature such as P97 and P102 paralogs, MHJ_0369 and 

MHJ_0368 (Q4A9W4 and Q4A9W5), homologs of Mhp385 and Mhp384 (Q600R9 and 

Q600S0) respectively, in M. hyopneumoniae strain 232 (Deutscher et al., 2012). 

 

Analysis by GeLC-MS/MS identified all proteins in the dataset and had the additional 

benefit of retaining protein mass context, enabling further interrogation of the data for 

post-translational processing events and/or potential genome misannotation. For 

example, MHJ_0009 encoding a 77.5 kDa uncharacterised protein (Q4AAU0) was 

identified consistently in slices 6, 13 and 14 of GeLC-MS/MS using ion trap and Q-

TOF analyses from whole cell lysates (Figure 3.1B). Peptides identified from replicates 

of slice 6 mapped to the N-terminus and middle regions of the protein at approximately 

the predicted mass of the intact protein. Slices 13 and 14 however, are taken from 

regions of the gel with mass 10-15 kDa, and peptides identified from replicates of these 

slices mapped only to the C-terminal region of the protein. This C-terminal fragment 

may represent the product of post-translational proteolytic cleavage.  

 

Predicting the true N-terminus of the C-terminal fragment at amino acid position 567 

(M) would generate a protein with a mass of 12.5 kDa and pI of 5.47 as predicted by 

ProtParam. We identified the C-terminal fragment from 2D gels at the same 

approximate molecular mass, with pI ranging from ~5.5 – 6.2 (Figure 3.3). The C-
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terminal fragment contains a thioredoxin-like domain, and a BLAST search of this 

fragment gives ~60% identity to thioredoxin from other Mycoplasma species (M. 

bovoculi: E-value: 2e-43, Score: 375, Identity: 62%), suggesting it may have the 

capacity to carry out thioredoxin-like function in the cleaved form. Notably, M. 

hyopneumoniae already possesses putative thioredoxin (MHJ_0380, Q4A9V3), 

suggesting this is not likely to be a simple misannotation of thioredoxin. MHJ_0009 

was also identified from GeLC-MS/MS of samples following heparin affinity 

chromatography from a slice at molecular mass of ~10-12 kDa, in elutions carrying 

proteins with low heparin binding affinity (0-600 mM NaCl). This is consistent with the 

presence of putative heparin binding regions within the C-terminus. Eight putative 

heparin-binding regions were identified within MHJ_0009 similar to those previously 

described (Raymond et al., 2013; Tacchi et al., 2014) in both the N- and C-terminal 

fragments as denoted by grey underlined regions in Figure 3.1. The protein was 

identified by the same two C-terminal peptides identified from low molecular mass 

slices in GeLC-MS/MS as underlined in black in Figure 3.1.  

 

 

Figure 3.1. Analysis by GeLC-MS/MS.  

Panel A shows a representative 1D gel of M. hyopneumoniae whole cell lysates. The gel 

lanes were cut into 16 slices (as shown), digested in-gel with trypsin and analysed by 

LC-MS/MS using ion trap and Q-TOF instruments, allowing protein mass context to be 

retained. Panel B shows identified peptides mapping to uncharacterised protein 

MHJ_0009 (Q4AAU0) in bold. Peptides in bold were identified from gel slice 6 at the 

approximate predicted intact mass (77 kDa). Peptides underlined in black were 

generated from proteins identified only from slices 13 and 14. Analysis of the C-
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terminal cleavage fragment spanning amino acids 568-664 with ProtParam indicated 

that it was 12.5 kDa with a predicted pI of 5.47 (See also Figure 3.3). Putative heparin 

binding motifs are underlined in grey. 

 

Overall, 35 proteins (10% of the identified proteome) showed convincing evidence of 

proteolytic processing through identification from GeLC-MS/MS or 2D gel experiments 

at molecular masses that were not in agreement with the predicted intact mass (Table 

3.2, also denoted by asterisks in Supplementary file 3.1). Ten of these belong to the 

P97/P102 adhesin families. Consistent with these data, endoproteolytic processing 

events have been characterised in detail in MHJ_0194 (P97) (Djordjevic et al., 2004; 

Raymond et al., 2014), MHJ_0493 (P97 paralog P216) (Tacchi et al., 2014; Wilton et 

al., 2009), MHJ_0663 (P97 paralog P146) (Bogema et al., 2012), MHJ_0369 (P97 

paralog Mhp385) (Deutscher et al., 2012), MHJ_264 (P97 paralog Mhp107) (Seymour 

et al., 2011), MHJ_0195 (P102) (Djordjevic et al., 2004; Seymour et al., 2012), 

MHJ_0494 (P102 paralog P159/P76/P110) (Burnett et al., 2006; Raymond et al., 2013), 

MHJ_0662 (P102 paralog P135/Mhp683) (Bogema et al., 2011), MHJ_0638 (P102 

paralog Mhp384) (Deutscher et al., 2012) and MHJ_263 (P102 paralog P116/Mhp108) 

(Seymour et al., 2010). Other proteins showing evidence of cleavage include 5 

uncharacterised proteins, 3 known surface antigens, 2 annotated proteases, multiple 

annotated cytosolic proteins and glycolytic enzymes, such as pyruvate dehydrogenase 

complex components A, B and D, and lactate dehydrogenase. It is important to note that 

this list is not exhaustive, as many other proteins were not identified with sufficient 

sequence coverage to be confirmed as cleavage fragments. For example, a single 

peptide identified from the middle of an ORF at an apparent mass a fraction of that of 

the predicted intact mass is insufficient to deduce if a single cleavage event has 

occurred, if multiple cleavages occur or if the protein is in the process of degradation 

from normal cellular turnover. 
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Table 3.2. Cleaved proteins identified from protein-centric analyses. 

 
Accession Putative cleaved protein ID  Gene/locus  

Intact 

MW  

Identified 

Mass  

Mass from 

4-7 2D gels 

Mass from 

6-11 2D 

gels  

Putative 

Fn binding 

Heparin 

binding 

A
d

h
es

in
s 

Q4A925 
Putative adhesin like-protein P146 (Bogema et al., 

2012) 
MHJ_0663 147 

120-70, 50-40, 

~37-25D 
94 

35, 38, 45, 

92 
Intact 95-21 

Q4A926 Uncharacterised protein (Bogema et al., 2011) MHJ_0662 135 50-45 52, 74 
47, 53, 55, 

57 
- 

57-27, 21-

16 

Q4A9J1 
Putative p76 membrane protein (P159) (Raymond 

et al., 2013) 
MHJ_0494 161 ~110-20 

(Raymond 

et al., 2013) 

(Raymond 

et al., 2013) 
~20 

153-27, 21-

16   

Q4A9J2 Putative P216 surface protein (Tacchi et al., 2014) MHJ_0493 216 ~120, 85-20 
(Tacchi et 

al., 2014) 

(Tacchi et 

al., 2014) 
- 

153-27, 21-

16   

Q4A9W4 Uncharacterised protein (Deutscher et al., 2012) MHJ_0369 114 ~30 25 23, 25 - 
95-73, 21-

16 

Q4A9W5 Putative Lppt protein (Deutscher et al., 2012) MHJ_0368 109 ~50, 30-20D  57 - - 57-44 

Q4AA66 Putative P97-like protein (Seymour et al., 2011) MHJ_0264 120 ~25 - 100 - - 

Q4AA67 Putative P102-like protein (Seymour et al., 2010) MHJ_0263 116 ~25, 37, 20 - 19, 41 - - 

Q4AAD5 
Uncharacterised protein (P102) (Djordjevic et al., 

2004; Seymour et al., 2012) 
MHJ_0195 102 

~60 (N), ~42 

(C) 
- 41-46 

22-30, 37-

70 
73-21   

Q4AAD6 
Uncharacterised protein (P97) (Djordjevic et al., 

2004; Raymond et al., 2014) 
MHJ_0194 123 

~120-60, ~37, 

30-20 

(Raymond 

et al., 2014) 

(Raymond 

et al., 2014) 

(Raymond 

et al., 2014) 

198-153, 

122-57, 27-

21, 16-12  

S
u

rf
ac

e 
A

g
s P0C0J8 46 kDa surface antigen (p46) 

p46 

MHJ_0511 
46 25-15, >10 

44, 47 

(multimers) 
23, 45 Intact 44-27 

Q4A932 Putative prolipoprotein p65 MHJ_0656 71 71-50 50, Intact - 
Intact, 23-

37 
73-57 

Q4A981 ABC transporter xylose-binding lipoprotein 
xylF 

MHJ_0606 
50 ~20D ~50 - Intact 57-44 
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A
n

n
o

ta
te

d
 C

y
to

so
li

c 
p

ro
te

in
s 

Q4A9G1 Elongation factor Tu (EfTu) 
tuf 

MHJ_0524 
44 44, 21 Fig 2. Fig 2. 

Intact, ~20 

C 

95-57, 44-

27, 21-16 

P0C0J3 
L-lactate dehydrogenase (L-LDH) (EC 1.1.1.27) 

(Immunogenic protein p36) 

ldh ictD 

MHJ_0133 
34 34-10, ~20 18, 32, 34 

10, 17, 26, 

28,  31, 35 
Intact 

34-21, 16-

12 

Q4A9I0 Acetate kinase (EC 2.7.2.1) 
ackA 

MHJ_0505 
44 ~10 (N) 44 43-45 - 44-34 

Q4A9I1 Dihydrolipoamide dehydrogenase (EC 1.8.1.4) 
pdhD 

MHJ_0504 
66 

Fragments as 

Multimers 
76, 84 - Intact 95-44 

Q4A9P9 3-hexulose-6-phosphate synthase (EC 4.1.2.-) 
sgaH 

MHJ_0436 
25 ~15 (C) 23 - - 44-34 

Q4A9V3 Putative thioredoxin MHJ_0380 13 10 (C) 10 10, 14 - - 

Q4AAA3 Periplasmic sugar-binding protein 
rbsB 

MHJ_0227 
44 44-13D 40-44 45 Intact 44-34 

Q4AAB1 
Putative methylmalonate-semialdehyde 

dehydrogenase (EC 1.2.1.27) 
MHJ_0219 54 ~25 (C) - 51, 53 - - 

Q4AAL7 Pyruvate dehydrogenase (EC 1.2.4.1) 
pdhB 

MHJ_0112 
37 37-15 35-40 31, 35 Intact 34-27 

Q4AAL8 
Pyruvate dehydrogenase E1-alpha subunit (EC 

1.2.4.1) 

pdhA 

MHJ_0111 
42 

42-15 + 

multimers 
40, 53, 97 45 Intact 44-34 

Q4AAL9 
Adenine phosphoribosyltransferase (APRT) (EC 

2.4.2.7) 

apt 

MHJ_0110 
19 

<10D + 

multimers 

21, 23, 38, 

40 
31, 35, 45 Intact 16-12 

Q4AAR4 Chaperone protein DnaK (HSP70) 
dnaK 

MHJ_0063 
66 66, <50 47, 68 - Intact, ~40 

73-57, 44-

34  

Q4AAR8 
Glyceraldehyde 3-phosphate dehydrogenase (EC 

1.2.1.12) 

gap 

MHJ_0031 
37 37-~10 35, 38 31, 35 Intact - 

Q4AAV7 ATP synthase subunit beta (EC 3.6.3.14) 
atpD 

MHJ_0049 
52 20-10D (N)  52 26, 43 - - 

P
ro

te
as

es
 

Q4AAC8 
ATP-dependent zinc metalloprotease FtsH (EC 

3.4.24.-) 

ftsH 

MHJ_0202 
79 79-37 - - Intact 

73-57, 44-

34 

Q4A9G3 Oligoendopeptidase F (EC 3.4.24.-) 
pepF 

MHJ_0522 
71 ~25, ~50 15D - - - 73-57 
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U
n

ch
ar

ac
te

ri
se

d
 

Q4AA06 Uncharacterised protein MHJ_0326 25 20-<10D 21 - Intact 21-16 

Q4A974 Uncharacterised protein MHJ_0613 95 20-15D (N) - 100 - - 

Q4A9G2 Uncharacterised protein MHJ_0523 230 200-75D (C)  - - - - 

Q4A9Q4 Uncharacterised protein MHJ_0431 75 ~25 - - - - 

Q4AAB8 Uncharacterised protein MHJ_0212 236 250, ~100 191 
100 104, 

197 
- 198-122 

Q4AAU0 Uncharacterised protein MHJ_0009 78 Intact, ~12 - 10 (C) - 12-10 

Intact MW shows the calculated mass of the predicted intact protein. Identified masses from 1D GeLC-MS/MS experiments and narrow range 

2D gels also shown. Putative Fn binding and Heparin binding show mass ranges at which proteins were identified from fibronectin- and heparin-

affinity chromatography GeLC-MS/MS experiments, respectively. Masses provided in kDa. D: identified from TX-114 detergent phase GeLC-

MS/MS, (N) or (C) identified fragment mapping to N- or C-terminus of the protein. Shaded indicates not detected in cell surface analyses. 

References are provided where proteins have been previously characterised. 
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Only one of the cleaved proteins listed in Table 3.2, the uncharacterised protein 

MHJ_0523, has not also been identified in surfaceome studies using enzymatic shaving 

and/or cell surface biotinylation (See Chapter 4). MHJ_0523 encodes a 230 kDa 

putative lipoprotein and is predicted to possess a transmembrane domain at the N-

terminus (TMPred score 1612) and three other putative transmembrane domains (Figure 

3.2), which would indicate it should be bound to, or embedded in the cell membrane. 

Extraction of M. hyopneumoniae with TX-114 is likely to have concentrated MHJ_0523 

into the detergent-soluble fraction, indicating that it may be surface-exposed but 

expressed at low levels, rendering it undetectable by our shaving/biotin labelling 

methods. Detection of MHJ_0523 in slice 1 indicates that the molecule is poorly soluble 

during SDS-PAGE or that it forms large mass multimeric structures. Fragments 

identified were from the C-terminus ranging from masses upwards of 75 kDa on the 

TX114 gel, with no coverage of the first 314 amino acids. Five putative S/T-X-F-X-D/E 

cleavage motifs were identified along the length of the protein but we were unable to 

confirm if processing is occurring at these sites.  

 

 

Figure 3.2. MHJ_0523 cleavage map.  

Panel A shows general features and peptides mapping to MHJ_0523 identified from 

GeLC-MS/MS of a M. hyopneumoniae Triton X-114 detergent phase enrichment (panel 

B). Transmembrane domains are indicated by horizontally-striped regions and three 

disordered regions spanning more than 40 amino acids were detected (DR1-3). Five 

dominant S/T-X-F-X-D/E cleavage motifs are indicated by arrows. Peptide coverage 

identified from individual slices is indicated in grey and theoretical molecular weight 

and isoelectric points of protein fragments (according to peptide coverage). 
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3.4.2. 2D gel mapping - Processing of cilium adhesins 

GeLC-MS/MS preserves the intact molecular weight of proteins and was a valuable 

strategy to identify cleavage events that affected the migration of members of the P97 

and P102 adhesin families (Bogema et al., 2011; Raymond et al., 2014; Raymond et al., 

2013; Tacchi et al., 2014). Much finer resolution of cleavage fragments was achieved 

using narrow range 2D-PAGE. pH 4-7 and 6-11 gels were run using whole cell extracts 

of M. hyopneumoniae (Figure 3.3). Overall, 340 spots comprising 180 spots from a 4-7 

isoelectric point gradient gel and 160 spots from a 6-11 isoelectric point gradient gel 

were resolved well enough to be excised and analysed by LC-MS/MS.  Identifications 

were obtained for 302 spots (159 from pI 4-7 and 143 from pI 6-11) (Supplementary 

files S3.3 and S3.4). 130 unique proteins were identified from these 302 spots, 

representing 19% of the predicted proteome (37% of the identifiable proteome). 

 

 

Figure 3.3. 2D gels and immunoblots.  

Panel A shows 2D gel image (pH 4-7) with locations of relevant spots indicated. Panel 

B shows 2D gel image (pH 6-11) with locations of relevant spots indicated and “cloud 

region” boxed by a dashed line. Spots identified to contain protein cleavage fragments 
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are circled. Full description of all cut spots and identifications from pH 4-7 and pH 6-11 

2D gels can be found in Supplementary files S3.3 and S3.4 respectively.  Panel C shows 

a 2D blot probed with rabbit serum raised against the F3 recombinant fragment that 

spans the R1 cilium binding domain of MHJ_0194 (F3P97). Strongly staining protein 

fragments carrying regions of R1 or R1-like fragments of the cilium adhesin P97 and 

Mhp271 show that proline-rich repeats are highly antigenic. Panel D shows a blot 

probed with pooled convalescent sera from sero-positive pigs. The “cloud regions” are 

also boxed, showing overlap between adhesin fragments and immuno-reactive regions 

of the blots.  

 

Eighty-seven proteins were identified from multiple spots. Not all of these, however, 

could be attributed to processing events, with a significant number of proteins appearing 

as “spot trains” at a specific molecular weight that track along the pI gradient. This is 

likely to be the result of other post-translational modifications that affect pI, such as 

phosphorylation which has been previously documented in M. hyopneumoniae (Wilton 

et al., 2009). Of particular interest was the presence of “cloud regions” where numerous 

spots could be detected, but could not be individually resolved (Figure 3.3 - Boxed). 

These cloud regions are significant, as similar patterns in the same region have been 

previously identified when M. hyopneumoniae proteins were separated over non-linear 

pH 6-11 gels using a different gel system, carried out in a different laboratory and are 

thus unlikely to be artefact of sample preparation or gel separation methods (Djordjevic 

et al., 2004). We postulated that these low abundance cleavage fragments are generated 

by endoproteolysis of abundantly expressed members of the P97 and P102 adhesin 

families. A 2D blot probed with rabbit anti-F3P97 serum (Jenkins et al., 2006) showed 

that P97, P66, and a range of lower abundance fragments of MHJ_0194 are recognised 

(Figure 3.3C). Identical blots probed with a pool of convalescent sera sourced from pigs 

testing positive for infection with M. hyopneumoniae showed a strong reaction to the 

low abundance P97 and P102 adhesin cleavage fragments (Figure 3.3D). These 

observations are consistent with the highly immunoreactive nature of proteins carrying 

proline-rich repeats (Wilton et al., 2009) such as those recognised by anti-F3P97 serum. 
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3.4.3. Evidence that the P65 lipoprotein is processed on the surface of M. 

hyopneumoniae 

P65, MHJ_0656 (Q4A932), comprises 627 amino acids and encodes a 71 kDa lipolytic 

lipoprotein with preference for short chain fatty acids. The N-terminal 29 amino acids 

comprise the signal sequence and are expected to be removed followed by lipid 

modification of the cysteine residue at position 30, generating a mature lipoprotein with 

a mass of 68 kDa and a pI 5.8. We identified P65 as a series of protein spots on a 2D gel 

with a mass of approximately 68 kDa and with pI of 5.8 (Figure 3.4, peptide coverage in 

black). This 68 kDa molecule was also identified in separate affinity-capture assays 

using heparin and biotinylated porcine epithelial-like surface proteins as bait (Figure 

3.4, peptide coverage in red and blue respectively). P65 is predicted to display three 

regions of protein disorder from amino acids 189-228 (DR1), 340-418 (DR2) and 553-

627 (DR3) according to the PONDR VSL2 algorithm. One of these, DR1, also overlaps 

with a coiled coil region (100% probability using the COILS algorithm) between amino 

acids 214-245 suggesting that this region may not be disordered (Ferron et al., 2006). 

Efficient cleavage events are known to occur in S/T-X-F↓X-D/E and related motifs that 

reside within acidic domains in the P97 and P102 adhesin families in M. 

hyopneumoniae (Bogema et al., 2012; Bogema et al., 2011; Deutscher et al., 2012; 

Raymond et al., 2014; Raymond et al., 2013; Seymour et al., 2012; Tacchi et al., 2014). 

We identified a S/T-X-F↓ X-D/E motif in P65 with sequence 
360

T-N-F↓D-D
364

 that 

resides in DR2 and a cleavage site that cuts at phenylalanine with sequence 
501

V-A-F↓F-

A
505

 that is not located within a region of disorder. Both motifs reside within acidic 

regions that display a pI of 5 or less (Figure 3.4). Cleavage at 
360

T-N-F↓D-D
364

 is 

expected to generate an N-terminal fragment of 38 kDa and a C-terminal fragment of 30 

kDa. Tryptic peptides that mapped to the N-terminal 38 kDa (amino acids 30- 362) and 

to the C-terminal 30 kDa regions of P65 (amino acids 365-627) were identified when M. 

hyopneumoniae proteins were enriched by extraction with TX-114 and characterised by 

LC-MS/MS in gel slices representing proteins with masses between 35-45 kDa and 30-

35 kDa respectively. Cleavage fragments with these masses were also identified by LC-

MS/MS during affinity-capture experiments using fibronectin as bait (see Fragments 1 

and 2 in Figure 3.4). Affinity capture experiments using fibronectin as bait also 

provided evidence that the 30 kDa C-terminal fragment was cleaved at the 
501

V-A-F↓F-

A
505

 site, where cleavage is expected to generate a fragment of 16 kDa. Consistent with 



 

95 

 

this, several tryptic peptides that mapped between amino acids 363-501 were identified 

in a gel slice containing M. hyopneumoniae proteins with masses between 15 and 23 

kDa (Fragment 6 in Figure 3.4).  Protein spots migrating with a mass of approximately 

50 kDa on 2D gels produced tryptic peptides mapping to P65, consistent with a 

fragment that started at position 30 and ended at position 503 (Fragment 3 in Figure 

3.4), providing further evidence that cleavage occurred at position 503 at the 
501

V-A-

F↓F-A
505

 site. 

 

 

Figure 3.4. Cleavage map of P65.  

Panel A shows the major features of P65 including a putative heparin binding site, 

acidic/basic regions and disordered regions with four proposed cleavage sites. Peptides 

mapping to protein fragments identified from multiple analyses are indicated. Black 

regions indicate peptides obtained from gel spot or GeLC-MS/MS slice data. Peptides 

identified by affinity chromatography using heparin, PK15 surface proteins and 

fibronectin coupled GeLC-MS/MS data are indicated in red, blue and orange, 

respectively. Panel B shows a Western blot of Mycoplasma hyopneumoniae proteins 

probed with antisera raised against recombinant P65. The lane labelled WCL contains 

M. hyopneumoniae whole cell lysate. Lanes labelled TX114 and Aq contain biotinylated 

surface proteins of M. hyopneumoniae strain J that partitioned to the detergent and 

aqueous phases, respectively. Biotinylated proteins were recovered from the Triton and 

aqueous phases by avidin chromatography prior to gel loading. Multiple cleavage 
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fragments of P65 were detected at masses lower than the abundant intact from. The 

boxed proteins in the aqueous phase extract at ~75 kDa could be attributed to the loss of 

the lipid anchor in the N-terminus, explaining its abundance in the aqueous phase.  

 

Two additional cleavage sites were identified in the N-terminal third of P65. These were 

identified as 
104

T-T-E↓N-W-L
109

 and 
165

L-T-M↓S-V-G
170

. Cleavage at position 167 is 

expected to generate two fragments spanning amino acids 30-167 (15.5 kDa; pI 4.87) 

and amino acids 168-627 (52.4 kDa; pI 6.35). A fragment with peptide coverage 

consistent with cleavage at this site was identified by LC-MS/MS in a series of protein 

spots with mass of approximately 50 kDa and with pIs ranging from 5.2-5.9. Peptides 

mapping to the same fragment were also identified from a gel slice containing Triton-

X114 insoluble proteins with masses between 45-50 kDa, and again following heparin 

affinity purification, in a gel slice containing proteins with masses between 45-60 kDa 

(Fragment 4 in Figure 3.4). We were unable to find a 15.5 kDa protein spanning amino 

acids 30-167. Cleavage at amino acid position 106 is expected to generate an N-terminal 

8.5 kDa protein (pI = 4.36) and a C-terminal 59.3 kDa protein (pI = 7.00). While neither 

of these cleavage fragments was identified in our studies, we did identify a single tryptic 

peptide in a gel slice spanning 30-35 kDa that contained M. hyopneumoniae proteins 

captured during affinity chromatography using fibronectin as bait (Fragment 5 in Figure 

3.4). This fragment is consistent with cleavage at positions 106 and at 362 generating a 

protein with a mass of 30.4 kDa with a pI of 6.97. 

 

3.4.4. Processing events identified in atypical cell surface proteins of M. 

hyopneumoniae. 

Metabolic proteins such as elongation factor Tu (EfTu), pyruvate dehydrogenase 

complex components A, B and D, lactate dehydrogenase and glyceraldehyde phosphate 

dehydrogenase showed evidence of post-translational processing (Table 3.2). Evidence 

that EfTu is extensively processed is presented in Figure 3.5. The N-terminal 

methionine at position one was lost, presumably by methionine aminopeptidase or 

leucine aminopeptidase which has recently been shown to reside on the cell surface and 

is capable of removing methionine residues (Jarocki et al., 2015). EfTu was identified at 

its predicted mass of 44 kDa and at multiple pI between 5.7 - 6.0 on the pH 4-7 2D gel 

(Figure 3.5A, peptide matches in black). However, we also identified tryptic peptides 
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spanning the C-terminal half of EfTu from a pH 6-11 2D gel spot at approximately 21 

kDa and pI 8.5-9 (Figure 3.5A, peptide matches in black). The full length, 44 kDa EfTu 

protein was also identified in separate affinity-capture assays using heparin, biotinylated 

fibronectin, actin and porcine epithelial-like surface proteins as bait (Figure 3.5, peptide 

coverage in red, orange, green and blue respectively). In addition to dimethyl labelling 

data and the identification of semi-tryptic peptides within the EfTu protein sequence in 

our proteome datasets, peptide coverage of cleavage fragments in the affinity-capture 

assays provided strong evidence that EfTu is subjected to proteolytic processing. While 

further studies are needed to confirm biologically meaningful interactions between EfTu 

and these host molecules, the affinity-capture assays i) provide independent evidence 

that regions within EfTu bind host molecules and ii) enrich for lower abundance 

cleavage fragments and are useful in mapping cleavage events that occur in EfTu.  
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Figure 3.5. Cleavage map of Elongation Factor Tu.  

Panel A shows the theoretical cleavage pattern observed in EfTu. Cleavage occurs at 

amino acid 112 within a sequence that resembles a motif previously identified for P159 

(Raymond et al., 2013). Five putative heparin binding domains and a single 18 amino 

acid transmembrane domain (TMD) between amino acids 98-115 predicted by TMPred, 

(score 505), are indicated in pink and pale blue regions, respectively. On pH 6-11 2D 

gels, a distinctive C-terminal fragment of ~21 kDa was identified from a gel spot 

migrating at pI ~8.3. The semi-tryptic peptide 
215

DKPFLMAVEDVFTITGR
231

 provides 

evidence that cleavage occurs at position 214 in the sequence 
212

REM↓DKP
217

. Peptides 

mapping to fragments identified from affinity-capture coupled to GeLC-MS/MS are 

indicated in red, orange, green and blue using heparin, fibronectin, actin or surface 

proteins from PK15 cells as bait, respectively. Panel B shows N-terminally dimethyl-

labelled peptides with confidence scores indicated. Spectra are provided in 

Supplementary file S3.5. 



 

99 

 

 

LC-MS/MS analysis of M. hyopneumoniae proteins separated on a 6-11 2D gel 

identified a distinctive C-terminal fragment of ~21 kDa in a gel spot migrating at pI 

~8.3. Evidence that this cleavage fragment exists is supported by the identification of 

multiple semi-tryptic peptides in dimethyl-labelling experiments in the region between 

amino acids 213-223. Cleavage near this site is expected to have a profound effect on 

the pI of the cleavage fragment as a shift in cleavage upstream by as little as 12 amino 

acids (position 200) would putatively alter the pI from 8.72 (approximately where it was 

found by 2D-PAGE) to 6.25. Thus, cleavage at position 215 is likely. Tryptic peptides 

that map to a C-terminal cleavage fragment with a predicted mass of 20.7 kDa were also 

identified in separate affinity-capture studies using heparin (eluted with 100-600 mM 

NaCl indicating weaker binding), fibronectin and actin as bait (Figure 3.5, peptides 

indicated by red, orange and green respectively). Peptide coverage spanning amino 

acids 2-213 representing the N-terminal half of EfTu (~23 kDa) were also identified by 

separate affinity-capture studies using heparin, fibronectin, and actin as bait. We were 

however, unsuccessful in identifying the N-terminal 23 kDa fragment by characterising 

spots separated by 2D-PAGE. 

 

An endoproteolytic cleavage event was also observed at position 111. Evidence that this 

event occurs comes from the identification of an N-terminally dimethyl-labelled peptide 

(V.VAATDGPMPQTR.E) that starts at position 112 (
109

ILV ↓ VAA
114

) by LC-MS/MS. 

This cleavage event produces an N-terminal 11.9 kDa fragment and a C-terminal 32.3 

kDa fragment. Peptides mapping to this C-terminal 32 kDa fragment were identified by 

heparin, fibronectin and actin affinity capture coupled to GeLC-MS/MS. The cleavage 

event at position 111 in the N-terminal 23 kDa fragment theoretically generates two 

fragments each approximately 12 kDa in size which we were unable to detect by mass 

spectrometry methods. 

 

Evidence for a third endoproteolytic cleavage site between amino acids 313-318 comes 

from the identification of sequential dimethylated and semi-tryptic peptides with 

sequence (FKA)AIYALKKEEGGR(H). This event would generate an N-terminal 34 

kDa fragment and a C-terminal 10 kDa fragment. Affinity capture coupled to GeLC-

MS/MS using heparin, fibronectin, actin and porcine kidney epithelial-like cell surface 



 

100 

 

proteins as bait identified an N-terminal EfTu fragment in gel slices containing proteins 

with masses between 30-40 kDa that generated tryptic peptides spanning amino acids 

66 to 256, consistent with this cleavage event. Furthermore, the additional central 

cleavage at position 215 is also supported by the identification of the two C-terminal 10 

kDa fragments of EfTu that were identified during separate affinity capture studies 

using fibronectin as bait (Figure 3.5, peptides in orange). Spectra of each of the key 

peptides that indicate that EfTu undergoes the cleavage events described are depicted in 

Supplementary File 3.5. 

 

A 3D structural model of EfTu was constructed using Chimera version 1.9.1 based on 

the crystallized structure of whole, unmodified Escherichia coli EfTu (PDB; 1DG1) and 

is shown in Figure 3.6. A score of 538 (E-value 1e
-153

) was obtained for the sequence 

alignment to Q4A9G1 (MHJ_0524) and a Z-score of -10.07 was obtained for the overall 

quality of the model. Notably, the N-terminal half of the protein is enriched in helices 

and the C-terminal half comprises entirely of strands, which was confirmed by 

bioinformatic predictions of tertiary structure. The N-terminal quarter to the first 

cleavage site 
109

ILV↓VAA
114

 is coloured in blue, the second quarter to cleavage site 

212
REM↓DKP

217
 coloured in yellow, third quarter to 

313
FKA↓AIY

318
 in purple and the 

C-terminal quarter in aqua. This 3D model indicates that the four quarters appear to be 

discrete subunits and the cleavage sites and putative heparin binding sites (highlighted 

in red) are surface accessible to proteases and substrates, supporting our hypothesis for 

multiple cleavage events in this molecule.  
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Figure 3.6. Structural model of EfTu.  

Model based on whole, unmodified Escherichia coli EfTu (PDB; 1DG1). N- and C-

termini of the protein indicated in orange and white respectively. The predicted 

fragments are represented by separate colours with putative heparin binding sites 

indicated by red overlay. The N-terminal quarter to the first cleavage site 

109
ILV↓VAA

114
 is coloured in blue, the second quarter to cleavage site 

212
REM↓DKP

217
 

coloured in yellow, third quarter to 
313

FKA↓AIY
318

 in purple and the C-terminal quarter 

in aqua. The first half of the protein is enriched in helixes, while the second half 

contains only strands.  

 

3.4.5. Proteases 

Eighteen ORFs have been annotated in the UniProt database (GO annotation) to have 

putative protease activity, eleven of which have been identified in our study. Identified 

proteins with annotated endoprotease activity include MHJ_0522 (Q4A9G3) 

Oligoendopeptidase F, MHJ_0525 (Q4A9G0) Lon protease, MHJ_0636 (Q4A952) 

tsaD, MHJ_0202 (Q4AAC8) ftsH, and MHJ_0568 (Q4A9B9) an uncharacterised 

protein. These proteases are likely to carry out the major proteolytic actions that give 

rise to adhesin fragments, as well as potentially processing other proteins.  

 

  



 

102 

 

Table 3.3. Putative proteases identified in the global proteome of M. hyopneumoniae.   

Accession 

& locus 
Identified Proteases Surface Gene ontology (GO) 

Q4AAC8 

MHJ_0202 

ATP-dependent zinc metallo-

protease FtsH (EC 3.4.24.-) 
Y 

cell division; integral component of 

membrane; metalloendopeptidase activity; 

zinc ion binding 

Q4A9G0 

MHJ_0525 

Lon protease (EC 3.4.21.53) 

(ATP-dependent protease La) 
Y 

cellular response to stress; cytoplasm; 

serine-type endopeptidase activity 

Q4AAK4 

MHJ_0125 
Putative aminopeptidase Y aminopeptidase activity 

Q4A9G3 

MHJ_0522 

Oligoendopeptidase F 

(EC 3.4.24.-) 
Y 

metalloendopeptidase activity; zinc ion 

binding 

Q4A9M4 

MHJ_0461 

Leucyl aminopeptidase 

(EC 3.4.11.1) 
Y 

aminopeptidase activity; manganese ion 

binding; metalloexopeptidase activity 

Q4A929 

MHJ_0659 

XAA-PRO aminopeptidase 

(EC 3.4.11.9) 
Y 

aminopeptidase activity; 

metalloexopeptidase activity 

Q4AAM9 

MHJ_0098 

ATP-dependent protease 

binding protein 
N 

ATP binding; nucleoside-triphosphatase 

activity; peptidase activity 

Q4A952 

MHJ_0636 

tRNA N6-adenosine 

threonylcar-bamoyltransferase 

(EC 2.6.99.4) 

N 
cytoplasm; iron ion binding; 

metalloendopeptidase activity 

Q4AAG1 

MHJ_0169 

Methionine aminopeptidase 

(MAP) (MetAP) (EC 3.4.11.18) 
N 

metal ion binding; metalloaminopeptidase 

activity; protein initiator methionine 

removal 

Q4AAS7* 

MHJ_0022 

Signal peptidase I (EC 

3.4.21.89) 
N 

integral component of membrane; serine-

type peptidase activity 

Q4A9B9 

MHJ_0568 
Uncharacterised protein N serine-type endopeptidase activity 

*Although MHJ_0022 has a signal peptidase I signature motif, existing biochemical 

data from amino-terminal sequence analysis of amino-terminal cleavage products 

indicates that this species lacks SPase I activity. “Surface” indicates proteins were (Y) 

or were not (N) identified in cell surface shaving or biotinylation experiments (Chapter 

4).  
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3.5. Discussion 

3.5.1. Protein- and peptide-centric approaches to mapping the M. hyopneumoniae 

proteome 

The complementary nature of gel and gel-free protein separation approaches enabled us 

to identify 347 proteins representing 52% of the M. hyopneumoniae proteome (Lopez, 

2007; Ly and Wasinger, 2011; Maillet et al., 2007; Reinders et al., 2006; White et al., 

2011). The unidentified portion of the proteome consisted of 198 uncharacterised 

proteins, which may be of low abundance, have a high rate of turnover or may not be 

transcribed under the growth conditions used in our analyses. We also failed to identify 

6 ribosomal proteins, cell division proteins FtsY and FtsZ, lipoprotein signal peptidase 

(MHJ_0027), and 12 putative ABC transporter ATP binding proteins. Twenty-four of 

fifty predicted lipoproteins were not identified by these analyses, along with 125 

unidentified proteins that are predicted to reside within the cell membrane according to 

PSORT, indicating that solubility may be an issue. In addition, some ORF sequences 

that remain unidentified contain too many (or rarely too few) lysine and/or arginine 

residues making the tryptic peptides generated by digestion undetectable by the methods 

used.  

 

The combination of protein-centric (GeLC-MS/MS and 2D-PAGE) and peptide centric 

(2DLC and peptide IEF) approaches increased protein coverage compared to any single 

method and increased confidence in identifications of low abundance proteins and 

proteins with poor sequence coverage. 2D-PAGE was able to resolve individual 

proteins and isoforms, providing information about post-translational modifications, 

while GeLC-MS/MS and gel-free methods are less biased against distinct classes of 

proteins, making them better suited for global protein identifications. The 1D GeLC-

MS/MS run, particularly the high-load gel, performed on the Q-TOF yielded the 

greatest number of protein identifications consistent with studies by others (Reinders et 

al., 2006). The protein-centric approaches used in our studies provided insight into the 

extent of protein processing in M. hyopneumoniae. Table 3.2 lists the proteins cleaved 

in M. hyopneumoniae. Notably, almost all of the proteins in Table 3.2 were identified in 

a comprehensive surfaceome analysis separately using cell shaving and surface 

biotinylation methodologies (Chapter 4). Our data suggests that protein processing is a 
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post-translational modification that occurs with greater frequency than is currently 

recognised and occurs in a wide range of functionally-diverse cell surface proteins.  

 

Enrichment procedures such as TX-114 fractionation and affinity-capture 

chromatography techniques were useful for enriching the low-abundance proteome and 

provided clues to protein function. TX-114 extraction enriches for hydrophobic 

membrane proteins, which partition to the detergent phase (Wise and Kim, 1987b). As 

M. hyopneumoniae lacks a cell wall, the cell membrane is the mediator of contact 

between the bacteria and extracellular environment; hence membrane-bound proteins 

are potentially valuable targets for vaccine and therapeutic development. While the TX-

114 GeLC-MS/MS protocol detected the fewest protein identifications, at 206, it 

contributed 5 unique proteins to the overall analysis, all of which were uncharacterised 

proteins described as lipoproteins and/or predicted to contain transmembrane domains 

using TMpred. Overall, 26 of 50 M. hyopneumoniae lipoproteins were identified by all 

methods, and LC-MS/MS analysis of TX-114 solublised proteins identified 22 of the 

26.  

 

While the precise functions of bacterial lipoproteins remain poorly understood there is 

mounting evidence to suggest they are PAMP (pathogen-associated molecular pattern) 

molecules on the surface of Gram-positive bacteria. PAMPs are recognised by Toll-like 

receptors that trigger innate immune responses (Hashimoto et al., 2006; Muhlradt et al., 

1997; Ozinsky et al., 2000; Takeuchi et al., 2001). Most mycoplasma lipoproteins are 

surface exposed with acyl groups anchoring these proteins in the cell membrane, where 

they are thought to function as cytadhesins, transport proteins or virulence factors with 

immunomodulatory capabilities (Browning et al., 2011). P65 is an abundantly 

expressed, immunoreactive, and lipolytic lipoprotein that selectively partitions to the 

detergent phase during extraction with TX-114 (Kim et al., 1990; Schmidt et al., 2004). 

Schmidt et al. showed that anti-P65 antibodies inhibit the lipolytic activity of P65 and 

growth of M. hyopneumoniae indicating that P65 performs a primary function on the 

external membrane surface by providing a source of essential lipids for growth 

(Schmidt et al., 2004). It has also been suggested that P65 may alter surfactant 

properties in the lungs of pigs in vivo (Schmidt et al., 2004). In our studies, P65 was 

recovered during affinity capture protocols using different host molecules as bait. 
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Although these are preliminary data that require quantitative studies to confirm a direct 

role for P65 in these interactions, this suggests that P65 displays motifs that facilitate 

binding to a diverse range of host molecules. Consistent with these preliminary 

observations, we show here for the first time that P65 is a target of several processing 

events that generate cleavage fragments which are selectively retained during affinity 

chromatography using porcine epithelial cell surface proteins, fibronectin or porcine 

heparin as bait. The ability of the cleavage fragments of P65 to bind the same bait 

proteins as P65 lends weight to the hypothesis that the interactions with host molecules 

are biologically relevant. Cleavage occurred at a number of sites in the P65 protein 

sequence including at a phenylalanine residue within a S/T-X-F↓X-D/E motif; a known 

processing site in the P97 and P102 adhesin families (Bogema et al., 2012; Bogema et 

al., 2011; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 2004; 

Raymond et al., 2014; Raymond et al., 2013; Seymour et al., 2010; Tacchi et al., 2014; 

Wilton et al., 2009). An immunoblot of biotinylated cell surface M. hyopneumoniae 

strain J proteins fractionated using TX-114 that was probed with anti-P65 polyclonal 

antibodies identified a 65 kDa protein and numerous smaller mass fragments of P65 

consistent with cleavage at several sites within the molecule. These data show that P65 

and cleavage fragments of P65 reside on the surface of M. hyopneumoniae. Notably, 

there is clear evidence of a doublet at approximately 65 kDa (boxed in Figure 3.4, panel 

B) in the lane containing M. hyopneumoniae aqueous phase proteins. Previous studies 

have shown that P65 may undergo clipping at the N-terminus and be a target of further 

post-translational processing events (Kim et al., 1990). Our data suggest that the doublet 

may represent forms of P65 that have lost the lipid anchor because they partitioned to 

the aqueous phase. If correct, these data suggest that a small lipopeptide similar to the 

macrophage-activating lipopeptide 2 (MALP-2) of Mycoplasma fermentans may be 

produced from P65.  

 

Lipoproteins of mycoplasmal origin are known targets of post-translational processing 

events. The first 14 amino acids of MALP-404, a 41 kDa lipoprotein in M. fermentans, 

are removed by a post-translational cleavage event generating a 2 kDa MALP-2 

lipopeptide. The C-terminal 39 kDa cleavage fragment (known as RF) that results from 

this cleavage event has been isolated from culture supernatants, but its function remains 

unknown (Davis and Wise, 2002). Unlike RF, both MALP-2 and MALP-404 are lipid-
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modified and remain associated with the membrane of M. fermentans. MALP-2 is a 

potent immunomodulatory molecule that engages Toll-like receptor 2 (Muhlradt et al., 

1997). MGA0674 is an 82 kDa lipoprotein in Mycoplasma gallisepticum whose 

expression is elevated in virulent strain Rlow compared to the attenuated vaccine strain 

F, suggesting that it may play a role in pathogenesis. MGA0674 is a target of a 

processing event at position 225 that releases a C-terminal 57 kDa fragment from the 

anchored N-terminal 22 kDa lipoprotein (Szczepanek et al., 2010). There are other 

reports of processing events that target lipoproteins in Mycoplasma pneumoniae but 

their functions have remained poorly characterised (Regula et al., 2000). 

 

3.5.2. The extent of proteolytic processing in M. hyopneumoniae 

A significant number of the 35 proteins identified to be targets of post-translational 

processing were glycolytic enzymes and other metabolic proteins. Glycolytic enzymes 

are increasingly being identified as multitasking or moonlighting proteins in a wide 

range of organisms including parasites (Gomez-Arreaza et al., 2014), yeasts and fungi 

(Ikeda and Ichikawa, 2014), mammalian cells (Petit et al., 2013), plants (Zaffagnini et 

al., 2013), and bacteria (Wang et al., 2014), and this is reflected in the range of entries 

seen in MultitaskProtDB (Hernandez et al., 2014). Processing events alter primary 

(enzymatic) function and are likely to profoundly influence how cleavage fragments 

interact with the mycoplasma membrane and host molecules (Sueyoshi et al., 2012). 

 

Elongation factor Tu is well-characterised as a key part of the translation machinery in 

prokaryotes (Dallo et al., 2002). It has also been shown to play important roles on the 

cell surface of many bacterial pathogens including Streptococcus pneumoniae (Mohan 

et al., 2014), Mycoplasma pneumoniae (Dallo et al., 2002), Pseudomonas aeruginosa 

(Kunert et al., 2007), Francisella tularensis (Barel et al., 2008), Listeria monocytogenes 

(Archambaud et al., 2005), Leptospira spp. (Wolff et al., 2013) and Burkholderia 

pseudomallei (Nieves et al., 2010). EfTu is known to be a complement regulator 

binding protein and can simultaneously bind Factor H, FHL-1, CFHR1 and 

plasminogen in S. pneumoniae (Mohan et al., 2014), and binds fibronectin in M. 

pneumoniae (Dallo et al., 2002). EfTu and several cleavage fragments of EfTu were 

retained on affinity capture columns separately loaded with porcine epithelial cell 

surface receptors, heparin, fibronectin and actin as bait.  Notably, we identified several 
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cleavage sites in EfTu. The masses of the fragments and tryptic peptide coverage of the 

fragments retained by immunoaffinity capture protocols are consistent with these 

cleavage events. Our data is consistent with EfTu being a target of several cleavage 

events on the cell surface of M. hyopneumoniae. While quantitative binding studies are 

needed to confirm the strength and specificity of binding interactions, our data suggests 

that EfTu is a multifunctional adhesin with discrete binding domains for a range of host 

molecules. EfTu was also identified to be reactive against convalescent swine serum, a 

result consistent with immunoblotting studies reported previously in M. hyopneumoniae 

strain 7448 (Pinto et al., 2007). While we were unable to identify the N-terminal 

fragment that results from the cleavage event producing the C-terminal fragment 

identified on 2D gels, it was identified from GeLC-MS/MS of detergent phase TX-114 

fractions and in several affinity-capture protocols using heparin respiratory epithelial 

cell surface proteins as bait.  

 

3.5.3. Cleavage of uncharacterised proteins 

Analyses of protein spots separated by 2D-PAGE identified a C-terminal cleavage event 

in the uncharacterised protein MHJ_0009 (Q4AAU0). The C-term cleavage fragment of 

the putative uncharacterised protein MHJ_0009 (Q4AAU0) shares strong sequence 

identity with thioredoxin. Further work is needed to confirm if the C-terminal cleavage 

fragment of MHJ_0009 displays oxidoreductase activity.  

 

3.6. Conclusion 

In conclusion, we identified 347 of 672 (52%) putative open reading frames predicted 

from the genome sequence of M. hyopneumoniae strain J. The proteome coverage from 

well-resolved 2D gels, while low, is unsurprising. The limitations of 2D gels are well 

documented, particularly considering the nature of sample preparation required, which 

limits the ability to retain and resolve very basic, acidic, small, large or hydrophobic 

proteins (Maillet et al., 2007). However, 2D gels provide a technique complimentary to 

high-throughput 2DLC-MS/MS protocols by maintaining mass and pI context, allowing 

the identification of cleavage products and the extent of proteolytic processing. In 

addition, the use of LC-MS/MS for spot identification gave improved peptide coverage 

over more traditional MALDI-based spot identification methods and provided greater 
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confidence in the identification of cleavage fragments. Cleavage events will 

undoubtedly complicate efforts to correlate the transcriptome with the proteome in 

future studies (Gunawardana and Niranjan, 2013; Olivares-Hernandez et al., 2011).  
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Chapter 4. Proteomic and functional analyses elucidate the diversity of 

surface proteins of the genome-reduced organism Mycoplasma 

hyopneumoniae 
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4.1. Abstract 

Mycoplasma hyopneumoniae is an economically significant respiratory pathogen of 

swine, endemic in pig herds worldwide. Infection by this genome-reduced bacterium 

heavily relies upon cell surface proteins binding to host components in order to adhere 

to the cilia of respiratory epithelium, evade immune response and potentially invade 

host cells. We examined the surface proteome using complementary techniques of 

enzymatic cell surface shaving with trypsin and intact cell labelling with membrane-

impermeable biotin followed by avidin affinity purification of labelled surface proteins. 

In order to understand the functional aspects of the surfaceome, we used column affinity 

chromatography techniques to screen for interactions of M. hyopneumoniae surface 

proteins with key host molecules; fibronectin, actin, plasminogen, host epithelial cell 

surface proteins and also screened for immunogenic proteins. This not only improved 

our confidence in surface protein localisation, but also began to assign function to 

previously uncharacterised proteins and elucidate the functions of putative moonlighting 

proteins. Our analyses identified 159 proteins to be surface exposed. While many 

important previously-characterised surface proteins were identified, a large proportion 

of the identified surfaceome was made up of proteins with no known secretion 

mechanism or transmembrane domains. 130 proteins identified to be surface exposed 

were also identified by affinity chromatography screening to bind one or more host 

molecules, or elicit an immune response, many of which are previously described or 

putative moonlighting proteins. Proteins that are functional at the cell surface, whether 

through primary or moonlighting functions, present as attractive potential targets for 

vaccine and therapeutic development.  
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4.2. Introduction 

Pork is the most consumed meat per metric ton worldwide, with China now accounting 

for more than half of all swine production. The growing population has increased 

demand for animal-based protein sources and an improvement in the efficiency of 

raising meat-production animals. One of the biggest challenges facing pig farmers is the 

prevalence of economically-significant respiratory diseases. Up to 96% of swine herds 

worldwide experience outbreaks of mycoplasmal pneumonia (Escobar et al., 2002), a 

chronic, high morbidity, low mortality disease which ultimately leads to reduced feed 

conversion efficiency. This results in reduced output of product to market and massive 

economic losses to the agricultural industry estimated in the billions of dollars per 

annum (Clark et al., 1991). The primary etiological agent of porcine mycoplasmal 

pneumonia is the genome-reduced bacterium, Mycoplasma hyopneumoniae. 

 

M. hyopneumoniae displays a strong affinity for cilia that line the trachea, bronchi and 

bronchioles in the porcine respiratory tract (Thacker, 2006). The ability to bind and 

colonise respiratory cilia is the most critical event during early pathogenesis as M. 

hyopneumoniae is not known to survive outside the host. Because M. hyopneumoniae 

lacks a cell wall, the first point of contact between the bacteria and the host is the 

repertoire of molecules displayed on the cell surface plasma membrane. These 

molecules function to overcome the mucociliary escalator by assisting with passage of 

M. hyopneumoniae through the respiratory mucous layers, avoiding the innate and 

acquired immune responses; adhering to and colonising cilia that beat with high 

frequency (~ 11-15 Hz) (Joki and Saano, 1994). These binding and colonising events 

lead to ciliostasis, cillial shedding and eventual ciliated epithelial cell death. By 

drastically compromising the mucociliary escalator in the respiratory tract of infected 

animals, M. hyopneumoniae also creates a favourable environment for infection by 

other bacterial and viral pathogens (Thacker, 2006), leading to further symptomatic 

infection. Attachment interactions are thought to be primarily mediated by proteins, as 

demonstrated by the abolition of adherence to cell monolayers and porcine ciliated 

epithelial cell suspensions following limited trypsin treatment of M. hyopneumoniae 

cells (Zielinski and Ross, 1992, 1993; Zielinski et al., 1990).  
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A number of proteins have been implicated in the initial adherence events leading to 

pathogenesis, the majority of which belong to the now well-characterised P97 and P102 

paralogous families of adhesins (Minion et al., 2000; Zhang et al., 1995). These encode 

large open reading frames, which are expressed and subsequently processed into 

smaller, functional proteins and presented at the cell surface where they retain the 

ability to bind key host molecules (Bogema et al., 2012; Bogema et al., 2011; Deutscher 

et al., 2010; Deutscher et al., 2012; Djordjevic et al., 2004; Raymond et al., 2014; 

Raymond et al., 2013; Seymour et al., 2010; Seymour et al., 2011; Seymour et al., 

2012; Tacchi et al., 2014; Wilton et al., 2009). Recent research has revealed the 

prominence of proteolytic processing amongst cell surface proteins of M. 

hyopneumoniae, and the majority of these discoveries have been made using untargeted 

protein-centric approaches such as 1D and 2D gel electrophoresis. More recently it has 

been suggested that this surface processing could be linked to ectodomain shedding, a 

phenomenon well described in eukaryotes that releases protein fragments from the cell 

surface into the extracellular milieu via a proteolytic cleavage event (Horiuchi, 2013; 

Raymond et al., 2014; Raymond et al., 2013; Tacchi et al., 2014). 

 

Proteomic studies that have described the surfaceome of Gram negative and Gram 

positive microbial pathogens have to some degree been hampered by the presence of a 

cell wall (Cordwell, 2006; Dreisbach et al., 2010; Hempel et al., 2011; Solis and 

Cordwell, 2011). A small genome size and the absence of a cell wall are attractive 

attributes in efforts to define the entire surface proteome of M. hyopneumoniae in a 

protein-centric manner. Although the P97/P102 family of adhesins are critical for 

colonisation of ciliated epithelial surfaces, few studies, many of which were performed 

before the availability of the completed genome sequence (Djordjevic et al., 1997; 

Djordjevic et al., 1994; Fagan et al., 1997; Fagan et al., 1996; Fagan et al., 2001; 

Scarman et al., 1997; Schmidt et al., 2004, 2007; Wise and Kim, 1987a, b) have 

contributed in identifying other surface accessible proteins to further understand host-

pathogen relationships at the molecular level.  

 

Recently, the surface proteome of M. hyopneumoniae strain 7448 was catalogued using 

biotin labelling of intact cells, identifying 59 protein species to be present at the cell 

surface (Reolon et al., 2014). Here, we have utilised complementary methodologies of 
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biotin labelling and enzymatic cell surface shaving of intact cells, in protein- and 

peptide-centric approaches respectively, to improve coverage and confidence in 

identification. We also perform functional analyses at the protein level to assess the 

likelihood of proteins being genuinely surface-exposed through their ability to bind key 

host molecules and elicit and immunogenic response. 

 

We present an overview of the expressed, detectable, surface proteome of M. 

hyopneumoniae strain J (in the context of the identifiable proteome presented previously 

– Chapter 3) and further investigate the proteins present with specific emphasis on 

evaluating functions that may aid pathogenesis.  
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4.3. Materials and methods 

4.3.1. Culture conditions 

M. hyopneumoniae (strain J) was grown in modified Friis broth (Friis, 1975) and 

harvested as described previously (Scarman et al., 1997). 

 

4.3.2. Surface biotinylation of M. hyopneumoniae cells 

Freshly harvested M. hyopneumoniae cells were washed extensively (>3 times) in PBS 

and pelleted by centrifugation (4 000 x g 10 mins 4°C). Cells were resuspended in PBS 

(pH 7.8) and biotinylated with Sulfo-NHS-LC Biotin [Thermo Scientific] for 30 s on 

ice. The reaction was then quenched with the addition of a final concentration of 50 mM 

Tris-HCl (pH 7.4) and incubated for 15 mins. Cells were washed in three changes of 

PBS and pelleted by centrifugation. 

 

4.3.3. Enzymatic cell surface shaving procedures 

Enzymatic cell shaving using trypsin was performed at 37°C for 5 min as described 

previously (Deutscher et al., 2010). Intact cells were pelleted by centrifugation and the 

supernatant containing liberated surface proteins collected on ice to cease trypsin 

activity. Surface proteins were analysed by 1D gel electrophoresis or further digested to 

peptides with trypsin prior to analysis by SCX and/or LC-MS/MS. 

 

4.3.4. Preparation of M. hyopneumoniae samples 

Whole cell lysates were prepared as described previously (Seymour et al., 2012). 

Precipitated protein was pelleted, air dried and resuspended in buffers appropriate for 

downstream application. For 1D SDS-PAGE, the pellet was resuspended in SDS sample 

buffer (0.25 M Tris-HCl pH 6.8; 0.25% w/v SDS; 10% glycerol and 0.0025% w/v 

bromophenol blue). Alternatively, TX-114 extraction was performed as previously 

described on untreated or surface biotinylated samples to obtain detergent, aqueous and 

insoluble phases (Deutscher et al., 2010; Jenkins et al., 2008).  

 

4.3.5. Avidin column affinity chromatography for the purification of biotinylated 

proteins 

Performed as previously described (Nunomura et al., 2005; Raymond et al., 2013). 

Approximately 1 mg of biotinylated sample from whole cell lysates or TX-114 phase 
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extractions was applied to a column packed with 1 ml of immobilized monomeric 

avidin [Thermo Scientific] pre-treated with 30% CH3CN in 0.4% trifluoroacetic acid 

and equilibrated with 2 M urea in 100 mM NH4HCO3, pH 8.5. After sequential washing 

with (i) 2 M urea in 100 mM NH4HCO3, (ii) 2 M urea in 100 mM NH4HCO3 containing 

0.5 M NaCl, (iii) 2 M urea in 100 mM NH4HCO3 containing 30% CH3CN, and (iv) 100 

mM NH4HCO3, the bound peptides were eluted with 30% CH3CN in 0.4% 

trifluoroacetic acid. 

 

4.3.6. Column affinity chromatography for the detection of protein interactions  

Heparin affinity chromatography, avidin purification of actin-, plasminogen- and 

fibronectin-binding proteins, and avidin purification of PK15 cell surface protein 

interactors were performed as described previously (Raymond et al., 2014; Raymond et 

al., 2013; Tacchi et al., 2014).  

 

4.3.7. Immunoprecipitation with convalescent sera 

Convalescent porcine sera was obtained from low-health status finisher pigs from a herd 

infected with M. hyopneumoniae as described previously (Bogema et al., 2012). Serum 

from sero-positive pigs was pooled for use in immunoprecipitation and blots. Washed 

cell pellets of M. hyopneumoniae were resuspended in PBS with 0.01% Triton X-100 

and lysed by sonication at 50% power, 3 × 30 s bursts on ice. Insoluble material was 

pelleted. Immunoprecipitation was carried out using 50 µL (1.5 µg) of Dynabeads 

Protein A as per manufacturer’s instructions. 50 µL pooled convalescent sera, diluted 

with 150 µL PBS-T was bound to the beads for 20 min at room temperature with 

mixing. Beads were washed with PBS-T before ~1.8 mg of M. hyopneumoniae protein 

in 600 µL PBS-T (0.2% tween 20) was incubated with the Protein A/Antibody 

complex-bound beads at room temperature for 30 min with mixing. Beads were washed 

four times with PBS-T with 150 mM NaCl to remove unbound protein. Bound proteins 

were eluted first by the addition of 20 µL elution buffer and incubated with mixing at 

room temperature for 20 min. Strongly bound proteins were eluted by the addition of 20 

µL 1× SDS sample buffer with 20 mM DTT and incubated at 70°C for 10 min. Elutions 

were fractionated and analysed by GeLC-MS/MS. 

 

4.3.8. Two dimensional gel electrophoresis  
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2D gels were run using 250 µg of whole cell lysate or purified biotinylated proteins, 

following avidin chromatography, in 7 M urea, 2 M thiourea, 1% w/v C7BzO with 

0.2% pH 3-10 carrier ampholytes [BioRad]. Isoelectric focusing was performed over 11 

cm pH 3-10 and 4-7 IPG strips [BioRad] and 11 cm pH 6-11 immobiline drystrips [GE 

healthcare]. Focusing was carried out and second dimension gels were run, fixed and 

stained with Coomassie Blue G-250 as described previously (Raymond et al., 2013). All 

visible spots were manually excised from the gel and subjected to in-gel trypsin 

digestion and desalting using solid phase extraction by OMIX C18 SPE pipette tips, 

before analysis by LC-MS/MS. 

 

4.3.9. Protein separation and blotting  

Proteins separated by 1D or 2D SDS-PAGE were transferred to PVDF using a semi-dry 

transfer method as described previously (Kyhse-Andersen, 1984). Membranes were 

blocked with 5% w/v skim milk powder in PBS with 0.1% Tween 20 v/v (PBS-T) at 

room temperature for 1 h. Detection of biotinylated proteins was with ExtrAvidin 

peroxidise conjugate [Sigma-Aldrich] diluted 1:20 000 in PBS-T for 1 h. Detection of 

plasminogen-binding proteins was performed using biotinylated porcine plasminogen 

diluted 1:250 in PBS-T, followed by ExtrAvidin peroxidise conjugate [Sigma-Aldrich] 

diluted 1:1000 in PBS-T as previously described (Seymour et al., 2012). Detection of 

Fibronectin binding proteins was performed as previously described (Deutscher et al., 

2010), or alternatively by using human fibronectin [Calbiochem] biotinylated with EZ-

link sulfo-NHS-LC biotin, at 10 µg.ml
-1

 in PBS-T for 1 h, followed by 1:5000 

ExtrAvidin peroxidise conjugate [Sigma-Aldrich] in PBS-T for 1 h. Detection of 

immunoreactive proteins was with convalescent pig sera diluted 1:70 in blocking 

solution for 1 h, followed by incubation with anti-pig peroxidase conjugated antibodies 

[Sigma-Aldrich] diluted 1:1500 for 1 h. Between incubations, membranes were washed 

in three changes of PBS-T. Membranes were developed with SIGMAFAST™ 3,3´-

Diaminobenzidine tablets [Sigma-Aldrich] as per manufacturer’s instructions.  

 

4.3.10. Gel electrophoresis liquid chromatography tandem mass spectrometry (GeLC-

MS/MS) 

Proteins from any preparation were separated by SDS-PAGE, fixed and stained with 

Coomassie Blue G-250. Entire gel lanes were cut into 16 equal slices, destained, 
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washed and digested with trypsin in-gel for analysis. Identification of proteins was 

performed following clean-up of peptide fractions using OMIX C18 SPE pipette tips, 

using Q-TOF LC-MS/MS methods as described previously (Raymond et al., 2013). 

MS/MS data was searched using Mascot against the LudwigNR database. Scaffold was 

used to validate and compare MS/MS protein and peptide identifications as described 

previously (Raymond et al., 2013). 

 

4.3.11. Bioinformatics  

In-silico analyses were performed using protein sequence data obtained from UniProt as 

described previously (Bogema et al., 2011; Raymond et al., 2013; Tacchi et al., 2014). 

ProtParam was used to predict molecular mass and pI of intact or fragments of proteins 

as well as provide information about amino acid composition and protein stability. 

Subcellular localisation prediction was performed using PSORTb (v. 3.0) with 

parameters as follows; Organism type: Bacteria, Gram stain: Advanced (negative 

without outer membrane). Putative transmembrane domains (TMDs) were predicted 

using TMpred with parameters: TM helix length between 17 and 33 amino acids, score 

≥ 500. Signal peptide predictions were made using SignalP v. 4.1, organism group: 

Gram positive bacteria, default D-cutoff values. Mycoplasmas lack a type 1 signal 

peptidase and as such do not have standard signal peptides, however this analysis was 

used to better understand prediction algorithms and predict proteins that may be classed 

non-classically secreted, using SecretomeP. Non-classically secreted proteins were 

predicted using SecretomeP v. 2.0, organism group: Gram positive bacteria. Proteins 

were classed as non-classically secreted if they were predicted to be secreted with 

SecretomeP and were not predicted to possess a standard signal peptide by SignalP. 

Lipoprotein prediction was performed using LipoP 

(http://www.cbs.dtu.dk/services/LipoP/) (Juncker et al., 2003; Rahman et al., 2008) and 

LIPO CBU (http://services.cbu.uib.no/tools/lipo) (Berven et al., 2006). 
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4.4. Results 

4.4.1. The surface proteome of M. hyopneumoniae 

Overall, the Mycoplasma hyopneumoniae surface proteome identified by the combined 

methods was found to consist of 159 proteins (Table S4.1). This is 24.6% of the 

theoretical proteome of M. hyopneumoniae (Strain J: 671 ORFs), and 44.7% of the 

identified proteome described previously (347 identified proteins) (Chapter 3). 4 

proteins were identified in surfaceome analyses which were not previously detected in 

global analyses (shaded in Table S4.1). Biotinylation followed by fractionation at the 

protein level gave 114 protein identifications (67 unique to biotin) while enzymatic 

shaving with trypsin identified 92 proteins (45 unique to trypsin), and of these 47 were 

identified by both methods (Figure 4.1A). Experiments were performed under very mild 

conditions, with biotinylation carried out for 30 s on ice and shaving performed for only 

5 min at 37°C. Shaving controls were run in parallel where no trypsin was added and 

these samples were collected as “secreted proteins”. To ensure cell lysis was minimised 

during cell handling procedures, a time-course experiment observing protein secretion 

was performed and analysed by SDS-PAGE alongside cell lysis controls (Figure S4.1). 

 

 

Figure 4.1. Overview of surface protein identifications.  

Panel A shows a venn diagram comparing surface protein identifications by shaving and 

biotinylation methods. A total of 159 proteins were identified to be surface-exposed, 

with 45 unique to shaving methods, 67 uniquely identified by biotin labelling methods 

and 47 identified by both methods. Panel B shows the predicted subcellular localisation 

of all identified surface proteins by a combination of bioinformatic algorithms. C shows 

the functional assignment of all identified surface proteins. Individual protein 

identifications, localisations and functions described in Table S4.1. 
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Shaving methods led to the identification of 92 proteins with surface exposed lysine and 

arginine residues accessible to trypsin. 45 proteins were identified only by trypsin 

shaving procedures. This may be due to biotinylation incompatibility (the absence of an 

accessible lysine residue for labelling, poor ionisation of labelled peptides or inefficient 

enrichment), poor solubility of membrane proteins, better detection of further 

fractionated shaved peptides (by SCX), or these proteins may be shed into the 

extracellular milieu and not interact with the mycoplasma cell surface.  

 Biotinylation methods identified 114 proteins. More proteins were able to be detected 

than shaving methods due to the ability to enrich for low abundance proteins and the 

requirement for only one accessible lysine residue to enable labelling with biotin. A 

major advantage of this method is that protein mass context is preserved as the proteins 

are labelled and not enzymatically cleaved from the surface and additionally, this grants 

us the ability to further fractionate samples at the protein level by Triton X-114 phase 

extraction. Biotinylated surface proteins may be purified by avidin affinity 

chromatography and proteins may be then analysed by 1D or 2D GeLC-MS/MS (Figure 

4.2). As such, one- and two-dimensional electrophoresis have also been used to 

investigate the presence of cleavage fragments at the cell surface as has been previously 

described for the P97/P102 paralog family of adhesins  (Bogema et al., 2012; Bogema 

et al., 2011; Burnett et al., 2006; Deutscher et al., 2010; Djordjevic et al., 2004; Jenkins 

et al., 2006; Raymond et al., 2014; Raymond et al., 2013; Seymour et al., 2010; 

Seymour et al., 2011; Tacchi et al., 2014; Wilton et al., 2009) as well as indicated for 

numerous other proteins (Chapter 3).  
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Figure 4.2. Avidin affinity purification of Mycoplasma hyopneumoniae surface 

biotinylated proteins.  

Panel A shows coomassie stained reference gel and panel B shows the corresponding 

blot probed with ExtrAvidin HRP to detect biotinylated proteins. Lanes are as follows: 

1. Non-biotinylated whole cell lysates, demonstrating no naturally biotinylated or cross-

reactive proteins, 2. Unfractionated surface biotinylated whole cell lysates, 3. Column 

flow-through of unbound proteins, 4-6. Washes, 7-9. Elutions of biotinylated proteins in 

30% ACN, 0.4% TFA. 

 

4.4.2. Bioinformatics 

When the global theoretical proteome of M. hyopneumoniae strain J is analysed using 

bioinformatics prediction algorithms, PSORTb 3.0.2 allocates 196 proteins to be 

membrane-associated, of which 17 (8.7%) were identified in the surfaceome (Yu et al., 

2010); SignalP v4.1 indicates 52 proteins possess conventional signal peptides for 

secretion, of which we identified 30 (58%) (Bendtsen et al., 2004); and SecretomeP 2.0 

predicts 272 proteins to be non-classically secreted (i.e. not containing a signal 

sequence) of which 40 (15%) were identified in the surface proteome (Bendtsen et al., 

2005) (Table 4.1). The global proteome analyses of M. hyopneumoniae strain J (Chapter 

3) however, failed to detect 48% of the predicted proteome, suggesting a large number 

of proteins are expressed below the limits of detection, or not expressed under culture 

conditions. In the detected global proteome, 71 proteins are predicted to be membrane 

associated by PSORTb, 26 proteins possess signal peptides and 108 proteins are 

predicted to be non-classically secreted. Thus, in the context of the detected global 

proteome, the surfaceome analyses identified 24% (17 of 71) of previously detected 
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membrane proteins (PSORTb); 77% (20 of 26) of signal peptide containing proteins 

(SignalP) and 50% (54 of 108) of previously detected non-classically secreted proteins 

(SecreteomeP). 

 

Table 4.1. Summary of bioinformatics predictions of identified surface proteins.  

Localisation PSORTb SecretomeP SignalP TMPred Combined/Overall 

Cytoplasmic 97 - - -  

Membrane 17 - - -  

Unknown 45 - - -  

Non-

Classically 

Secreted 

- 54 - -  

Secreted - 16 20 -  

Intracellular - 89 139 -  

Contain TMDs - - - 86  

Patterns of prediction 

Membrane 

(Intracellular) 

Membrane/unknown/ 

cytoplasmic 
Intracellular + + 40 

Membrane 

(Extracellular) 

Membrane/unknown/ 

cytoplasmic 

non-classically 

secreted/secreted 
+ + 45 

Extracellular Unknown 
non-classically 

secreted/secreted 
+ - 1 

Unknown Membrane Intracellular - - 2 

Intracellular Cytoplasmic/unknown Intracellular - - 43 

Non-

Classically 

Secreted 

Cytoplasmic/unknown 
Non-classically 

secreted 
- - 28 

Number of proteins with corresponding predictions shown. 

 

As it is well-documented that conventional subcellular localisation prediction 

algorithms struggle to accurately reflect atypical bacteria such as the mollicutes which 

lack a cell wall (Edman et al., 1999), we utilised a combination of methods which are 

commonly used in these kinds of surface analyses to validate findings. The combination 

of prediction algorithms above were used to predict an overall subcellular location for 

each protein identified in the surfaceome analysis. Additionally, when examining in 

silico predictions of localisation, it must be taken into consideration that members of the 
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mollicutes do not possess a cell wall, and thus any proteins containing a transmembrane 

domain have the potential to be directly surface exposed. 

Proteins were classified as intracellular, membrane (intracellular), membrane 

(extracellular), non-classically secreted, extracellular or unknown according to patterns 

of prediction described in Table 1. 71.7% (114 of 159) of proteins identified were thus 

classified as membrane-associated, extracellular or non-classically secreted (Table 

4.1and Figure 4.1, see also Table S1). 

 

4.4.3. “Cytosolic” proteins 

Of the 159 identified surface proteins, 97 (61%) were predicted to be cytoplasmic using 

PSORTb. When analysed further by SecretomeP, 26 of these were revised to be 

classified as non-classically secreted proteins (i.e. proteins that are secreted through 

mechanisms other than the presence of a signal peptide). When the presence of 

transmembrane domains (predicted by TMPred) is taken into account, it is found that 41 

of the predicted cytoplasmic proteins are predicted to be embedded in the membrane. As 

mycoplasmas lack a cell wall, the majority of proteins that pass through the membrane 

will be at least in part, exposed to the extracellular environment. With these restrictions, 

the number of predicted intracellular proteins drops from 98 to 43 (27%) (Figure 4.1). 

Seven of these have been identified by both methods, and the remainder identified in 

multiple runs or experiments; therefore even these cannot be completely excluded from 

the surface topography. Eight annotated cytoplasmic proteins are capable also of 

eliciting an immune response in the host indicated by immuno-affinity chromatography 

(Discussed later). Further, 84% (36 of 43) of predicted intracellular proteins are capable 

of interaction with host molecules such as fibronectin, actin, plasminogen, 

glycosaminoglycans or host cell surface proteins (Figure 4.3).  

 

Of the predicted intracellular proteins identified in the surfaceome analyses, the 

prevalence of glycolytic enzymes is of particular note. Seven (of ten known) glycolytic 

enzymes predicted from the strain J genome sequence were detected at the surface of M. 

hyopneumoniae. The enzymes identified included 6-phosphofructokinase (MHJ_0107, 

Q4AAM2) (step 3), fructose-bisphosphate aldolase (MHJ_0014, Q4AAT5) (step 4), 

glyceraldehyde 3-phosphate dehydrogenase (MHJ_0031, Q4AAR8) (step 6), 

phosphoglycerate kinase (MHJ_0487, Q4A9J8) (step 7), 2,3 bisphosphoglycerate 
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independent phosphoglycerate mutase (MHJ_0592, Q4A992) (step 8), enolase 

(MHJ_0242, Q4AA88) (step 9) and pyruvate kinase (MHJ_0122, Q4AAK7) (step 10). 

Several enzymes with roles in pyruvate metabolism were also identified on the cell 

surface including all four components of the pyruvate dehydrogenase complex (PdhA-

MHJ_0111, Q4AAL8; PdhB-MHJ_0112, Q4AAL7; PdhC-MHJ_0503, Q4A9I2; PdhD-

MHJ_0504, Q4A9I1), acetate kinase (MHJ_0505, Q4A9I0), phosphate acetyltransferase 

(MHJ_0506, Q4A9H9), phosphoenolpyruvate-protein phosphotransferase (MHJ_0469, 

Q4A9L6), and lactate dehydrogenase (MHJ_0133, P0C0J3). Many of these glycolytic 

and metabolic “housekeeping” proteins were also found to interact with key host 

molecules (Table 4.2).  
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Table 4.2. Interactions of surface-associated glycolytic enzymes and selected metabolic proteins with host molecules. 

 Locus Protein Description  Accession TMDs Identified by PK15 Hep Actin Fn Plg IP 
G

ly
co

ly
ti

c 
en

zy
m

es
 

MHJ_0031 Glyceraldehyde 3-phosphate dehydrogenase  Q4AAR8 0 Both X X X X X - 

MHJ_0107 6-phosphofructokinase  Q4AAM2 1 Shaving - X X - X - 

MHJ_0014 Fructose-bisphosphate aldolase Q4AAT5 1 Shaving - X - - - - 

MHJ_0487 Phosphoglycerate kinase  Q4A9J8 0 Shaving X X X - X - 

MHJ_0122 Pyruvate kinase Q4AAK7 1 Shaving - X X - X - 

MHJ_0595 2,3-bisphosphoglycerate-independent phosphoglycerate mutase Q4A992 1 Shaving - - - - - - 

MHJ_0242 Enolase  Q4AA88 1 Both X X X X X - 

O
th

er
 m

et
ab

o
li

c 
p
ro

te
in

s/
en

zy
m

es
 

MHJ_0112 Pyruvate dehydrogenase (PdhB) Q4AAL7 1 Both X X X X X X 

MHJ_0111 Pyruvate dehydrogenase E1-alpha subunit (PdhA)  Q4AAL8 1 Both X X - X X X 

MHJ_0504 Dihydrolipoamide dehydrogenase (PdhD) Q4A9I1 2 Shaving X X - X X - 

MHJ_0503 Dihydrolipoamide acetyltransferase (PdhC) Q4A9I2 2 Both X X - X X X 

MHJ_0506 Phosphate acetyltransferase  Q4A9H9 1 Shaving X X - - X - 

MHJ_0469 Phosphoenolpyruvate-protein phosphotransferase Q4A9L6 1 Shaving X - - - X - 

MHJ_0133 L-lactate dehydrogenase P0C0J3 2 Both X X X X X X 

MHJ_0505 Acetate kinase  Q4A9I0 0 Shaving - X X - X - 

MHJ_0110 Adenine phosphoribosyltransferase  Q4AAL9 1 Both - X X X X - 

MHJ_0254 Hypoxanthine phosphoribosyltransferase Q4AA76 0 Biotin - X X X X X 

NB. All proteins listed are predicted to be cytoplasmic by PSORTb, have no signal peptides detectable by SignalP, are not predicted to be non-

classically secreted by SecretomeP nor are they predicted to be lipoproteins. The presence of transmembrane domains (TMDs) as indicated 

determines the overall predicted localisation to be membrane (intracellular), and the lack of TMDs determines intracellular overall localisation 

prediction. X indicates proteins were detected in biotinylated PK15 surface protein (PK15), heparin (Hep), actin, fibronectin (Fn) or plasminogen 

(Plg) affinity chromatography, or immunoprecipitation using convalescent sera (IP), coupled with GeLC-MS/MS. 
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30 ribosomal proteins were also identified to be surface exposed. Two of the identified 

ribosomal proteins possess TMDs, one of which (RpsH) is classed as membrane 

(intracellular), the other (RpsM) also is predicted to be non-classically secreted and is 

classed membrane (extracellular). RpsT is predicted by SignalP to possess a 

conventional signal peptide and is predicted to be extracellular, and RpsF is classed as 

unknown due to a PSORTb prediction of membrane localisation, despite lacking 

detectable TMDs. 11 ribosomal proteins were classified as intracellular with the 

remaining 15 classed as non-classically secreted. Despite their predicted localisations, 

all but one (30S ribosomal protein S12) of the ribosomal proteins identified at the 

surface were also identified to interact with host components (epithelial cell surface 

proteins, heparin, actin, plasminogen, fibronectin or eliciting an immune response), and 

of these, 26 were found to interact with more than one of these components, lending 

further credence to the validity of their surface localisation. 

 

4.4.4. Interactions with host components  

Surface proteins were investigated for the ability to bind host ECM components such as 

fibronectin, actin, plasminogen and the glycosaminoglycan-mimic heparin, as well as 

surface proteins expressed on host epithelial cells (Figure 4.3, see also Table S4.1). A 

total of 130 of the 159 surface proteins bound at least one of the tested host components 

or elicited an immune response. 40 of the surface proteins identified were found to be 

capable of binding fibronectin, 74 showed interaction with the cytoskeletal protein 

actin, 97 surface proteins were retained on a column using plasminogen as bait, and 87 

surface proteins were found to interact with heparin, indicating a putative ability to bind 

glycosaminoglycans. Porcine kidney epithelial-like cells (PK15 cells) were used as a 

model for host cell binding. Surface proteins of PK15 cells were biotinylated and bound 

to an avidin-agarose column. Non-biotinylated M. hyopneumoniae whole cell extracts 

were passed through the column to identify interacting proteins and 52 of the identified 

surface proteins were found to bind. 15 proteins were identified to bind to all the host 

components tested, 11 of which also elicited an immune response (Table 4.3).   
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Figure 4.3. Surface proteins identified from affinity chromatography using key host 

molecules as bait.  

Indicated are the numbers of surface proteins identified by affinity chromatography 

using biotinylated surface proteins of porcine kidney epithelial-like cells (PK15), 

heparin, actin, plasminogen or fibronectin as bait. A total of 130 surface proteins were 

identified to bind at least one key host component. 
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Table 4.3. Surface proteins of M. hyopneumoniae that bind heparin, fibronectin, 

plasminogen and PK15 surface proteins.  

Locus Protein names Accession Class 

MHJ_0194 Uncharacterised protein (P97/P123) Q4AAD6 Adhesin 

MHJ_0195 Uncharacterised protein (P102) Q4AAD5 Adhesin 

MHJ_0494 Putative p76 membrane protein Q4A9J1 Adhesin 

MHJ_0662 Uncharacterised protein Q4A926 Adhesin 

MHJ_0663 Putative adhesin like-protein P146 Q4A925 Adhesin 

MHJ_0511 46 kDa surface antigen (p46) P0C0J8 Membrane Protein 

MHJ_0656 Putative prolipoprotein p65 Q4A932 Membrane Protein 

MHJ_0031 Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) Q4AAR8 Glycolytic Enzyme 

MHJ_0242 Enolase (EC 4.2.1.11) Q4AA88 Glycolytic Enzyme 

MHJ_0063 Chaperone protein DnaK (HSP70) Q4AAR4 Metabolic 

MHJ_0078 NADH oxidase (EC 1.6.99.3) Q4AAP9 Metabolic 

MHJ_0112 Pyruvate dehydrogenase (PdhB) (EC 1.2.4.1) Q4AAL7 Metabolic 

MHJ_0133 L-lactate dehydrogenase (Immunogenic protein p36) P0C0J3 Metabolic 

MHJ_0524 Elongation factor Tu (EF-Tu) Q4A9G1 Translation 

MHJ_0172 50S ribosomal protein L15* Q4AAF8 Ribosomal Protein 

Shaded indicates proteins that were not also found to be immunogenic by 

immunoprecipitation pulldown. *All proteins were identified by both biotinylation and 

shaving, except 50S ribosomal protein L15, which was only identified by biotinylation. 

 

Surface proteins were also examined for immunogenicity through immunoprecipitation 

and immunoblotting using pooled positive convalescent sera (Figure 4.4 and Figure 

4.5A and B). Reactivity with convalescent sera further acts as confirmation of in vivo 

expression. Table 4.4 lists the 36 immunogenic proteins identified by immuno-affinity 

chromatography.  
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Figure 4.4. Immuno-affinity chromatography and convalescent sera blots showing 

immuno-reactive proteins of M. hyopneumoniae.  

Panel A shows a 1D gel of sequential native and denaturing elutions following immuno-

affinity chromatography using pooled positive convalescent sera. Arrows indicate intact 

immunoglobulin at ~150 kDa in the native elution and immunoglobulin fragments at 

~50 and 25 kDa in denaturing the elution. Co-eluting protein A can also be seen at 42 

kDa in the native elutions. Panel B shows a blot of immunoreactive proteins from 

unlabelled (1) and biotinylated (2) whole cell extracts and avidin-purified biotinylated 

TX114 phase extractions, aqueous (3), detergent (4) and insoluble fractions (5). Proteins 

not identified in purified surface extractions indicated by open arrows, proteins showing 

increased reactivity in the enriched fractions are indicated by closed arrows. 
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Table 4.4. Immunogenic surface proteins of M. hyopneumoniae. 

Class Locus Protein Description  Accession Lp MW 
A

d
h

es
in

s 
MHJ_0194 Putative uncharacterised protein (P97) Q4AAD6 N 126* 

MHJ_0195 Putative uncharacterised protein (P102) Q4AAD5 N 102* 

MHJ_0368 Putative Lppt protein (Mhp384) Q4A9W5 N 109* 

MHJ_0369 Putative uncharacterised protein (Mhp385) Q4A9W4 N 114* 

MHJ_0493 Putative P216 surface protein (P216) Q4A9J2 N 216* 

MHJ_0494 Putative p76 membrane protein (P159) Q4A9J1 N 161* 

MHJ_0662 Putative uncharacterised protein  (Mhp683) Q4A926 N 135* 

MHJ_0663 Putative adhesin like-protein P146 (P146) Q4A925 N 147* 

M
em

b
ra

n
e 

P
ro

te
in

s 

MHJ_0212 Putative uncharacterised protein Q4AAB8 N 236* 

MHJ_0511 46 kDa surface antigen (p46) P0C0J8 Y 45* 

MHJ_0606 ABC transporter xylose-binding lipoprotein Q4A981 N 50* 

MHJ_0656 Putative prolipoprotein p65 Q4A932 Y 71* 

M
et

ab
o

li
c 

P
ro

te
in

s 

MHJ_0063 Chaperone protein DnaK (HSP70)  Q4AAR4 N 66* 

MHJ_0111 Pyruvate dehydrogenase E1-alpha subunit (PdhA) Q4AAL8 N 42* 

MHJ_0112 Pyruvate dehydrogenase (PdhB) Q4AAL7 N 37* 

MHJ_0133 L-lactate dehydrogenase (Immunogenic p36) P0C0J3 N 34* 

MHJ_0254 Hypoxanthine phosphoribosyltransferase  Q4AA76 N 20 

MHJ_0503 Dihydrolipoamide acetyltransferase (PdhC) Q4A9I2 N 33 

MHJ_0617 DNA-directed RNA polymerase subunit beta'   Q4A970 N 159 

R
ib

o
so

m
al

 P
ro

te
in

s 

MHJ_0072 30S ribosomal protein S7 Q4AAQ5 N 18 

MHJ_0127 50S ribosomal protein L21 Q4AAK2 N 11 

MHJ_0165 30S ribosomal protein S11 Q4AAG5 N 15 

MHJ_0175 50S ribosomal protein L6 Q4AAF5 N 20 

MHJ_0178 50S ribosomal protein L5 Q4AAF2 N 20 

MHJ_0179 50S ribosomal protein L24 Q4AAF1 N 12 

MHJ_0189 50S ribosomal protein L4 Q4AAE1 N 24 

MHJ_0456 50S ribosomal protein L1 Q4A9M9 N 26 

MHJ_0577 30S ribosomal protein S4 Q4A9B0 N 24 

P
ro

te
as

es
 

MHJ_0202 ATP-dependent zinc metalloprotease FtsH Q4AAC8 N 78* 

MHJ_0525 Heat shock ATP-dependent protease  (Lon) Q4A9G0 N 99 

O
th

er
s 

MHJ_0227 Periplasmic sugar-binding protein Q4AAA3 N 44* 

MHJ_0592 Putative ATP-binding protein Q4A995 N 124 

MHJ_0524 Elongation factor Tu (EF-Tu)
1 

Q4A9G1 N 44* 

MHJ_0213 Putative lipoprotein
2 

Q4AAB7 Y 102 

MHJ_0326 Putative uncharacterised protein
3 

Q4AA06 N 25* 

MHJ_0134 Uncharacterised protein
3 

Q4AAJ6 Y 107 

MW: Calculated intact molecular weight in kDa. NB: Proteins marked with * and all 

adhesin proteins are known to be post-translationally cleaved into smaller, functional 

proteins (Chapter 3). Others class: 
1
Translation, 

2
Transporter, 

3 
Unknown. Lp: Predicted 

Lipoprotein. 
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Figure 4.3B shows immunogenic proteins from whole cell extracts and purified 

biotinylated phase fractionations. Some immunogenic proteins were not identified in 

purified surface extractions (open arrows), however many were enriched in these 

fractions, showing increased reactivity (closed arrows). The lower MW proteins 

(primarily ribosomal proteins) in the biotinylated purified samples are not easily 

detectable by blotting with convalescent pig sera; however in unfractionated samples 

(ie. not purified by avidin-affinity) these proteins are more readily detected. In addition 

these same proteins are repeatedly identified by mass spectrometry in analyses of 

purified surface proteins but are reproducibly not the dominant species. This may 

indicate that only a small proportion of these proteins are displayed on the cell surface, 

with the majority remaining within the cell. This may also suggest that these proteins 

may perform multiple functions occupying different cellular compartments, as 

moonlighting proteins.  

 

2D immunoblots performed on pH range 4-7 and 6-11 gels of M. hyopneumoniae whole 

cell lystaes provide a visual overview of the immunoproteome (Figure 4.5A and B). It 

can be seen that many proteins form “spot trains” across a pI range, and particularly 

visible on the pH 6-11 blots are previously described “cloud regions” composed of 

minor cleavage fragments of adhesin proteins (Chapter 3). Ligand blots (Figure 4.5C-F) 

were also performed using fibronectin and plasminogen in order to validate some of the 

proteins identified by affinity chromatography methods and elucidate post-translational 

modifications such as proteolytic processing.   

Only 10 fibronectin binding proteins identified by 2D ligand blots could be matched to 

spots on 2D gels as indicated in Figure 4.5. 25 of the 97 identified plasminogen binding 

proteins were validated by ligand blotting (Figure 4.5).  

 

 



 

131 

 

 

Figure 4.5. Immuno- and ligand-blots of pH 4-7 and 6-11 2D gels of M. 

hyopneumoniae whole cell lysates.  

Panels A, C and E show pH 4-7 2D blots, and panels B, D and F show pH 6-11 2D 

blots. Panels A and B were probed with convalescent sera showing immunogenic 

proteins, panels C and D were probed with (biotinylated) fibronectin and panels E and F 

were probed with plasminogen. Where spots could be identified, reactive proteins are 

indicated, ribosomal proteins identified at low masses and basic pI are boxed. Reference 

gels and protein identifications have been described previously (Chapter 3). 

 

26 of the 159 identified surface proteins were not found to interact with heparin, 

fibronectin, actin, plasminogen or PK15 surface proteins in column chromatography, 

nor were they determined to be immuno-reactive. Of these, only one (Elongation factor 

G) was identified by both methods, although 19 of the 26 proteins are predicted to be 
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surface exposed or membrane bound by combined bioinformatics predictions. 

Interestingly, all four proteins that were not detected in previous global proteome 

analyses were found to be “non-binding” proteins. A high number of lipoproteins (6 of 

26) and proteins with putative transmembrane domains (15 of 26) amongst these “non-

binding” proteins may also suggest that limits of solubility prevent these proteins from 

being readily detected in affinity-capture methods. Alternatively, these proteins may 

carry out other, as of yet undescribed functions at the cell surface. 

 

4.4.5. P97 and P102 paralogs and proteases 

All members of the P97 and P102 paralog families encoded by M. hyopneumoniae 

strain J, and Mhp494 (P159), a molecule with sequence similarity to P102, were 

identified on the surface using one or both approaches. This is consistent with previous 

finding that members of these two families are prominent proteins present on the 

surface of M. hyopneumoniae. Endoproteolytic cleavage is a hallmark of the P97 and 

P102 paralog families. In most instances, each of these proteins undergoes one or two 

major cleavage events. More recent evidence suggests that cleavage efficiency varies at 

some sites, and major cleavage fragments are targets of further proteolytic cleavage by 

different proteases (Raymond et al., 2014; Raymond et al., 2013; Tacchi et al., 2014). 

These processes profoundly alter how proteins are expressed on the cell surface and 

provide a mechanism by which M. hyopneumoniae regulates surface topography 

(Bogema et al., 2012). Proteolytic cleavage of the P97 and P102 paralogous families of 

adhesins has been previously discussed in detail by several protein-specific publications 

and will not be recapped here  (Bogema et al., 2012; Bogema et al., 2011; Burnett et al., 

2006; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 2004; Raymond 

et al., 2014; Raymond et al., 2013; Seymour et al., 2010; Seymour et al., 2011; 

Seymour et al., 2012; Tacchi et al., 2014; Wilton et al., 2009). Additionally, an 

overview of proteins that undergo cleavage can be found in Chapter 3. 

 

The M. hyopneumoniae genome encodes 17 annotated proteases, 11 of which have been 

previously identified to be expressed under normal culture conditions (Chapter 3). Here 

we have identified 6 annotated proteases at the cell surface (Table 4.5). Three proteases 

were annotated to have endoprotease activity while the remaining three were annotated 
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aminopeptidases. These endoproteases are likely to carry out the major proteolytic 

actions that give rise to adhesin fragments, as well as processing other proteins.  

All identified proteases were also found to interact with heparin, while none were 

retained by actin column affinity chromatography. MHJ_0125 has been previously 

described in detail to be a surface-exposed moonlighting protein of M. hyopneumoniae 

(Robinson et al., 2013). 

 

Table 4.5. Identified surface proteases 

Locus Protein Description  Accession Activity PK15 Fn Plg IP 

MHJ_0125 
Putative 

aminopeptidase 
Q4AAK4 Aminopeptidase - - -* - 

MHJ_0461 Leucyl aminopeptidase  Q4A9M4 Aminopeptidase - - X - 

MHJ_0659 
XAA-PRO 

aminopeptidase  
Q4A929 Aminopeptidase - - - - 

MHJ_0202 
ATP-dependent zinc 

metalloprotease FtsH  
Q4AAC8 Metalloendoprotease - X X X 

MHJ_0522 Oligoendopeptidase F  Q4A9G3 Metalloendoprotease X - - - 

MHJ_0525 Lon protease  Q4A9G0 Serine endoprotease X - X X 

X indicates proteins were detected in biotinylated PK15 surface protein (PK15), 

fibronectin (Fn) or plasminogen (Plg) affinity chromatography, or immunoprecipitation 

using convalescent sera (IP), coupled with GeLC-MS/MS. All proteases interacted with 

heparin, whilst none were retained by actin affinity chromatography. *MHJ_0125 has 

been previously described to bind plasminogen (Robinson et al., 2013). 
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4.5. Discussion 

The P97 and P102 paralogous families of adhesins in M. hyopneumoniae are among the 

best characterised proteins of this bacterium, and the most prominent class of surface 

proteins (Bogema et al., 2012; Bogema et al., 2011; Deutscher et al., 2010; Deutscher et 

al., 2012; Djordjevic et al., 2004; Jenkins et al., 2006; Raymond et al., 2014; Seymour 

et al., 2010; Seymour et al., 2011; Seymour et al., 2012; Tacchi et al., 2014; Wilton et 

al., 2009; Wilton et al., 1998). It is unsurprising then, that they are well-represented in 

the analysis of surface proteins presented here, with all members expressed at the cell 

surface. These proteins have been previously described to play important roles in initial 

adherence events leading to colonisation of the host. Endoproteolytic fragments derived 

from the two families display multifunctional capabilities on the surface of M. 

hyopneumoniae where they bind directly to cilia, sulphated glycosaminoglycans, 

fibronectin and plasminogen (Adams et al., 2005; Bogema et al., 2012; Bogema et al., 

2011; Burnett et al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et 

al., 2004; Jenkins et al., 2006; Raymond et al., 2014; Raymond et al., 2013; Seymour et 

al., 2010; Seymour et al., 2011; Seymour et al., 2012; Tacchi et al., 2014; Zhang et al., 

1995).   

 

M. hyopneumoniae has a reduced coding capacity and therefore the ability to modify 

proteins post-translationally may be a conservative evolutionary step to maintain 

function and diversity, particularly for surface-exposed proteins. Proteolytic processing 

has been described previously for 11 members of the P97/P102 paralog family (Bogema 

et al., 2012; Bogema et al., 2011; Burnett et al., 2006; Deutscher et al., 2010; Deutscher 

et al., 2012; Djordjevic et al., 2004; Raymond et al., 2014; Raymond et al., 2013; 

Seymour et al., 2010; Seymour et al., 2011; Seymour et al., 2012; Tacchi et al., 2014; 

Wilton et al., 2009). At this stage it is hypothesised that multiple proteases are 

responsible for cleavage, and the majority of cleavage events are carried out at the cell 

surface. The adhesin molecules possess a stretch of hydrophobic amino acids at the N-

terminus that enable the protein to be inserted into the membrane and unfold to leave 

the majority of the length exposed to the extracellular environment (Djordjevic et al., 

2004). However, the known cleavage fragments of the adhesins do not possess any 

known mechanism to become surface exposed or remain attached to the surface and this 

is an area of interest for future studies. Therefore proteolytic processing is likely to be 
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carried out at the cell surface as the adhesins ‘unloop’ through the membrane. 

Consistent with this, we identified six proteases present at the cell surface, three with 

endoprotease activity that present as potentially responsible for carrying out dominant 

cleavage events in the adhesin proteins. These are currently the targets of further 

investigations. 

 

In a recent study, the surfaceome of M. hyopneumoniae strain 7448 was found to consist 

of 59 proteins, when analysed by biotin labelling of intact cells (Reolon et al., 2014). A 

BLASTP search of the identified proteins allowed identification of the homologous 

proteins in strain J, so that the surfaceomes of the two strains could be compared.  

47 homologous proteins were identified in both the surfaceome of M. hyopneumoniae 

strain J and strain 7448. These proteins were perhaps unsurprisingly, largely made up of 

the adhesin proteins, which have been shown to be conserved between strains (Hsu and 

Minion, 1998b; Zhang et al., 1995), membrane proteins and lipoproteins, but also 

moonlighting proteins described here and in other species to be involved in host-

pathogen interactions. Lactate dehydrogenase, pyruvate dehydrogenase complex 

components, elongation factor Tu, chaperone protein DnaK and glyceraldehyde 

phosphate dehydrogenase were amongst the proteins identified to be surface exposed in 

both strains of M. hyopneumoniae, suggesting their moonlighting activities may also be 

conserved between strains. 16 proteins identified in the 7448 surfaceome were not 

identified in the analyses presented here (by homology). Of these, half (8) of the J strain 

homologs were not identified in strain J global analyses (Chapter 3), suggesting there 

may be strain-specific differences in expression levels. 

 

A striking feature of this study has been the high number of predicted intracellular 

(27%) and non-classically secreted proteins (18%); that is, proteins with known or 

annotated functions in the cytosol, lacking any predicted transmembrane domains or 

traditional mechanisms for transport to the cell surface. Interpretation of results from 

bioinformatic analyses can be problematic as mycoplasmas are an unusual class of 

organisms, descending from Gram-positive firmicutes but lacking a cell wall and 

complete metabolic pathways (Dybvig and Voelker, 1996; Edman et al., 1999). With 

regards to cell structure, the Mollicutes are more akin to mammalian cells, lacking a cell 

wall and being bounded by only a single plasma membrane, however export 
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mechanisms are currently assumed to be more closely related to Gram positive 

organisms through evolution (Dybvig and Voelker, 1996). It must be recognised that 

localisation prediction algorithms are not trained on, and therefore not optimised for 

atypical organisms such as the mycoplasmas (Edman et al., 1999). Signal peptides of 

mollicutes have been found to be significantly shorter than those of Gram positive 

bacteria, while they are relatively longer than those of E. coli. Signal peptides of 

mollicutes have also been found to differ from other bacteria in their N-terminal charge, 

peptide length and periodicity of side chain hydrophobicity (Edman et al., 1999). Signal 

peptides for lipoproteins were also found to be longer than for any other bacteria, which 

may be an adaptation to the thicker, cholesterol-rich membrane (Edman et al., 1999). 

These may be important factors in the secretion systems for mycoplasmas.   

 

Even in recognising shortcomings of in silico predictions of protein subcellular 

localisations, a large number of proteins with well-characterised intracellular functions 

(or homologs in other species) were still identified to be surface exposed. The 

identification of annotated cytosolic proteins in surface proteome experiments has 

previously been a contentious issue, often attributed to cell lysis or regarded as artefact 

and dismissed, however cytoplasmic proteins in some cases have been described to have 

multiple functions dependent on cellular location and are in such cases referred to as 

“moonlighting” proteins (Solis and Cordwell, 2011). In some cases, such as for the 

large proportion of uncharacterised proteins in M. hyopneumoniae, functions have not 

yet been ascribed, but the genuine presence of these proteins at the cell surface is 

supported by recognition by immune sera or interaction with host molecules. 

 

In a review by Dreisbach et al., the results of five independent studies of the surfaceome 

of Staphylococcus aureus were compared (Dreisbach et al., 2011). The studies covered 

several different strains and utilised methods of biotinylation (Hempel et al., 2010), 

surface shaving with trypsin (Dreisbach et al., 2010; Solis et al., 2010; Ventura et al., 

2010) and a subtractive proteome analysis or “SUPRA” (Glowalla et al., 2009). It was 

concluded that surface labelling using membrane-impermeable biotin identified the 

most proteins, however this was likely to be confounded by the ability of the biotin to 

label proteins buried within the cell wall and not truly surface exposed. This is not a 

problem for the cell wall-less mycoplasma. In addition, the lack of a cell wall means, 
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proportionately, a larger repertoire of proteins will be surface exposed compared to 

walled bacteria and proteins with transmembrane domains will likely be in direct 

contact with the external environment. In the comparison of the Staphylococcus 

surfaceomes between 40 and 60% of proteins identified were predicted to be cytosolic, 

or had known functions in the cytosol; this is a common feature of many surfaceome 

analyses (Dreisbach et al., 2011). Surface proteome analyses of Gram-positive bacteria 

such as Bacillus subtilis (Tjalsma et al., 2004; Tjalsma et al., 2008), and Streptococcus 

pyogenes (Severin et al., 2007), as well as Gram negative bacteria such as 

uropathogenic E. coli (Wurpel et al., 2014) have shown similar trends, and our results 

suggest this phenomenon extends also to Mycoplasmas. More recently, it has been 

reported that S. aureus biofilm extracellular matrix is largely composed of cytoplasmic 

proteins and that their binding to the cell surface is pH dependent (Foulston et al., 

2014). 

 

To begin to ascribe functions to surface proteins of M. hyopneumoniae, we screened 

surface proteins for the ability to bind key host molecules: heparin, fibronectin, actin, 

plasminogen and surface proteins of model host epithelial cells. By investigating 

function, we can obtain a more accurate representation of the interplay between host and 

bacterial systems, particularly those which may assist in colonisation, immune evasion 

or invasion of the host. A better understanding will also enable us to exploit these 

interactions in the process of rational vaccine or drug design. 

 

Heparin was chosen as a structural mimic for highly sulphated glycosaminoglycans that 

line the cilia in the respiratory tract and are opportune targets for initial adherence 

events. Many proteins of M. hyopneumoniae have previously been described to bind 

heparin, including members of the adhesin paralogous families (Bogema et al., 2012; 

Bogema et al., 2011; Burnett et al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; 

Hsu et al., 1997; Jenkins et al., 2006; Raymond et al., 2014; Raymond et al., 2013; 

Seymour et al., 2010; Seymour et al., 2011; Seymour et al., 2012; Tacchi et al., 2014; 

Wilton et al., 2009; Zhang et al., 1994), a leucine aminopeptidase (MHJ_0461) (Jarocki 

et al., 2015), and a glutamyl aminopeptidase (MHJ_0125) (Robinson et al., 2013). 

These proteins have also been described previously to bind plasminogen, the precursor 

to the serine protease, plasmin which is important for the degradation of tissue barriers, 
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and hence cell migration. Bacterial pathogens intervene with this system in a number of 

ways, usually to facilitate in host extracellular matrix degradation for the purpose of 

cellular invasion or recycling of amino acids through activation of latent matrix 

metalloproteases (Lahteenmaki et al., 2005). Both glutamyl and leucine 

aminopeptidases of M. hyopneumoniae have been described to degrade ECM 

components and these have been hypothesised to play roles in the destruction of 

mucocilliary function during adhesion to porcine respiratory cilia and have been 

implicated in the acquisition of host amino acids through the systematic degredation of 

N-terminal amino acids (Jarocki et al., 2014; Robinson et al., 2013). Interestingly, the 

glutamyl aminopeptidase was previously identified to bind plasminogen in binding 

assays using recombinant proteins (Robinson et al., 2013), however it was not identified 

in the global affinity capture protocol used here. This may be attributed to abundance 

issues and protein dynamic range in the sample. It should be noted that traces of actin 

was detected in the commercially-obtained plasminogen used in affinity 

chromatography, thus proteins that are listed as binding actin and plasminogen may 

actually preferentially interact with actin. The ability to bind actin, a host cytoskeletal 

protein, is another common feature of bacterial invasion and cell-to-cell spread (Gruber 

and Sperandio, 2014). As M. hyopneumoniae has been isolated from the liver and 

spleen of contact-infected pigs, suggesting rapid colonisation occurs and invasion is 

likely to be an underexplored feature of infection (Marois et al., 2007). This internal 

dissemination is likely to result in reinfection, following treatment, even if external 

sources of infection are removed (Le Carrou et al., 2006), which is a factor that must be 

taken into consideration in the design of vaccines and therapeutics. Another key host 

protein exploited for adhesion and invasion by bacterial pathogens is fibronectin, a 

glycoprotein component of the host extracellular matrix. Fibronectin binding proteins 

promote adhesion to the surface of host cells and the subsequent internalisation (Foster 

et al., 2014). Finally, we screened for direct host-pathogen protein-protein interactions, 

using biotinylated surface proteins from a model porcine epithelial-like cell line (PK15), 

in an indirect avidin-affinity chromatography purification. 

 

The ability to bind each of these components and/or elicit an immune response in vivo 

necessitates that these proteins are exposed to the host; however the mechanism by 

which they become exposed remains elusive. One hypothesis is that proteins may be 
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secreted by undiscovered secretion mechanisms or pathways (Boel et al., 2005; 

Foulston et al., 2014; Yang et al., 2011), which is possible, given the relatively 

understudied nature of the mollicutes due to previous difficulties in genetic 

manipulation. Another hypothesis is cell lysis, either through normal turnover or 

through altruistic lysis or fratricide in bacterial communities, releases these proteins into 

the extracellular milleu, whereby they bind back to the Mycoplasma cell surface and/or 

affect their (moonlighting) functions extracellularly (Foulston et al., 2014). In a 

genome-reduced organism that has previously been shown to recycle amino acids 

(Jarocki et al., 2015; Robinson et al., 2013) and post-translationally modify/cleave large 

proteins to obtain multifunctional fragments (Raymond et al., 2014; Raymond et al., 

2013; Tacchi et al., 2014) (Chapter 3), this would be yet another mechanism to 

maximise the coding capacity.  

 

The concept of moonlighting proteins is not novel. They are described as proteins 

capable of performing two or more distinct biological functions within a single 

polypeptide chain, excluding proteins that play the same role in different locations or 

splice variants (Jeffery, 1999). Here, we specifically discuss topographical/geographical 

moonlighters; i.e. proteins with a different function depending on their cellular 

localisation. Moonlighting proteins can be found in a range of organisms, from 

pathogenic microbes (Jeffery, 1999), to eukaryotic pathogens such as pathogenic fungi 

as well as parasitic protozoa and multicellular parasites (Karkowska-Kuleta and Kozik, 

2014) as well as mammalian cells (Jeffery, 2003; Jung et al., 2014; Petit et al., 2014). 

Glycolytic enzymes and chaperones, which are highly conserved, are amongst the most 

commonly identified examples of moonlighting proteins in all species.  

 

We identified 7 annotated glycolytic enzymes of M. hyopneumoniae strain J to be 

surface exposed, 6 of which were also found to bind various host molecules (Table 2). 

Plasminogen-binding was a prominent feature of the moonlighting glycolytic enzymes 

identified, and is common throughout many species (Henderson and Martin, 2011). 

Examples of plasminogen-binding moonlighting proteins can be found in enolase of 

Borrelia burgdorferi (Toledo et al., 2012), Bacillus anthracis (Agarwal et al., 2008) and 

Streptococcus pneumoniae (Bergmann et al., 2001), as well as glyceraldehyde 

phosphate dehydrogenase of Streptococcus pneumoniae (Bergmann et al., 2004) and 
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triosephosphate isomerase of Staphylococcus aureus (Furuya and Ikeda, 2011). 

Phosphoglycerate kinase binds plasminogen in Streptococcus pneumoniae (Fulde et al., 

2014) and in Group B Streptococcus, it also has the capacity to bind actin (Boone et al., 

2011). Other well-characterised moonlighting functions of metabolic proteins include 

fibronectin binding and host cell adhesion. Notably, in the porcine pathogen 

Streptococcus suis, enolase, fructose-bisphosphate aldolase, phosphoglycerate mutase, 

pyruvate kinase and pyruvate dehydrogenase E1 component alpha subunit have been 

identified to bind fibronectin (Zhang et al., 2014). Fructose-1,6-bisphosphate aldolase in 

Neisseria meningitidis plays a role in host cell adhesion (Tunio et al., 2010). 

 

In Mycoplasma species, moonlighting proteins have previously been identified in the 

human pathogen M. pneumoniae. The proteins elongation factor Tu and pyruvate 

dehydrogenase E1-beta subunit (PdhB) have been described to localise to the surface 

and play a role in binding host molecules such as fibronectin (Balasubramanian et al., 

2008; Dallo et al., 2002). This is consistent with our findings that both Pyruvate 

dehydrogenase (PdhB) and Elongation factor Tu of M. hyopneumoniae bind fibronectin, 

plasminogen, heparin and host epithelial cell surface proteins. We also report EfTu to be 

immunogenic. Additionally, we have previously reported that both PdhB and EfTu in 

M. hyopneumoniae undergo post-translational cleavage events and a detailed analysis of 

motifs that enable fragments of EfTu to bind to various host components can be found 

in Chapter 3. This evidence of cleavage is relevant to surface-exposed multifunctional 

proteins in two ways. Firstly we have hypothesised that proteolytic processing of the 

P97/P102 adhesin proteins occurs at the cells surface at specific motifs and regions 

within the proteins (Bogema et al., 2011; Deutscher et al., 2012; Raymond et al., 2013), 

requiring proteins to be translocated across the cell membrane before they can be 

cleaved. Secondly, these proteins have well characterised structural properties that 

enable them to carry out their primary functions. Cleavage would inevitably alter the 

structure, which in turn would affect the function. If this post-translational processing is 

necessary for these proteins to affect their secondary functions, they can no longer be 

classed as true moonlighting proteins (Jeffery, 1999). However, the current evidence in 

the literature suggests homologous proteins in other species can affect their alternate 

functions in the absence of post-translational modifications.  
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The multi-functionality of ribosomal proteins has also previously been suggested by 

work performed on Mycoplasma pneumoniae. Size exclusion chromatography found 

some high abundance ribosomal proteins not associated with the ribosome (Maier et al., 

2011). In addition, genome-wide screening or protein-protein interactions using tandem 

affinity purification coupled to mass spectrometry, indicated that several ribosomal 

proteins of M. pneumoniae are associated with different protein complexes, suggesting 

the potential to effect different functions in monomeric states, in complexes with other 

proteins and as components of the intact ribosome (Kuhner et al., 2009; Maier et al., 

2011). Our analyses identified 30 ribosomal proteins as putative surface proteins, and 

while further investigation is needed to determine if these proteins are present at the cell 

surface as monomeric subunits or in a complex, several have shown preliminary 

evidence for binding to host plasminogen, fibronectin, actin, heparin and/or epithelial 

cell surface proteins, and nine elicit an immune response. 

 

Given the reduced coding capacity of the mycoplasma genomes, it is not unfeasible that 

multifunctional proteins could be of higher abundance/importance in these bacteria in 

order to carry out functions that make these organisms successful host colonisers and 

pathogens. 

 

4.6. Conclusion 

What distinguishes this study from other surfaceome analyses is that we have taken a 

conceptually unbiased approach, coupled with high-throughput screening techniques to 

begin to assign biological function to surface-exposed proteins. The data presented 

demonstrates the lack of congruency between bioinformatics predictions and 

experimentally obtained data and serves to highlight how easily experimental data that 

does not conform to the model system may be disregarded, without further investigation 

into potential biological functions. We identified a number of potential moonlighting 

proteins, some previously described and some novel, which were present on the cell 

surface and showed evidence of binding to heparin, actin, fibronectin or plasminogen by 

affinity chromatography, and/or elicited an immune response. The immunoproteome 

begins to describe the proteins that are “seen” by the host immune system, capable of 

eliciting an immune response and most importantly, validating the expression and 

localisation of these proteins in vivo. Further studies are required to confirm the binding 
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ability and determine kinetics of individual protein-ligand or protein-protein 

interactions. By improving our understanding the surface proteome, we can better 

understand the nature of host-pathogen interactions and contribute to rational design of 

novel vaccines and therapeutics to combat infection. 

  



 

143 

 

Chapter 5. Cilium adhesin P216 (MHJ_0493) is a target of ectodomain 

shedding and aminopeptidase activity on the surface of Mycoplasma 

hyopneumoniae 

 

The following chapter has been subjected to peer-review and published in the Journal of 

Proteome Research, May 2014. 

 

Reproduced with permission from: Tacchi, J. L.; Raymond, B. B.; Jarocki, V. M.; 

Berry, I. J.; Padula, M. P.; Djordjevic, S. P., “Cilium Adhesin P216 (MHJ_0493) Is a 

Target of Ectodomain Shedding and Aminopeptidase Activity on the Surface of 

Mycoplasma hyopneumoniae.” Journal of Proteome Research 2014.  

Copyright 2014, American Chemical Society. 
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5.1. Abstract 

MHJ_0493 (P216) is a highly expressed cilium adhesin in Mycoplasma hyopneumoniae. 

P216 undergoes cleavage at position 1074 in the S/T-X-F↓-X-D/E-like motif 
1072

T-N-

F↓Q-E
1076

 generating N-terminal and C-terminal fragments of 120 kDa (P120) and 85 

kDa (P85) on the surface of M. hyopneumoniae. Here we show that several S/T-X-F↓X-

D/E-like motifs exist in P216 but only 
1072

T-N-F↓Q-E
1076

 and 
1344

I-T-F↓A-D-Y
1349 

were 

determined to be bona fide processing sites by identifying semi-tryptic peptides 

consistent with cleavage at the phenylalanine residue. The location of S/T-X-F↓-X-D/E-

like motifs within or abutting regions of protein disorder greater than 40 consecutive 

amino acids is consistent with our hypothesis that site access influences the cleavage 

efficiency. Approximately twenty cleavage fragments of P216 were identified on the 

surface of M. hyopneumoniae by LC-MS/MS analysis of biotinylated proteins and 2D 

SDS-PAGE.  LC-MS/MS analysis of semi-tryptic peptides within P216 identified novel 

cleavage sites. Moreover, detection of a series of overlapping semi-tryptic peptides that 

differed by the loss a single amino acid at their N-terminus is consistent with 

aminopeptidase activity on the surface of M. hyopneumoniae. P120 and P85 and their 

cleavage fragments bind heparin and cell surface proteins derived from porcine 

epithelial-like cells indicating that P216 cleavage fragments retain the ability to bind 

glycosaminoglycans. 
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5.2. Introduction 

Advances in genome sequencing technologies in the past decade have led to an 

explosion in the number of microbial genomes in public databases (NCBI Microbial 

genomes resources http://www.ncbi.nlm.nih.gov). The vast majority of microbial 

genome sequences are computationally annotated without manual curation, with the 

assumption that gene predictions accurately represent the coding capacity of the 

genome. In reality, annotation pipelines are unable to accurately predict the structural 

nature and location of posttranslational chemical modifications and are unable to predict 

most proteolytic processing events (Ansong et al., 2011). Protein-centric proteomics 

approaches provide an avenue to i) interrogate the accuracy of computationally 

predicted protein-coding sequences, ii) identify novel ORFs, iii) confirm start sites, iv) 

identify the proportion of proteins that retain or lose N-terminal methionine residues 

and v) mine peptide spectral libraries and characterise post-translational modifications. 

We have successfully used 2D SDS-PAGE and protein-centric approaches to unravel 

the complex proteolytic events that shape how surface proteins are processed into 

mature effector molecules in Mycoplasma hyopneumoniae (Bogema et al., 2012; 

Bogema et al., 2011; Burnett et al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; 

Djordjevic et al., 1994; Raymond et al., 2013; Seymour et al., 2010; Seymour et al., 

2011; Seymour et al., 2012; Wilton et al., 2009), Mycoplasma gallisepticum 

(Szczepanek et al., 2010), Streptococcus pyogenes (Cole et al., 2005) and 

Campylobacter jejuni (Scott et al., 2010). 

 

M. hyopneumoniae is a major respiratory pathogen that inflicts severe economic losses 

to swine production globally. As a consequence of genome reduction, M. 

hyopneumoniae has lost the genetic capacity to synthesize amino acids, nucleic acids 

and essential lipids for membrane construction and is reliant on successful colonisation 

of the porcine ciliated epithelium for survival. Colonisation of respiratory ciliated 

epithelium relies on the expression of two functionally-redundant adhesin families that 

are paralogs of P97 and P102. Members of the P97 and P102 paralog families are 

endoproteolytically processed, generating a complex combinatorial library of 

functionally redundant endoproteolytic cleavage fragments that bind 

glycosaminoglycans, fibronectin, and plasminogen (Bogema et al., 2012; Bogema et al., 

2011; Burnett et al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et 
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al., 2004; Jenkins et al., 2006; Seymour et al., 2010; Seymour et al., 2011; Seymour et 

al., 2012; Wilton et al., 2009). P97- and P102-related adhesins are thought to be 

modified by the action of several endoproteases because cleavage occurs at structurally 

unrelated motifs with sequences S/T-X-F↓X-D/E, T-N-T↓N-T-N and L-X-V↓X-V/A-X 

(Bogema et al., 2012; Bogema et al., 2011; Deutscher et al., 2012; Djordjevic et al., 

2004). Recent evidence suggests that M. hyopneumoniae also displays surface 

accessible trypsin-like activity that plays a role in endoproteolytic processing of surface 

adhesins (Raymond et al., 2013). Cleavage is not confined to adhesins that belong to the 

P97 and P102 paralog families. P159 (MHJ_0494), a unique cilium and 

glycosaminoglycan-binding adhesin, is also extensively processed at these sites 

(Raymond et al., 2013). Cleavage fragments remain bound on the cell surface by as of 

yet an unknown mechanism(s).  

 

P216 protein sequences from the geographically diverse strains 232 (USA), J (United 

Kingdom), 7448 (Brazil), Beaufort (Australia), and 168 (China) are highly conserved. 

P216 is endoproteolytically-cleaved between amino acids 1041 – 1089 generating N-

terminal 120 kDa (P120) and C-terminal 85 kDa (P85) fragments (Wilton et al., 2009). 

The cleavage site was mapped to the sequence 
1072

TNF↓QE
1076

 which conforms to the 

S/T-X-F↓X-D/E motif (Bogema et al., 2011).  S/T-X-F↓X-D/E motifs reside in 

disordered regions of P97 and P102 paralog family members suggesting that a relaxed, 

unstructured conformation allows proteolytic cleavage to occur (Bogema et al., 2012; 

Bogema et al., 2011; Deutscher et al., 2012; Seymour et al., 2012). Recombinant 

fragments F1P216 – F3P216 were used to determine the ability of regions within P216 to 

bind cilia and glycosaminoglycans and to generate mono-specific polyclonal antiserum 

(Wilton et al., 2009). While immunoblot experiments demonstrated that P216 is 

predominantly represented on the cell surface as N-terminal 120 kDa and C-terminal 85 

kDa fragments, several lower abundance cleavage fragments were detected suggesting 

that cleavage occurs at multiple sites in P216 (Wilton et al., 2009). These putative 

cleavage fragments have not been experimentally validated. 

 

Here we characterised the full gamut of endoproteolytically-derived minor cleavage 

fragments of P216 generated in strains 232 and J, mapped endoproteolytic cleavage 
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sites by LC-MS/MS analysis and examined the ability of cleavage fragments to bind 

glycosaminoglycans and epithelial cell surface proteins. 

 

5.3. Materials and Methods 

5.3.1. Culture conditions 

Mycoplasma hyopneumoniae (strain J and/or 232) was grown in modified Friis broth 

(Friis, 1975) and harvested as described previously (Scarman et al., 1997). 

 

5.3.2. Cell surface analyses 

Cell surface biotinylation of freshly cultured M. hyopneumoniae cells was carried out as 

described previously (Bogema et al., 2011) using E-Z link Sulfo-NHS-LC-biotin 

[Thermo Fisher Scientific]. Biotinylated surface proteins were purified by avidin 

chromatography and 2D gel electrophoresis (Bogema et al., 2011; Nunomura et al., 

2005; Raymond et al., 2013). Enzymatic cell surface shaving with trypsin was carried 

out as described previously and tryptic peptides were identified by LC-MS/MS 

(Deutscher et al., 2010; Raymond et al., 2013).  

 

5.3.3. Preparation of M. hyopneumoniae whole cell lysate  

M. hyopneumoniae cells were lysed by sonication in solubilisation buffer (7 M urea, 2 

M thiourea, 40 mM Tris, 1% (w/v) C7BzO) as described previously (Raymond et al., 

2013; Seymour et al., 2012). Proteins were reduced and alkylated and insoluble material 

was pelleted by centrifugation. Soluble protein was precipitated in acetone and the 

resulting protein pellet was resolubilised in 7 M urea, 2 M thiourea, 1% (w/v) C7BzO as 

previously described (Raymond et al., 2013; Seymour et al., 2012). For 2D separations, 

sample was supplemented with 0.2% (w/v) 3-10 BioLyte ampholytes [BioRad]. 

 

5.3.4. Triton X-114 phase extraction 

Intact, surface-biotinylated M. hyopneumoniae cells were subjected to Triton X-114 

phase extraction as described previously (Bordier, 1981). In addition to soluble aqueous 

and detergent fractions, a Triton X-114 insoluble pellet was obtained by centrifugation 

of the detergent fraction. This pellet was re-solubilised in solubilisation buffer before 

reduction and alkylation as above. Biotinylated surface proteins were purified by avidin 

chromatography and separated by 1D SDS-PAGE (Bogema et al., 2011; Nunomura et 
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al., 2005; Raymond et al., 2013). Proteins were in-gel trypsin-digested and peptides 

analysed by LC-MS/MS. 

 

5.3.5. Two dimensional gel electrophoresis  

250 µg of protein was cup-loaded onto partially rehydrated 11 cm pH 4 – 7 IPG strips 

[BioRad] or 11 cm pH 6 – 11 Immobiline drystrips [GE Healthcare]. Focusing was 

performed in a BioRad Protean IEF cell at a constant 20˚C and 50 μA current limit per 

strip using a 3-step program: slow ramp to 4000 V for 4 h, linear ramp to 10000 V for 4 

h, then 10000 V until 120 kVh was reached. Following focusing, the strips were 

equilibrated in 2% SDS, 6 M urea, 250 mM Tris-HCl pH 8.5, 0.0025% (w/v) 

bromophenol blue for 20 min before SDS-PAGE as described below. 

 

5.3.6. Protein separation and blotting  

Proteins were separated by SDS-PAGE using BioRad midi TGX™ gels and TGS 

running buffer, fixed, stained with Coomassie Blue G250 overnight and destained with 

1% acetic acid to remove background. Alternatively, gels were blotted to PVDF 

membrane as described previously (Raymond et al., 2013). Proteins on PVDF 

membranes were blocked with 5% (w/v) skim milk powder in PBS with 0.1% Tween 20 

(v/v) (PBS-T) at room temperature for 1 h. For P216 immunoblots, membranes were 

incubated with F1 – F3P216 polyclonal antisera individually or pooled (diluted 1:200 in 

PBS-T) for 1 h at room temperature. Blots were washed and exposed to HRP 

conjugated anti-rabbit antibodies (diluted 1:2000 in PBS-T) for 1 h at room temperature. 

Membranes were routinely washed in three changes of PBS-T and developed with 

SIGMAFAST™ 3,3´-diaminobenzidine tablets [Sigma-Aldrich] as per manufacturer’s 

instructions. 

 

5.3.7. Heparin column affinity chromatography  

Heparin affinity chromatography of M. hyopneumoniae whole cell lysates was carried 

out using 1 mL HiTrap™ Heparin HP columns [GE Healthcare] on a Waters 2690 

Alliance LC separations module as described in detail previously (Raymond et al., 

2013). Heparin binding fractions were collected and pooled into low and high affinity 

interactions based on the elution profile over an increasing salt gradient, concentrated 

and separated further by 1D SDS-PAGE. 
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5.3.8. Avidin purification of interacting proteins 

To identify M. hyopneumoniae proteins that bind to surface proteins on porcine kidney 

(PK15) epithelial cells a protocol was adapted from (Chen et al., 2011; Nunomura et al., 

2005) as described in detail previously (Raymond et al., 2013). Briefly, PK15 cells were 

washed and cell surface proteins were labelled with membrane impermeable EZ link 

sulfo-NHS-LC-biotin [Thermo Fisher Scientific] for 30 min at 4˚C. The reaction was 

quenched, the cells washed and lysed with 1.0% Triton X-100 with protease inhibitors 

on ice for 30 min with vortexing. Surface biotinylated proteins were allowed to bind to 

avidin agarose slurry for 1 h at room temperature, before packing into a column and 

unbound proteins removed by washing with 6 volumes of PBS. 

Cleared M. hyopneumoniae cell lysates in 0.5% Triton X-100 were incubated with the 

biotinylated PK15-avidin agarose mixture overnight at 4˚C on a rotating wheel, before 

packing into a column and removing non-interacting proteins with six washes of 25 mM 

Tris-HCl, 150 mM NaCl, pH 7.4. Interacting proteins were collected in five elutions of 

100 mM Tris-HCl, 2 M NaCl, pH 7.4 and strongly bound proteins and the biotinylated 

PK15 proteins were eluted with 30% ACN and 0.4% trifluoroacetic acid. Fractions were 

concentrated, precipitated and separated by 1D SDS-PAGE before in-gel trypsin 

digestion and LC-MS/MS. 

 

5.3.9. Liquid chromatography and tandem mass spectrometry (LC-MS/MS) 

Entire gel lanes of interest were sliced into 16 equal pieces for in-gel trypsin digestion 

and analysis by LC-MS/MS. All clearly visible spots from 2D gels, with the exception 

of some spots forming spot trains, were excised manually, digested in-gel with trypsin 

and analysed by LC-MS/MS. Mass spectrometry and subsequent data analysis was 

carried out as described previously (Raymond et al., 2013). Briefly, sample was 

loaded a C8 Trap column [Michrom, USA] connected to a NanoLC system [Eksigent, 

USA]. After washing, the peptides were eluted off the trap (300 nL min
−1

) onto 

an PicoFrit column (75 μm × 150 mm) packed with Magic C18AQ resin [Michrom, 

USA]. Peptides were eluted from the column and into the source of a QSTAR 

Elite quadrupole-time-of-flight mass spectrometer [AB Sciex] at 2300V using the 

following program: 5−50% MS solvent B (98% ACN +0.2% formic acid) over 30 min 

for gel slices or 15 min for gel spots, 50−80% MS B over 5 min, 80% MS B for 2 min, 
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80−5% for 3 min. An Intelligent Data Acquisition (IDA) experiment was performed, 

with a mass range of 350−1500 Da scanned for peptides of charge state 2+ to 5+ with an 

intensity of more than 30 counts/scan. Selected peptides were fragmented, and the 

product ion fragment masses were measured over a mass range of 50−1500 Da. The 

mass of the precursor peptide was then excluded for 120 s for gel slices or 15 s for gel 

spots. 

  

5.3.10. MS/MS data analysis 

The MS/MS data files were searched using Mascot (hosted by the Walter and Eliza Hall 

Institute for Medical Research Systems Biology Mascot Server) against the LudwigNR 

database (composed of the UniProt, plasmoDB and Ensembl databases (vQ312. 19 375 

804 sequences; 6 797 271 065 residues)) with the following parameter settings. Fixed 

modifications: none. Variable modifications: propionamide, oxidized methionine. 

Enzyme: semitrypsin. Number of allowed missed cleavages: 3. Peptide mass tolerance: 

100 ppm. MS/MS mass tolerance: 0.2 Da. Charge state: 2+ and 3+. For biotinylated 

samples, variable modifications also included biotinylated lysine and N-terminal 

biotinylation. Scaffold (v3.00.02, Proteome Software Inc., Portland) was used to 

validate and compare MS/MS based peptide and protein identifications. Peptide 

identifications were accepted if their calculated probability assigned by the Protein 

Prophet algorithm was greater than 95.0% and protein identifications were accepted if 

their calculated probability was greater than 80.0%. All semi-tryptic and cleavage-

defining peptide identifications were manually inspected for quality of spectra (Figure 

S5.1). 

 

5.3.11. Bioinformatic analysis of P216 

Bioinformatic analysis of P216 used online resources: ProtParam (Wilkins et al., 1999), 

PattInProt (Combet et al., 2000) TMpred (Wilkins et al., 1999), COILS (Lupas et al., 

1991) and PONDR VSL2 and VL-XT (Li et al., 1999; Romero et al., 1997; Romero et 

al., 2001) as previously described (Bogema et al., 2011; Deutscher et al., 2012; Liu et 

al., 2011; Raymond et al., 2013).  

 

5.3.12. Preparation of whole cell lysates for dimethyl labelling 
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All steps for dimethyl labelling preparation and purification were performed according 

to, or adapted from the protocol described by Kleifeld et al. (2011). Fresh washed M. 

hyopneumoniae cell pellets were resuspended in 4 M guanidine hydrochloride, 100 mM 

HEPES buffer at pH 8.0 and lysed by ultrasonication. Samples were diluted with 100 

mM HEPES buffer and re-concentrated by passing through a 3000 MWCO filter. This 

washing step was performed 3 times to remove any free amino acids or other small 

cellular contaminants which could interfere with the labelling. Sample was reduced and 

alkylated with 5 mM tributylphosphine and 20 mM of acrylamide monomers for 90 min 

at room temperature. 

 

5.3.13. Dimethyl labelling of bacterial proteins  

Protein labelling was performed on 1 mg of M. hyopneumoniae strain J protein by the 

addition of 40 mM formaldehyde (ultra-pure grade) [Polysciences Inc., USA] in the 

presence of 20 mM sodium cyanoborohydride, buffered with 100 mM HEPES solution 

adjusted to pH 6 – 7 in a final volume of 1 mL, and incubated at 37°C for a minimum 4 

h. The reaction was quenched by the addition of 100 mM ammonium bicarbonate and 

precipitated with 8 volumes of acetone and 1 volume of methanol at -20°C for 3 h. The 

precipitated protein was then pelleted by centrifugation at 14000 × g and washed with 5 

volumes of methanol. The protein pellet was resuspended in 50 mM sodium hydroxide, 

pH 8.0 and digested with trypsin prior to peptide enrichment and analysis by LC-

MS/MS.  

 

5.3.14. Enrichment of labelled N-terminal peptides 

To enrich for blocked N-terminal peptides, the high molecular weight aldehyde-

derivatised polymer (HPG-ALD type II) [Flintbox Innovation Network] was added in a 

ratio 2 μg of polymer per 1 μg of peptides in the presence of 20 mM of sodium 

cyanoborohydride. The reaction was allowed to proceed at 37°C for a minimum of 4 h. 

Ammonium bicarbonate was added to 100 mM, adjusted to pH 6 – 7 and incubated for 

30 min to quench the reaction. Samples were passed through a 10000 MWCO 

Ultrasep™ Advance Centrifugal Device by centrifugation at 10000 × g. Filtrates 

containing unbound N-terminal peptides, were acidified with 0.02% Trifluoroacetic acid 

and reduced to ~15 μL in a Vacufuge™ Concentrator 5301 [Eppendorf, Germany], 

ready for analysis by LC-MS/MS.  
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5.4. Results 

5.4.1. Structural and chemical features of P216 

In strain J of M. hyopneumoniae, the mhj_0493 gene encodes a 216 kDa protein (P216J) 

comprising 1878 amino acids. The P216 protein sequence is conserved among 

geographically distinct strains of M. hyopneumoniae, sharing 97% identity in strains J, 

232, 7448 and 168. Alignments with P216 homologs from these strains show that 

sequence differences are largely restricted to variation in lengths of poly-Q regions at 

amino acid positions 1258 and 1375 in strain J (Wilton et al., 2009). Alignment of P216 

sequences from strains J and 232 shows 97.081% identity with 1829 identical amino 

acids and 31 single nucleotide polymorphisms (SNPs) generating similar amino acids. 

TMpred analysis identified a single putative transmembrane domain spanning amino 

acids 7 – 30 (TMpred score: 2090) (Figure 5.1). LC-MS/MS data identify N-terminal 

tryptic peptides for most members of the P97 and P102 paralog families indicating that 

signal sequences are not processed by signal peptidases and remain intact (Bogema et 

al., 2012; Bogema et al., 2011; Deutscher et al., 2012; Djordjevic et al., 2004). 

Consistent with this, the most N-terminal tryptic peptide identified in P216 spans amino 

acids 10 – 31 (see later) suggesting that N-terminal cleavage fragments remain tethered 

to the M. hyopneumoniae membrane (Wilton et al., 2009). 

 

Previous studies indicate that members of the P97 and P102 adhesin families and the 

P159 (mhj_0494) adhesin display uneven charge density generating modular domains 

(Bogema et al., 2012; Burnett et al., 2006; Raymond et al., 2013; Seymour et al., 2010; 

Wilton et al., 2009). P216J comprises 264 positively charged residues (195 K, 56 R, 13 

H) and 240 negatively charged amino acids (124 E, 116 D) with an overall pI of 8.6. 

Four acidic domains were identified at positions 295 – 354 (pI = 3.76), 541 – 600 (pI = 

4.37), 781 – 840 (pI = 4.54) and 1039 - 1320 (pI = 5.03). The remaining regions of P216 

including amino acids 10 – 294 (pI = 9. 17), 355 – 540 (pI = 9.43), 601 – 780 (pI = 

9.40), 841 – 1038 (pI = 9.14) and 1321 – 1878 (pI = 9.09) are strongly basic. As was 

observed in P159, the dominant cleavage site (
1072

TNF↓QEE
1077

) at position 1074 

resides within a large acidic domain spanning 281 amino acids with a pI of 5.03 

(Bogema et al., 2011). The VSL2 (PONDR) algorithm predicts the presence of seven 

disordered regions spanning at least 40 consecutive amino acids in the P216J sequence 

at positions 334 – 377 (44 amino acids), 501 – 583 (83 amino acids), 758 – 805 (48 
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amino acids), 1002 – 1106 (105 amino acids), 1246 – 1292 (46 amino acids), 1365 – 

1406 (42 amino acids) and 1503 – 1560 (58 amino acids). Coiled-coil analyses were 

also performed as some protein disorder predictors interpret coiled-coils as disordered 

regions (Ferron et al., 2006). COILS identified two coiled-coil regions at positions 502 

– 527 and 1252 – 1282 in P216J, one of which was also identified as a disordered region 

using PONDR VSL2 and VL-XT algorithms. The modular structure that defines P216J 

is depicted in Figure 5.1.  

 

 

Figure 5.1. Schematic depiction of the modular nature of P216J.  

Disordered regions are shown as purple (PONDR VSL2) or red (PONDR VL-XT) 

peaks above the molecule, with major domains as indicated. Coiled-coils and 

transmembrane domains as predicted by COILS and TMpred respectively are also 

indicated. Vertical dotted lines show location of putative S/T-X-F↓-X-D/E-like cleavage 

motifs. The yellow arrow indicates the dominant S/T-X-F↓-X-D/E cleavage site that 

generates P120 and P85. D/E rich acidic domains are indicated by green boxes. 

 

Previously, we determined that P216 is target to a dominant cleavage event that 

generates an N-terminal 120 kDa protein (P120) and a C-terminal 85 kDa protein (P85) 

(Wilton et al., 2009). The cleavage site was precisely mapped to the sequence 

1072
TNF↓QEE

1077
 by identification of an unusual tryptic fragment with sequence 

1075
QEEADLDQDGQDDSK

1089
 (Bogema et al., 2011). The cleavage site resides within 

a disordered region spanning 105 amino acids and conforms strictly to the motif S/T-X-

F↓-X-D/E (Bogema et al., 2012). Endoproteolytic processing is a feature of all members 

of the P97 and P102 adhesin families (Bogema et al., 2012; Bogema et al., 2011; 

Burnett et al., 2006; Deutscher et al., 2012; Djordjevic et al., 2004; Seymour et al., 

2011; Seymour et al., 2012; Wilton et al., 2009) and of P159, encoded by the mhj_0494 

gene which lies 59 bases upstream of the P216 gene (mhj_0493) in the M. 

hyopneumoniae genome (Raymond et al., 2013). Dominant cleavage events occur at 
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S/T-X-F↓X-D/E sites in most of the P97 and P102 adhesin paralogs and in P159. The 

association of this cleavage motif with regions of protein disorder is hypothesised to 

influence the efficiency of cleavage (Bogema et al., 2012; Bogema et al., 2011; 

Deutscher et al., 2012; Raymond et al., 2013). Apart from the dominant cleavage site 

1072
T-N-F↓Q-E-E

1077
 described above, PATTINProt identified S/T-X-F↓X-D/E motifs 

at amino acid positions 
84

S-E-F↓T-D-F
89

, 
786

S-Q-F↓K-D-Q
792

 and 29 related motifs with 

either S/T or D/E residues mismatched. Four of these similar motifs at positions 
420

F-L-

F↓D-D-L
425

,
 484

D-N-F↓R-D-V
489

, 
1344

I-T-F↓A-D-Y
1349 

and 
1717

S-S-F↓D-Q-K
1722

 

represent plausible cleavage sites in P216J, but only 
786

S-Q-F↓K-D-Q
792

 resides within 

one of the disordered regions spanning more than 40 amino acids (Figure 5.1). We 

characterised cleavage fragments of P216 to determine if these putative S/T-X-F↓X-D/E 

sites are prone to endoproteolytic cleavage (see below). The more recently identified 

cleavage motif L-X-V↓X-V/A-X (Raymond et al., 2013) was not found within the P216 

sequence.  

 

5.4.2. Immunoblotting studies with anti-F1P216 – F3P216 sera 

In order to identify protein fragments from P216J, whole cell lysates of M. 

hyopneumoniae were separated by 1D SDS-PAGE and blotted to PVDF membrane. 

Blots were probed with antisera raised against recombinant P216 fragments F1 – F3P216 

generated previously (Wilton et al., 2009). Western blotting did not identify any protein 

at the mass of the intact 216 kDa pre-protein, but confirmed the presence of the 

dominant cleavage fragments P120 and P85. The staining pattern also indicated that 

P216 is a target of further processing events, with significant reactivity detected from 

proteins with masses of 20 – 80 kDa (Figure 5.2). In addition, as the recombinant 

fragments from which the antisera were generated only span amino acids 35 – 1444 of 

P216 (Wilton et al., 2009), C-terminal-specific cleavage fragments may not be detected 

by blotting. These data were useful for identifying further cleavage fragments of P216J 

(see below). 
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Figure 5.2. Detection of P216 cleavage fragments by immunoblotting with antisera 

generated to recombinant protein fragments.  

A. Recombinant fragments of P216232 used to generate antisera. B. 1D SDS-PAGE of 

M. hyopneumoniae whole cell lysates probed with a pool of F1 – F3P216 antisera (1:200 

dilution).  

 

5.4.3. Identification of cleavage sites in P216 

LC-MS/MS analysis of protein spots cut from pH 4 – 7 and 6 – 11 2D gels showed that 

the vast majority of cleavage fragments localised in the pI range from 6 – 11 with a 

notable exception (discussed later). These analyses were performed on whole cell 

lysates prepared separately from strains J and 232. Data from 2D gels from strain 232 

are presented here, although our results suggest that processing events in strains J and 

232 are similar. We identified 40 spots on an 11 cm pH 6 – 11 gel that generated tryptic 

peptides that mapped to the P216232 sequence, with the major spot trains highlighted in 

Figure 5.3. Some spots with poor peptide coverage could not be accurately defined as 

fragments and were not included. On pH 6 – 11 2D gels, six spot trains (labelled 1 – 6) 

were identified containing peptides mapping to P216 as well as two single spots 

containing P216 fragments (spots 7 and 8) and a single unique spot resolved on a 4 – 7 
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2D gel (spot 9) (Figure 5.3). All spots within a given spot train were identified to 

contain similar or identical peptide information mapping to one or more fragments of 

the P216 protein. Both dominant cleavage fragments, the N-terminal P120 (113 kDa on 

gel) and C-terminal P85 (99 kDa on gel) were identified at their previously reported 

masses with peptide coverage to within 50 (20 for P85) amino acids of the dominant 

cleavage motif 
1072

T-N-F↓Q-E
1076

. Smaller cleavage products (spot trains 3 – 8, Figure 

5.3) were identified at masses of approximately 85, 78, 62, 51, 33 and 21 kDa in 2D pH 

6 – 11 gels. Despite the apparent simplicity of the cleavage pattern on 2D gels, 

suggesting 8 cleavage fragments, peptide coverage reveals some spot trains contain 

multiple, overlapping, co-migrating fragments. Careful analysis of peptide coverage, pI 

and molecular mass data from these 2D gels identified 16 possible cleavage fragments 

(and possibly more minor variants due to aminopeptidase activity, discussed later) 

derived from the P216 precursor protein (Figure 5.9).  

 

 

Figure 5.3. Identification of protein fragments of P216232 by 2D PAGE.  

Gel image depicting the location of spot trains cut from a 6 – 11 gel of M. 

hyopneumoniae whole cell lysate and one unique spot from a 4 – 7 gel, found to contain 

peptides mapping to P216. Schematic representation of peptide coverage obtained by 

LC-MS/MS can be seen in Figure 5.9. 
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5.4.4. Surface exposed cleavage products of P216 

Many P216 protein fragments were identified to be surface exposed. While it has been 

previously determined that P216 resides at the cell surface, cell surface biotinylation of 

intact M. hyopneumoniae strain J followed by purification using avidin affinity 

chromatography and subsequent 2D gel electrophoresis has allowed us to identify 

specific products of proteolytic processing that are also surface exposed. 33 spots from 

six spot trains were identified to contain peptides mapping to P216J on pH 3 – 10 2D 

gels. Again, all spots within a given spot train were identified to contain similar peptide 

information mapping to one or more fragments of P216, with cleavage patterns 

complicated by overlapping and co-migrating fragments. Although the process of 

biotinylation may alter the migration of protein cleavage products along the pI gradient, 

a number of fragments were identified by peptide mapping to correspond to fragments 

characterised from unlabelled gels.  Dominant fragments P120 and P85 correspond to 

spots in trains labelled A and B. Minor cleavage fragments C and D1 correspond 

approximately to fragments 3.2 and 4.2 from unlabelled gels (Figure 5.4, see also Figure 

5.9).  

 

 

Figure 5.4. Identification of biotinylated (surface) fragments of P216J by 2D SDS-

PAGE and LC-MS/MS.  

A. pI 3 – 10 2D gel of biotinylated proteins of M. hyopneumoniae showing spot trains 

containing peptides mapping to P216J (labelled A – F). Schematic representation of 

surface exposed cleavage fragments of P216 can be seen in Figure 5.9.  

 

5.4.5. Identification of intact P216  

Purified biotinylated surface proteins from the insoluble fraction of a Triton X-114 

preparation of M. hyopneumoniae strain J were separated by 1D SDS-PAGE, in-gel 
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trypsin digested and analysed by LC-MS/MS (Figure 5.5). In a high molecular mass 

slice ~200 – 250 kDa, 46 peptides were identified mapping to the full length of P216J 

with a Mascot protein score of 2096 and 31% coverage of the molecule (Figure S5.3). 

Peptides spanning the dominant cleavage site were not identified to confirm the 
1072

S-T-

F↓Q-E
1076

 site was intact. This is to be expected, as the site resides in a stretch of 42 

amino acids lacking lysine or arginine residues to create tryptic peptides detectable by 

the LC-MS/MS used here. In addition, a semi-tryptic peptide 

13
AAAIIGSTVFGTVVGLASK

31
 was identified at the N-terminus of the protein (see 

later). This is the first time the P216 pre-protein has been identified, and underscores the 

efficiency of the dominant cleavage site, particularly since antisera failed to detect intact 

P216 in blots of whole cell lysates, as noted in Figure 5.2.  

 

 

Figure 5.5. Identification of intact P216J from a 1D gel of purified biotinylated surface 

proteins from a Triton X-114 insoluble fraction.  

Peptides mapping to the entire length of the protein were identified by LC-MS/MS from 

a band excised at ~250 kDa as indicated (Figure S5.3).  

 

5.4.6. Identification of true N-termini and cleavage sites  

LC-MS/MS identification of semi-tryptic peptides has previously been used to aid in the 

determination of proteolytic cleavage sites, usually in conjunction with supporting 

Edman degradation sequence information or mass context from 2D gels (Bogema et al., 

2012; Bogema et al., 2011; Raymond et al., 2013). Atypical tryptic peptides identified 
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by LC-MS/MS, where one terminal residue is inconsistent with the action of trypsin 

cleavage C-terminal to K/R (semi-tryptic peptides) allowed us to identify proteolytic 

sites which are consistent with the sizes of fragments observed on gels. Semi-tryptic 

peptides were identified at multiple positions within P120 (Figure 5.6 and Table 5.1). 

The dominant cleavage site that generates P120 and P85 was also confirmed by 

identifying the semi-tryptic N-terminal peptide sequence, 

1074
QEEADLDQEGQDDSK

1088
, by LC-MS/MS (Table 5.1). Within P85, four semi-

tryptic peptides delineated putative cleavage sites (Table 5.1). In addition to these, 

peptide 11 was identified to possess a semi-tryptic C-terminus at 

1338
RLMNTPITF

1346
↓ADY. This site, I-T-F↓A-D-Y resembles a dominant cleavage 

motif and may be the cleavage site generating fragment 5.3. In P97 a TNT↓NTN motif 

was identified as a site of proteolytic cleavage (Djordjevic et al., 2004; Jenkins et al., 

2006). In P216, fragment mass and pI data strongly suggests a cleavage event at a site 

similar to this motif; 
1417

NNTN
1420

 to generate C-terminal fragment 6.3 and acidic 

fragment 9, although no semi-tryptic peptides were identified in this region. 

 

Table 5.1. Semi-tryptic peptides identified which align to putative cleavage sites. 

Peptide N-terminal residues C-terminal residues Matching fragments 

1 PKS 
83
SEFTDFVSK Most N-term peptide 

2 KDE 
297
TFLSSIDLK F2 

3 KPN 
398
SIKDLVNATLAR 4.2 and D1 

4 KAF 
496
GLLYPGVNEELEQAR 6.1 C-term 

5 LKA 
540
INNQEGLEEDDNITER Separating 5.1 and 5.2 

6 TNF 
1074

QEEADLDQEGQDDSK Separating P120 and P85 

7 DKW 
1228

LASIPLVIHQQMLR 4.2 

8 LPE 
1562

NYLNLVNQPWK E2 C-term  

9 VFF 
1685

GNWENSSMNSQAQTPTWEK 8 

10 TRT 
1726

FVLTTNAPLPLWK C-term D2 

11 RLMNTPITF
1346

 ADY 5.3 

Underlined residues represent the N-terminus of other semi-tryptic peptides identified 

by LC-MS/MS, which may indicate clipping by a surface accessible aminopeptidase. 

Supporting mass spectra in Figure S5.1. 
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Figure 5.6. Semi-tryptic peptides identified from P216J indicating putative cleavage 

sites.  

Filled downward-pointing arrows indicate N-terminal semi-tryptic peptides and an 

upward-pointing arrow shows a C-terminal semi-tryptic peptide. Upward-pointing line 

arrows show putative C-terminal tryptic peptides that match peptide coverage from 

unlabelled or biotinylated 2D gel spots. Smaller arrowheads represent N-terminal 

peptides that are likely to result from aminopeptidase activity following an 

endoproteolytic event. Grey arrows show semi-tryptic peptides indicative of peptidase 

activity not matching to any identified cleavage fragments. Residues in dashed box 

indicate the predicted transmembrane domain and the solid box indicates the NTNT-like 

1417
NNTN

1420
 motif. 
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5.4.7. N-terminal dimethyl labelling 

To further validate the presence of cleavage motifs, an N-terminal dimethyl labelling 

technique (N-TAILS) was used. N-terminal dimethyl labelling of M. hyopneumoniae 

whole cell lysates identified N-terminal peptides mapping within P216J. Six overlapping 

peptides spanning amino acids 10-35 were labelled. These peptides differ by the 

sequential loss of one amino acid indicative of aminopeptidase activity (Figure 5.7).  

 

 

Figure 5.7. Identification of overlapping dimethyl-labelled peptides in the putative 

transmembrane domain of P216J by N-TAILS.  

Amino acid positions are shown above residues, * indicates N-terminal dimethyl label. 

Mascot scores and expectation values of each peptide are indicated. Supporting mass 

spectra in Figure S5.2. 

 

5.4.8. Regions of P216 that bind heparin 

Heparin-agarose affinity chromatography using whole cell lysates of M. hyopneumoniae 

strains J and 232 was used to identify cleavage fragments of P216 that bind heparin. 

Proteins displaying high affinity for heparin (elutions in >0.75 M NaCl) were separated 

by 1D SDS-PAGE followed by in-gel trypsin digestion and LC-MS/MS. Heparin-

binding fragments of P216J displayed masses from 92 - 135 (slice 5), 73 - 92 (slice 6), 

32 - 37 (slice 10) and 20 - 26 kDa (slice 12). Three tryptic peptides were also detected 

in a fragment at approximately 250 kDa that mapped only to the N-terminal P120 

fragment of P216J (Figure 5.8). This may be evidence of the intact P216 pre-protein, or 

the presence of low abundance P120 dimers. Fragments identified in slices 5 and 6 map 

to the known fragments P120 and P85 respectively. Smaller fragments identified in 

slices 10 and 12 mapped to C-terminal fragments of P85, with slice 12 approximately 

matching fragment 8 as identified on 2D gels (Figure 5.8). 
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Figure 5.8. Heparin binding fragments of P216J.  

A. Schematic representation of cleavage fragments identified from the gel in B. The 

positions of putative heparin-binding motifs throughout the protein are indicated above. 

Grey bars represent putative fragment extension where no peptides were identified, with 

areas of peptide coverage indicated by white bars. Dark grey bars represent N-terminal 

regions of variable aminopeptidase activity as shown in Figure 5.7. B. 1D gel of high 

affinity heparin-binding protein elutions (>0.75 M NaCl) of whole cell lysates of M. 

hyopneumoniae. Arrows indicate slices from which peptides mapping to P216J 

fragments were identified. C. Putative heparin binding motifs identified by PATTINProt 

are boxed in corresponding colours and show distribution throughout the entire protein. 
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Strain 232 showed high-affinity heparin-binding fragments of P216 at masses ranging 

from 50 – 250 kDa. Peptides mapping only to P120 were again detectable at 

approximately 250 kDa further supporting evidence that P216 can be found as an intact 

pre-protein only upon enrichment, or that P120 dimers are formed in M. 

hyopneumoniae, albeit in low abundance. P120 and P85 were also identified at their 

correct molecular masses in the gel. Cleavage fragments mapping to the N- and C-

terminus of P120 were also identified between 50 – 65 kDa corresponding 

approximately to fragments 5.1, 5.2, 6.1 and 6.2 from unlabelled 2D gels, as depicted in 

Figure 5.9. Unlike J strain, no lower mass cleavage fragments were identified. This data 

suggests that the degree of processing occurring in P216232 is less compared to P216J. 

Putative heparin-binding regions conforming to motifs previously identified in P159 

(Raymond et al., 2013) represented as single or tandem repeats of X-B-X(1,4)-B-

X(1,4)-B-X (where B is a basic residue, K or R) were identified at 20 sites within P216J 

(Figure 5.8). A single consensus heparin-binding motif (XBBXBX) (Cardin and 

Weintraub, 1989) was identified in P85 at 
1467

QKRFKQ
1472

. This distribution of 

putative heparin binding sites provides an explanation for all identified fragments of 

P216 that bind heparin and suggest that all low abundance fragments of P216 (see 

Figure 5.9) retain the ability to bind heparin.  

 

5.4.9. P216 binding capacity to PK15 cell surface proteins 

Previously, latex bead adherence assays demonstrated that recombinant fragments F1-

F3P216 had the capacity to bind PK15 cells, and microtitre plate-based cilium adherence 

assays showed F2 and F3P216, but not F1P216 reproducibly bound cilia (Wilton et al., 

2009). Here, a systems wide strategy (Raymond et al., 2013) was applied to identify M. 

hyopneumoniae proteins that interact with proteins that are displayed on the cell surface 

of porcine kidney epithelial-like cell monolayers (PK15 cells). PK15 cell surface 

proteins were biotinylated and immobilised onto avidin agarose. Native M. 

hyopneumoniae proteins were incubated with this mixture in order to identify 

interacting proteins. Following elution, proteins were separated by 1D SDS-PAGE, 

trypsin digested and analysed by LC-MS/MS. The two dominant cleavage fragments, 

P120 and P85, were identified to bind PK15 cell surface proteins using this method.  
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Figure 5.9. Cleavage fragments of P216.  

Fragments were identified from 2D PAGE, cell surface biotinylation, enrichment and 

2D PAGE and heparin chromatography followed by 1D SDS-PAGE as indicated. 

Fragments were characterised from indicated apparent molecular mass and pI 

information (where applicable) and peptide matches from LC-MS/MS of in-gel trypsin 

digestions, with areas of peptide coverage indicated by grey bars. Black bars represent 

putative fragment extension where no peptides were identified. Residue numbers are 

indicated. 
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5.5. Discussion 

Whole-cell proteomic analyses of Mycoplasma hyopneumoniae identified P216 as one 

of the three most frequently identified proteins, suggesting it is abundantly expressed 

(Wilton et al., 2009) (See Chapter 3). P216J is a modular protein containing four 

discrete acidic domains (pIs ranging from 3.76 – 5.03) 50 – 80 residues in length that 

are interspersed between amino acids 295 to 1320 in the 1878 amino acid protein. The 

remaining regions of the molecule are highly basic. In addition, P216J has seven 

putative disordered regions each spanning more than 40 consecutive amino acids 

interspersed throughout the molecule. Adhesins belonging to the P97/P102 paralog 

families are often cleaved at S/T-X-F↓-X-D/E-like motifs that reside within or abut 

regions of disorder (Bogema et al., 2012; Bogema et al., 2011; Deutscher et al., 2012; 

Raymond et al., 2013). The efficiency of cleavage at these sites is perceived to be 

influenced by the flexible nature of disordered regions which enables access to 

molecules (e.g. proteases) that interact at these sites during interactions with other 

proteins (Uversky and Dunker, 2010). P216J undergoes a dominant cleavage event at 

the C-terminal side of a phenylalanine residue at position 1074 in the motif 
1072

T-N-

F↓Q-E
1076

 generating N- and C-terminal fragments of 120 kDa (P120) and 85 kDa (P85) 

(Bogema et al., 2011; Wilton et al., 2009). This dominant cleavage event appears to be 

conserved in geographically-diverse strains of M. hyopneumoniae (Wilton et al., 2009) 

underscoring its importance to the function of this molecule. Consistent with our 

hypothesis, the dominant cleavage site 
1072

T-N-F↓Q-E
1076

 in P216 lies within a 

predicted disordered region of 104 amino acids (Figure 5.1) using the PONDR 

predictors VSL2 and VL-XT.  

 

In P216J, we identified five sequences that strictly conform to the S/T-X-F↓-X-D/E-like 

motif and numerous others that shared sequence identity to the motif but lacked either 

the S/T or D/E residues. Here we identify a semi-tryptic peptide with sequence 

1338
RLMNTPITF

1346 
which provides evidence of cleavage at a site C-terminal to a 

phenylalanine residue at position 1346 in the S/T-X-F↓-X-D/E-like motif 
1344

I-T-F↓A-

D-Y
1349

.  Of the numerous S/T-X-F↓-X-D/E-like motifs identified in P216, only 
1344

I-T-

F↓A-D-Y
1349 

abuts a region of protein disorder. As this cleavage event is consistent with 

protein fragment data from 2D gels (Figure 5.3) we conclude this is a legitimate albeit 

inefficient cleavage site generating fragment 5.3. Of the sites within P216 that match the 
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dominant cleavage motif, 
786

S-Q-F↓K-D-Q
792

 also resides within a region of protein 

disorder of 48 amino acids as predicted by the PONDR predictor VSL2. However, the 

VL-XT algorithm is not in agreement with VSL2, and there is no fragment data to 

confirm cleavage at this site. 

 

While a previous study indicated that P120 and P85 represented the major cleavage 

fragments of P216, more sophisticated analyses presented here indicated that processing 

in P216 is more extensive than previously thought. We identified 18-20 putative 

cleavage fragments ranging from 20 – 120 kDa spanning different regions within the 

216 kDa pre-protein (Figure 5.9) by LC-MS/MS analysis of M. hyopneumoniae strain J 

and 232 proteins resolved by a combination of 2D-PAGE and enrichment of 

biotinylated surface proteins by avidin chromatography. Cleavage fragments of P216J 

were also inferred by immunoblotting using antisera raised against recombinant 

polyhistidine fusion proteins spanning regions of P216232 (Wilton et al., 2009). 

Consistent with the identification of cleavage fragments, 11 semi-tryptic peptides (Table 

5.1) where one end was not consistent with cleavage by trypsin were characterised. The 

location of these unusual tryptic peptides within P216J is consistent with the mass and 

pI of P216 cleavage fragments observed by 2D-PAGE. With the exception of semi-

tryptic peptide 11 
1338

RLMNTPITF
1346

, none of these cleavage sites bear sequence 

identity with the S/T-X-F↓-X-D/E-like motif nor are they strictly related to the more 

recently identified cleavage motif L-X-V↓X-V/A-X (Deutscher et al., 2012; Raymond 

et al., 2013) identified in the P97 paralog Mhp385. However, we noted that a K/R 

residue resides within three amino acids N-terminal to the cleavage site in 7 of 11 semi-

tryptic peptides shown in Table 5.1. We hypothesise that cleavage is performed by a 

trypsin-like protease and following cleavage, surface accessible aminopeptidases target 

neo-N-termini, removing several amino acids (Figure 5.6). Consistent with this 

hypothesis i) we recently identified cleavage fragments of P159 with tryptic N-terminal 

fragments indicating that surface accessible trypsin-like activity occurs in M. 

hyopneumoniae (Raymond et al., 2013); ii) M. hyopneumoniae possesses several 

putative serine endoproteases, with MHJ_0525 and MHJ_0568 expressed during culture 

of M. hyopneumoniae in vitro (See Chapter 3); and iii) trypsin-like activity has been 

demonstrated by M. hyopneumoniae (Moitinho-Silva et al., 2013). While these events 

cloud interpretation of the precise sites of endoproteolytic processing they provide the 
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first evidence that M. hyopneumoniae expresses aminopeptidases that target neo-N-

termini generated by endoproteases that process adhesin families.  

 

These data provide evidence that the information content of P216 and other members of 

the P97 and P102 paralog families may be significantly underestimated. We present 

evidence here that P216 can be cleaved into smaller fragments, the identities of which 

can be confirmed by LC-MS/MS. However, we also present evidence in Figure 5.6 and 

Table 5.1 that a considerable number of cleavage events may be generating numerous 

low-abundance fragments with masses ranging from 1 – 20 kDa. Given the large 

number of putative heparin-binding motifs distributed throughout the P216 sequence, 

and the ability of the dominant cleavage fragments to bind directly to epithelial cell 

surface proteins as indicated by PK15 binding experiments, many of these fragments 

may interact with surface receptors and extracellular matrix components on the surface 

of porcine cells in the respiratory tract and in tissue sites distant from the lung. These 

events are reminiscent of the widely documented process of ectodomain shedding in 

eukaryotes, a proteolytic mechanism that releases biologically-functional proteins and 

peptides into the extracellular environment (Horiuchi, 2013). While we have no data 

here to indicate that these smaller peptides are generated or that they have further 

biological activity, studies are underway to examine this hypothesis. 

 

The genome of M. hyopneumoniae possesses ten genes that are annotated to encode 

putative proteases; seven of which are putative peptidases (Moitinho-Silva et al., 2013; 

Robinson et al., 2013). Our analyses of P216 cleavage fragments by LC-MS/MS 

identified a series of semi-tryptic peptides whose patterns of formation are consistent 

with aminopeptidase activity on the surface of M. hyopneumoniae (Figure 5.6). As part 

of a larger proteogenomic study of M. hyopneumoniae, we used dimethyl labelling to 

map bona fide start sites in proteins (Berry, Djordjevic, unpublished data). Using this 

approach, we identified a series of six overlapping, dimethyl-labelled semi-tryptic 

peptides that differed from each other by the serial loss of an N-terminal amino acid. 

The most N-terminal dimethyl-labelled peptide commenced at amino acid position 10 in 

the centre of the only transmembrane domain predicted by TMpred in the P216 

sequence. As the peptide 
10

LATAAAIIGSTVFGTVVGLASKVKYR
35

 is the most N-

terminal tryptic peptide identified in P216, our data indicates that an endopeptidase 
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targeting hydrophobic regions in secreted molecules is functional in M. hyopneumoniae. 

The site of cleavage is depicted by the sequence 
7
T-L-L↓L-A-T

12
 which bears some 

similarity to the L-X-V↓X-V/A-X motif first described by us (Deutscher et al., 2012; 

Raymond et al., 2013). It can be noted that this motif has consistently been identified in 

hydrophobic regions, whereby X largely represents hydrophobic amino acids (typically 

L,A,V,L,F or I). Dimethyl-labelled peptides show evidence of sequential removal of 

amino acid leucine at position 10, alanine at positions 11, 13, 14 and 15 and threonine at 

position 12 (Figure 5.7). The identification of the series of semi-tryptic peptides shown 

in Figure 5.7 suggests that cleavage at 
7
T-L-L↓L-A-T

12
 occurs with a degree of 

efficiency that exceeds those events that generate the majority of the low abundant 

cleavage fragments shown in Figure 5.9. This trend of clipping of hydrophobic residues 

can also be seen in semi-tryptic peptides series 4, 
496

GLLYPGVNEELEQAR, and semi-

tryptic peptide series 10, 
1726

FVLTTNAPLPLWK (Table 5.1). While it is tempting to 

speculate that genome-reduced Mollicute species may rely on the concerted activity of 

an endoprotease(s) and aminopeptidases to recover the hydrophobic amino acids that 

comprise the transmembrane domain of secreted proteins after they have been 

transported to the cell surface, further analysis is needed. For this hypothesis to be valid, 

both the endoprotease and the aminopeptidases would need to be surface accessible. 

 

Here we have identified the intact 216 kDa pre-protein for the first time, despite not 

identifying it by Western blotting of whole cell lysates. It was identified in biotinylated 

M. hyopneumoniae strain J cells from a Triton X-114 insoluble fraction that had been 

purified by avidin chromatography. The presence of the intact pre-protein only in this 

enriched biotinylated fraction is consistent with secretion of the full-length molecule 

and suggests all processing of this molecule occurs at the cell surface of M. 

hyopneumoniae, which is consistent with our hypothesis of an ectodomain shedding-

like process occurring in this bacterium. These data highlight the versatile manner in 

which the P97 and P102 adhesins can be presented on the cell surface simply by 

regulating protease activity. 

 

The combined evidence presented here and in cleavage patterns reported in P159 

(Raymond et al., 2013) indicate that M. hyopneumoniae displays aminopeptidase 

activity on its cell surface that target neo-N-termini created by endoproteolytic 
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processing. We recently showed that MHJ_0125 functions as a glutamyl 

aminopeptidase and moonlights at the cell surface as an adhesin that binds 

glycosaminoglycans and plasminogen (Robinson et al., 2013). MHJ_0125 shows 

preference for glutamic acid (E), alanine (A) and leucine (L) residues on N-termini but 

not arginine (R), proline (P), valine (V) or phenylalanine (F) residues (Robinson et al., 

2013). Recently we characterised MHJ_0461 as a surface-accessible leucyl 

aminopeptidase (Jarocki, Raymond & Djordjevic, unpublished data). Given their amino 

acid preferences, these aminopeptidases are likely to play a role in the sequential 

removal of amino acids of neo-N-termini generated by endoproteolytic processing 

including the semi-tryptic peptide series 4, 7 and 10 in Table 5.1 and in Figure 5.7.  

 

Heparin-agarose chromatography of cell lysates of M. hyopneumoniae identified P120, 

P85 and smaller fragments spanning the C-terminus of P85. These data reconfirmed 

previous studies showing the recombinant fragments spanning the N-terminal 1444 

amino acids of P216 expressed in Escherichia coli bind heparin and extend these studies 

by defining heparin-binding domains in the C-terminus of P85 between amino acids 

1444-1878. The ability of M. hyopneumoniae to bind heparin underpins its ability to 

bind to porcine cilia (Zhang et al., 1994) and to recognise receptors on the surface of 

porcine kidney epithelial-like cells (PK15 cells) (Burnett et al., 2006; Deutscher et al., 

2010). Consistent with this view, P120 and P85 were recovered from affinity columns 

using biotinylated PK15 surface proteins as bait. Ligand blotting studies suggest that M. 

hyopneumoniae expresses many proteins that bind heparin (Burnett et al., 2006; Wilton 

et al., 2009) underscoring the high degree of redundancy in the ability to adhere to and 

colonise target cells in pigs. Like the other highly expressed adhesins of M. 

hyopneumoniae that are extensively processed (Bogema et al., 2012; Djordjevic et al., 

2004; Raymond et al., 2013), these data highlight the importance of endoproteolysis as 

a means of generating surface diversity and ectodomain shedding in this species. 
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Chapter 6. Discussion and concluding comments                  

 

The genome-reduced swine respiratory pathogen Mycoplasma hyopneumoniae presents 

a significant problem to the agricultural industry that is currently inadequately 

controlled. It is globally widespread and leaves infected pigs susceptible to porcine 

enzootic pneumonia and at increased risk of secondary infections. Current control 

strategies include commercial bacterin vaccines which do not prevent colonization, and 

antibiotics to control Mycoplasma infections and also combat secondary infections, 

however heavy antibiotic use can be a driver in the development of antibiotic resistance 

(Haesebrouck et al., 2004; Jordan et al., 2009; Kolodziejczyk and Pejsak, 2004). An 

improved understanding of this minimal bacterial pathogen will assist in the 

development of targeted vaccines and therapeutics.  

 

As M. hyopneumoniae is a minimal organism, its genome encodes for fewer than 700 

predicted open reading frames. It has lost genes required for cell wall synthesis and 

many metabolic pathways through a process of degenerative evolution (Razin and 

Hayflick, 2010; Razin et al., 1998). These features make it an attractive organism for 

systems-wide analysis of the proteome; without a cell wall to interfere in sample 

preparation, and a bioinformatically-predicted minimal proteome to catalogue, making 

data analysis far more accessible. With bioinformatics and high-throughput analysis 

software becoming increasingly more powerful and accessible, large-scale experiments, 

even using complex eukaryotic samples, can be rapidly processed (Mann et al., 2013). 

By examining a minimal genome organism, we can go beyond cataloguing of proteins 

and move into more detailed characterisation of processes, in a systems-oriented 

manner. This systems-biology approach is expected to shed light on overall processes 

underlying interactions of the bacteria with the host, which is particularly relevant in an 

organism with limited coding capacity. 

 

M. hyopneumoniae is largely incapable of synthesising many nutrients and 

biomolecules such as amino acids and cholesterols and relies heavily on acquisition of 

these components from the host (Razin and Hayflick, 2010; Razin et al., 1998). The 

ability to adhere and bind to the swine respiratory tract is thus essential to bacterial 

survival and propagation. It is known that M. hyopneumoniae surface proteins play a 
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key role in host cell adhesion, with members of the P97 and P102 paralogous families 

of adhesins becoming increasingly well-studied in the past decade (Bogema et al., 2012; 

Bogema et al., 2011; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 

2004; Jenkins et al., 2006; Raymond et al., 2014; Seymour et al., 2010; Seymour et al., 

2011; Seymour et al., 2012; Tacchi et al., 2014; Wilton et al., 2009; Wilton et al., 

1998). The paralog families encode upwards of ten large open reading frames, the 

majority of which occur in two-gene operons (Minion et al., 2004) and are abundant in 

proteome analyses. It is remarkable that a bacterium with a reduced genome should 

assign such a large proportion of its coding capacity to encoding functionally redundant 

proteins; however it is likely to be an evolutionarily conserved trait as adherence is such 

an essential component to its survival. A key feature of these important proteins is that 

they are post-translationally processed by proteases, resulting in the generation of 

multiple, multifunctional fragments (Bogema et al., 2012; Bogema et al., 2011; 

Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 2004; Jenkins et al., 

2006; Raymond et al., 2014; Seymour et al., 2010; Seymour et al., 2011; Seymour et 

al., 2012; Tacchi et al., 2014; Wilton et al., 2009; Wilton et al., 1998). These protein 

fragments have also been shown to bind to host molecules such as extracellular matrix 

components and interact with the immune system. Such complex regulation of protein 

expression by proteolytic processing cannot be determined by genomic or 

transcriptomic approaches. The recent trend of high-throughput proteomics techniques 

which utilise high-resolution mass spectrometry to analyse complex samples in a 

peptide-centric manner also fail to detect this kind of regulation. In light of the 

extensive post-translational processing of the adhesin proteins, multiple approaches, as 

presented in this work, are required to comprehensively investigate the proteome of M. 

hyopneumoniae.  

 

A major aim of the work presented here was to investigate the expressed, global 

proteome of M. hyopneumoniae to gain better insight into how this genome-reduced 

organism is able to successfully colonise and thrive within the host. This approach 

utilised peptide-centric methods such as 2DLC-MS/MS in combination with protein-

centric methods such as 1D GeLC-MS/MS and 2D gel analysis to not only catalogue 

the proteome, but also identify post-translational processing events. These have 

previously been determined to play an important role in modifying surface proteins 
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which contribute to pathogenesis (Bogema et al., 2012; Bogema et al., 2011; Burnett et 

al., 2006; Deutscher et al., 2010; Deutscher et al., 2012; Djordjevic et al., 2004; Jenkins 

et al., 2006; Raymond et al., 2014; Raymond et al., 2013; Seymour et al., 2010; 

Seymour et al., 2011; Seymour et al., 2012; Tacchi et al., 2014; Wilton et al., 2009). 

The data presented in this thesis breaks new ground in determining the extent of 

proteolytic processing used by M. hyopneumoniae to modify proteins to increase 

diversity without resorting to genome expansion. It has shown that at least 30 proteins, 

including but not limited to the P97/P102 adhesin families, are processed and displayed 

on the cell surface of M. hyopneumoniae indicating that proteases have a role in 

influencing surface protein architecture and potentially contributing to virulence. This 

work also identified aminopeptidase modifications creating variants of many proteins. 

Proteolysis, particularly endoproteolysis occurring within a polypeptide chain, may 

disrupt protein structure and therefore function. If for example, the catalytic or binding 

domain of a protein is disrupted it can no longer effect that function, however this 

process may also generate new functional subunits of a protein (such as for the adhesin 

proteins) which are capable of carrying out another function independently of the pre-

protein. Thus, post-translational processing events serve to create multifunctional 

proteins and increase protein diversity. This is particularly relevant if these proteins or 

their fragments are presented at the cell surface, where they may interact with a slew of 

host molecules. While the P97/P102 adhesin proteins are abundant and important in 

pathogenesis, they do not represent the full extent of interactions of M. hyopneumoniae 

proteins with the host. 

 

The surface proteome analysis revealed that M. hyopneumoniae uses another strategy, in 

addition to proteolytic processing, to increase protein diversity at the cell surface. 

Proteins with well-characterised functions in the cytoplasm were identified at the cell 

surface, where they potentially carry out alternative functions. These proteins, if not 

modified post-translationally, are termed moonlighting proteins. Initially, serendipitous 

observations led to the identification of moonlighting proteins (Jeffery, 1999), however 

in the past decade they have gained notoriety, and while they not necessarily easier to 

identify than in the past, their moonlighting functions are now more readily accepted 

and the body of literature citing moonlighting proteins is growing (Henderson and 

Martin, 2014). Many of the moonlighting proteins identified in M. hyopneumoniae 
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presented here are glycolytic enzymes and their putative moonlighting functions include 

adherence to surface proteins of host epithelial cells, glycosaminoglycans, plasminogen, 

fibronectin or actin. The ability of bacterial proteins to bind this array of host molecules 

is associated with colonisation, cell invasion and evasion of the host immune system 

(Pancholi and Chhatwal, 2003). A number of these putative moonlighting proteins were 

also shown to be immunogenic. Immunogenicity is a good indicator of expression, 

secretion and surface localisation in vivo, as these proteins are likely to be exposed in 

order to be recognised by the host immune system (Cacciotto et al., 2010). Lactate 

dehydrogenase, pyruvate dehydrogenase complex components, elongation factor Tu, 

chaperone protein DnaK, triosephosphate isomerase and glyceraldehyde phosphate 

dehydrogenase are notable examples of multifunctional or moonlighting proteins which 

have been identified here, as well as in other bacteria, including other Mycoplasma 

species (Dallo et al., 2002), Bacillus species (Commichau et al., 2009; Matta et al., 

2010), Streptococcus (Mohan et al., 2014), Leptospira (Wolff et al., 2013), and also in 

parasites (Gomez-Arreaza et al., 2014; Karkowska-Kuleta and Kozik, 2014), yeasts and 

fungi (Gancedo and Flores, 2008; Ikeda and Ichikawa, 2014), and mammalian cells 

(Petit et al., 2014; Sasikumar et al., 2012). In addition, these proteins were also 

identified to be surface-exposed in multiple strains of M. hyopneumoniae, suggesting 

their moonlighting activities may also be conserved between strains. As these proteins 

are well-conserved amongst bacterial species, these may represent attractive targets for 

vaccine or therapeutic development that could be applicable to a range of bacterial 

pathogens. Notably, this approach is novel in that it is the first to describe the presence 

of multiple putative moonlighting proteins in the one pathogen underscoring the 

potential importance of moonlighting and protein multifunctionality in microbial 

pathogenesis. 

 

Some of the identified proteins with well-characterised functions in the cytoplasm were 

also identified to be proteolytically processed. While we cannot exclude the possibility 

that processing occurs in the cell cytosol, this is unlikely because cleavage is expected 

to impact protein folding and destroy enzymatic function. As such it is hypothesised 

that cleavage is confined to the cell surface where cleavage fragments undertake novel 

roles in pathogenesis and immune evasion. At this stage it remains unclear if these 

protein fragments are expressed exclusively at the cell surface or also within the cytosol, 
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however many fragments display the capacity to bind to host components such as 

glycosaminoglycans, fibronectin, plasminogen, actin and epithelial cell surface proteins, 

which is a strong indication of novel functional surface exposure. Cleavage patterns of 

Elongation factor Tu were examined in Chapter 3, where three internal cleavage sites 

were identified by N-terminal labelling or identification of semi-tryptic peptides. This 

data is consistent with EfTu being a target of several cleavage events on the cell surface 

of M. hyopneumoniae and suggests that EfTu functions as an adhesin with discrete 

binding domains for a range of host molecules. This further emphasises the importance 

of initial adherence events which drives M. hyopneumoniae to display a diverse array of 

proteins on the cell surface.  

 

Amongst the most commonly identified proteins in the surfaceome and global proteome 

analyses was a P97 adhesin paralog, P216. Undertaking a detailed analysis of this 

molecule has allowed for the elucidation of the full gamut of endoproteolytically-

derived minor cleavage fragments of the P216 pre-protein. The data presented in 

Chapter 5 provides evidence that the information content of P216 is significantly 

underestimated. In light of the combined evidence provided throughout the thesis, this is 

likely true of all the P97 and P102 paralogous families of adhesins, and also of many 

other proteins of M. hyopneumoniae. Considering its limited coding capacity, a 

significant proportion of the M. hyopneumoniae genome is dedicated to encoding large 

ORFS, with 54 (8%) encoding ORFs >800 amino acids in length (~90-100 kDa). With 

cleavage such a prominent feature of the proteome, it is reasonable to speculate that 

proteolytic processing may in fact be more energetically favourable than genome 

expansion to increase coding capacity. The analysis of P216 revealed that processing 

was more extensive than previously identified, with variable efficiency of cleavage at 

multiple motifs throughout the protein. The previously identified dominant cleavage 

motif, S/T-X-F↓X-D/E was identified in five locations within the protein; however only 

one of these sites was determined to be a bone fide cleavage site. The distinguishing 

feature of this site was its presence within a region of intrinsic protein disorder, which is 

likely to contribute to the flexibility of this region and the overall accessibility of the 

motif to the protease responsible for cleavage. This motif was also determined to be a 

site of efficient cleavage, which is consistent with previous findings in other adhesins 

and adhesin-related proteins (Bogema et al., 2012; Bogema et al., 2011; Deutscher et 
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al., 2012; Raymond et al., 2014; Raymond et al., 2013; Seymour et al., 2012; Tacchi et 

al., 2014). In addition to the dominant cleavage motif, several other sites of less 

efficient cleavage were identified, suggesting that multiple proteases are involved in this 

processing. Furthermore, aminopeptidase activity was detected using N-terminal 

labelling and through the detection of semi-tryptic peptides. This is an important 

discovery as it suggests that fragments of P216 may be variably displayed at the cell 

surface through the regulation of proteolysis. This is reminiscent of the effect, although 

not the mechanism, of variable surface antigen expression or antigenic variation seen in 

other bacteria such as Neisseria, Streptococcus, Mycobacterium (Banu et al., 2002) and 

other Mycoplasmas (Beier et al., 1998; Hermeyer et al., 2012), and more commonly in 

parasites (Giha et al., 2000; Pearson et al., 1981; Thai and Forney, 2000), which also 

share common features of persistent chronic infections. By targeting and inhibiting 

proteolysis, we may be able to disrupt these pathogenic mechanisms to reduce the 

adhesive capacity, and possibly the infective capacity of these bacteria. Unpublished 

studies performed in the Djordjevic laboratory have determined that M. hyopneumoniae 

is not viable when grown under normal laboratory culture conditions in the presence of 

broad-spectrum protease inhibitors. This finding is not surprising as proteases play 

important roles in the maintenance of normal cell homeostasis, however the ability to 

identify which specific protease(s) are essential have until very recently been limited to 

characterisation of individual proteins by traditional biochemical methods (Jarocki et 

al., 2014). 

The use of N-terminal labelling was intended to provide a method of high-throughput 

screening for true and neo N-termini, resulting from in vivo cleavage by proteases. This 

information would elucidate cleavage motifs which in turn could assist in the future 

determination of protease identities by biochemical characterisation of recombinant 

protease activity. Unfortunately, the high-throughput mapping of cleavage motifs using 

N-terminal dimethylation in Mycoplasma did not provide complete, definitive 

information as the labelling strategy was ineffective compared to model mammalian 

counterparts (Kleifeld et al., 2011). This is because the process of dimethyl labelling 

requires a blocking step, whereby primary amines on lysine residues throughout the 

proteins are blocked by dimethylation prior to digestion with trypsin to create new, 

reactive N-termini. The internal tryptic peptides are then removed from the sample by 

reaction with an amine-reactive polymer and unlabelled peptides with N-termini 
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generated in vivo are enriched. Mycoplasma hyopneumoniae has a lysine-rich proteome 

(~11% of the predicted proteome), with comparably fewer arginine residues (3% of the 

predicted proteome). Following the blocking step, trypsin can only cleave at arginine 

residues, as lysines are blocked, creating large, multiply-labelled tryptic peptides, which 

are not readily detectable by LC-MS/MS analyses such as those performed here. In 

some cases labelled peptides can exceed 150 amino acids in length. As such, not all of 

the cleavage sites identified here were validated by labelling methods and were 

supplemented by the identification of semi-tryptic peptides. Future studies will be 

improved by refining this enrichment and detection process to obtain a more definitive 

and reliable identification of cleavage sites. The use of alternative enzymes that do not 

cleave at lysine or arginine residues may provide a simple solution to the generation of 

labelled N-terminal peptides with more reliable sizes and ionisation capacity. The most 

obvious candidate would be endoprotease GluC which cleaves peptide bonds C-

terminal to glutamic acid and is a common enzyme used to generate peptides in 

proteomics (Drapeau et al., 1972). The drawback to using this enzyme however is that 

glutamic acid often forms part of the dominant cleavage motif in the adhesins, and this 

would result in the proximal digestion of the N-terminal sequence to less than 5 amino 

acids, and make identification of the labelled N-terminal impossible by the methods 

used here. The use of several complementary enzymes may still be a viable solution to 

this issue for future studies, as well as potentially providing better coverage of the 

global proteome (Meyer et al., 2011; Schilling and Overall, 2008). Ultimately, with the 

technologies currently available, a combination of N-terminal labelling or enrichment 

techniques, protein-centric approaches to retain mass context of protein fragments and 

the critical examination of semi-tryptic peptides will provide the most comprehensive 

information regarding proteolytic processing. 

 

Throughout the chapters presented in this thesis, it was found that Mycoplasma 

hyopneumoniae uses a diverse range of tactics to compensate for a reduced coding 

capacity, without resorting to genome expansion. Since the completion of the Human 

Genome Project, it has been known that genome size does not directly correlate with 

phenotypic complexity of an organism. Diverse organisms such as worm, fly, chicken 

and human have comparable genome sizes, yet display significant discrepancy in 

apparent phenotypic complexity. Post-transcriptional regulation and gene splicing may 



 

177 

 

account for some of this; however post-translational modifications, including 

proteolytic processing may introduce another level of complexity that cannot be 

predicted by the genome or transcriptome (Lange and Overall, 2013). Serendipitous 

discovery of processing in key proteins of some pathogenic bacteria have previously 

been described, however these kinds of post-translational modifications are not well-

understood or predictable and it is not yet clear if these processes occur in other 

organisms. With renewed focus on genome and RNA analysis due to the increasing 

accessibility of next-generation sequencing, these processes may be continue to be 

overlooked. As such, this needs to be taken into account when undertaking global 

proteomic investigations.  

 

A striking recurring theme throughout this thesis is the need for protein-centric methods 

to enable comprehensive characterisation of the proteome that can detect post-

translational modifications including proteolytic cleavage. The experimental design 

used here had to take into account the previous reports of biologically-significant 

adhesin proteins undergoing post-translational processing. Thus, we relied heavily on 

protein-centric, GeLC-MS/MS approaches to identify protein cleavage fragments. 

However, if the sole aim of this project was maximum coverage of the proteome, more 

high-throughput methodologies would likely have been used. This is also largely the 

case in other organisms, where no evidence of processing has been previously detected, 

as there are few apparent benefits, and far greater apparent drawbacks to using gel-

based proteomics in a global analysis, although reports on the limitations of 2D gels 

vary greatly (Bodzon-Kulakowska et al., 2007; Gorg et al., 2009; Meyer et al., 2011; 

Oliveira et al., 2014). The rapid developments in mass spectrometry, increasing mass 

accuracy, sensitivity and throughput have seen peptide-centric, “bottom-up” approaches 

using 2D LC-MS techniques such as MudPIT, become the methods of choice for large-

scale high throughput analysis of proteomes (Porteus et al., 2011). If a complete 

proteome were to be analysed by a high-throughput bottom-up approach, only one 

representative protein for any expressed gene would be identified in most cases (Meyer 

et al., 2011). Unless a peptide which carries a distinguishing modification, known as a 

“proteotypic” peptide is identified, or in the case of proteolytic cleavage, if a peptide 

displays atypical digestion signature (eg. semi-tryptic peptides) then the modified 

protein will not be identified by these peptide-centric methods. Unfortunately, gel-based 
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proteomics, particularly 2D gels are perceived to be more technically challenging, 

associated with greater protein losses and solubility issues than peptide-centric 

approaches, however this technology is still being utilised by those with an interest in 

molecular mechanisms and disease processes (Oliveira et al., 2014). 

The ultimate form of protein-centric analyses would have to be considered “top-down” 

mass spectrometry, which provides mass spectrometric characterisation of intact 

proteins (Kelleher, 2004). Ideally, this technique allows for 100% sequence coverage 

and full characterization of proteoforms, the specific molecular form of the protein 

resulting from combinations of genetic variation, alternative splicing, and post-

translational modifications (Catherman et al., 2014). However, the technical difficulty 

of proteome-wide analysis at the intact protein level has caused top down proteomics to 

lag behind peptide-centric approaches in terms of proteome coverage, sensitivity, and 

throughput (Catherman et al., 2014). These methods are currently limited by methods of 

protein solubilisation which are incompatible with electrospray ionisation required for 

mass spectrometry. Recent developments in sample purification post-solubilisation 

however, have increased the practicality of such analyses (Kim et al., 2015) and these 

methods are now promising for use in the characterisation of the full extent of cleavage 

products produced by M. hyopneumoniae. 

 

It is becoming more apparent that comprehensive characterisation of any proteome 

requires at least some element of protein-centric analysis to be considered 

“comprehensive” and not simply “cataloguing” (Hoehenwarter et al., 2006). The time 

invested in deeper analysis of the proteome by protein-centric methods will ultimately 

provide richer information that can be later used in targeted quantitative proteomics 

(Oliveira et al., 2014). Further to this, subproteome and functional analyses are also 

required for the comprehensive characterisation of the proteome, in order to classify 

potential moonlighting proteins which cannot be determined by identification of the 

protein from the global proteome alone (Hoehenwarter et al., 2006; Meyer et al., 2011). 

Functional analyses can also provide clues as to which proteins are essential for various 

processes, including (as described here) various features of pathogenesis. 

 

Large scale functional analysis at the genome level has generally been determined 

through the generation of random insertional mutants by transposon mutagenesis 
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however, Mycoplasma species are relatively refractory to genetic manipulation. This 

inability to genetically manipulate M. hyopneumoniae has been a major obstacle to 

progress in identifying which genes are essential for survival and pathogenesis of the 

organism and also genes with functions in cellular invasion and biofilm formation. As 

such, the ability to generate random transposon mutants of M. hyopneumoniae and 

screen them in a high-throughput manner using PCR has only recently been acquired 

following extensive optimisation (Maglennon et al., 2013). However this has already 

allowed for the compilation of a pool of over 10 000 mutants (Maglennon et al., 2013), 

which will enable the evaluation of the effect of inactivated genes on bacterial 

processes, and the identification of attenuated mutants in in vivo screens (Raymond, 

unpublished data). Recently published work by Mobegi et al. (2014) has provided a 

proof-of-concept study, using high-density transposon mutagenesis, high-throughput 

sequencing and integrative genomics to discover potential drug targets at the genome 

level in Streptococcus pneumoniae, Haemophilus influenzae and Moraxella catarrhalis. 

Through identification of essential genes in bacterial pathogens, and comparison to the 

host genome and a genes from commensal host microbiota, potential drug targets could 

be selected that would be unlikely to produce off target effects in the host or host native 

microflora (Mobegi et al., 2014). The work presented in this thesis will greatly assist in 

guiding this future research in narrowing down vaccine and/or therapeutic candidates 

and better elucidating the functions of essential and non-essential genes.  

 

Collectively, the observations presented in this thesis highlight the complex nature of 

the proteome in a genome-reduced organism. The findings presented here have 

indicated several avenues for future research, building towards the development of 

novel vaccines and therapeutics for the prevention and treatment of M. hyopneumoniae 

infection. It is clear that other, more complex, microbial pathogens employ similar 

strategies such as moonlighting (which has been identified in all three kingdoms of life) 

and proteolytic processing to increase protein diversity, particularly at the cell surface 

for the purposes of host-binding, invasion or immune evasion. Importantly, these 

findings have only been elucidated through non-targeted, systems-wide approaches that 

were function-focused and unbiased towards in silico predictions. If these phenomena 

are widespread in nature, the ability to identify and characterise them using a minimal 
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model organism may greatly improve our understanding, not just of these processes in 

Mycoplasma, but of biology as a whole. 
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Appendix I – Supplementary information 

 

Friis Media preparation 

Hanks Buffered Salt Solution for Friis media: 

Hanks A Components Per 500 mL 

Sodium Chloride 80 g 

Potassium Chloride 4 g 

Magnesium Sulfate heptahydrate 1 g 

Magnesium Chloride hexahydrate 1 g 

Calcium Chloride 1.4 g 

Hanks B Components Per 500 mL 

diSodium Hydrogen Orthophosphate 1.5 g 

Potassium diHydrogen Orthophosphate 0.6 g 

 

Antibiotic solution (made fresh): 

Components Per 5.7 mL 

Bacitracin 0.144 g 

Ampicillin 0.144 g 

MilliQ water 5.7 mL 

 

Yeast extract: 

Components Per Litre 

Baker’s Yeast Type (II) 167 g 

MilliQ water 1000 mL 

Incubated at 37°C for 30 min, heated to 90-100°C for 5 min and centrifuged to remove 

cells. Supernatant passed through a 0.22 µm filter and sterilized by autoclaving prior to 

aliquotting and use. 

 

Friis base media (pH 7.4):  

Components Amount 

Hanks A 15.2 mL 

Hanks B 15.2 mL 

Difco Brain Heart Infusion 4.9 g 

Difco PPLO w/o CV 5.25 g 

0.5% Phenol Red 2.6 mL 

MilliQ water 827 mL 

 

Components added to Friis base before use: 

Components Amount 

Yeast extract 34 mL 

Antibiotic solution 5.7 mL 

Horse Serum 50 mL 

Pig Serum 50 mL 

Horse and Pig Serum purchased commercially [Invitrogen]. 
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Chapter 3: Supporting information 

See also Appendix II.  

Supplementary file 3.2. Spectra and fragmentation tables identifying single-peptide 

protein identifications – “One-hit wonders” 

ID # Accession m/z z Error (ppm) Peptide Score 

285 Q4A9X7 985.07 2 74 QLVELYDFEISELENK 60 

339 Q4AAC5 747.87 2 4.9 VDDENLDSIFSK 70.2 

344 Q4AA34 630.37 2 2.1 VVGISSLTTLNR 51.8 

345 A4Q7T6 985.07 2 74 QLVELYDFESELENK 68.6 

347 Q4A9M3 822.94 2 10 YNLSNFFILISDAK 51.4 

 

#285 Q4A9X7 MHJ_0356 Putative P37-like ABC transporter substrate-binding 

lipoprotein – identified from TX-114 1DGE LC-MS/MS (Slice 14) 

 

 

 

#339 Q4AAC5 MHJ_0205 tRNA modification GTPase MnmE (EC 3.6.-.-) – identified 

from QTOF 1DGE LC-MS/MS (Slice 7)  

Correct mass context for predicted intact protein 
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#344 Q4AA34 MHJ_0297 Putative ABC transporter ATP-binding protein – identified 

from QTOF overload lane (Slice 1) 

 

 

 

#345 A4Q7T6 MHJ_0696 Uncharacterised protein – identified from TX-114 1DGE 

LC-MS/MS (Slice 14). Correct mass context for predicted intact protein 
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#347 Q4A9M3 MHJ_0462 tRNA (guanine-N(7)-)-methyltransferase (EC 2.1.1.33) 

(tRNA (guanine(46)-N(7))-methyltransferase) – identified from QTOF overload lane 

(Slice 25) 
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Supplementary file S3.5. N-terminal labelling and semi-tryptic peptides of EfTu 

Accession: Q4A9G1 

Amino 

acids 

m/z z Error 

(ppm) 

Peptide Score 

2-14 788.98 2 4.1 M.AVVKTTGKKDFDR.S + Dimethyl (N-

term)   

48.8 

112-123 636.32 2 0.8 V.VAATDGPMPQTR.E + Dimethyl (N-

term) 

49.3 

215-231 656.35 2 6.4 M.DKPFLMAVEDVFTITGR.G 53.8 

316-327 709.93 2 4.4 A.AIYALKKEEGGR.H + Dimethyl (N-

term) 

50.1 

 

Amino acids 2-14: M.AVVKTTGKKDFDR.S + Dimethyl (N-term)  

 
 

Amino acids 112-123: V.VAATDGPMPQTR.E + Dimethyl (N-term)

 
 

Amino acids 215-231: M.DKPFLMAVEDVFTITGR.G      

 
 

Amino acids 316-327: A.AIYALKKEEGGR.H + Dimethyl (N-term) 
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Chapter 4: Supporting information 

Figure S4.1. Cell lysis controls showing secreted proteins over time. 

1D SDS-PAGE gel image showing concentrated equal volumes of secreteomes of cells 

incubated in PBS at 37°C on a rotating wheel for time periods as indicated. 
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Chapter 5: Supporting information  

Figure S5.1. Spectra supporting the identification of semi-tryptic peptides presented in 

table 5.1. 

Mascot data files complied in Scaffold and reanalysed by X!Tandem.
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Figure S5.2. Spectra supporting the identification of N-terminal dimethyl-labelled 

peptides presented in figure 5.6.
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Figure S5.3. Peptide coverage to intact P216J identified in figure 5.5. 

 

Identified peptides in bold. Dominant cleavage site boxed.   
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Appendix II – Electronic supporting information 

To improve readability of very large and detailed tables and figures, the following 

supplementary information is provided in electronic format can be found on the 

included DVD. 

 

 

Chapter 3: Electronic supporting information 

Supplementary file S3.1. Protein identifications from global proteome analyses. 

 

Supplementary file S3.3. Identifications of gel spots from pH 4-7 2D gels. 

 

Supplementary file S3.4. Identifications of gel spots from pH 6-11 2D gels. 

 

 

Chapter 4: Electronic supporting information 

Table S4.1. Identified surface proteome of M. hyopneumoniae strain J. 

 

 

 

 

 

 

 

 

 



Appendix II – Electronic supporting information 

 

Contents: 
 

File name: Supp file S3.1.xlsx  

Supplementary file S3.1. Protein identifications from global proteome analyses. 

Excel workbook file containing protein identifications presented in Chapter 3.  

Sheet 1 “Proteins Identified” provides an overview to protein identifications by various 

methods. Sheet 2 “Peptide report” provides mass spectrometry data for the identifications at 

the peptide level. 

 

File name: Supp file S3.3.xlsx 

Supplementary file S3.3. Identifications of gel spots from pH 4-7 2D gels. 

Excel workbook file containing protein identifications from pH 4-7 2D gels.  

Sheet 1 “Reference gel” provides an image of the reference gel with excised spot numbers 

indicated. Subsequent numbered sheets correspond to protein spot numbers and provide 

protein and peptide identification from mass spectrometry analysis. 

 

File name: Supp file S3.4.xlsx 

Supplementary file S3.4. Identifications of gel spots from pH 6-11 2D gels. 

Excel workbook file containing protein identifications from pH 6-11 2D gels. 

Sheet 1 “Reference gel” provides an image of the reference gel with excised spot numbers 

indicated. Subsequent numbered sheets correspond to protein spot numbers and provide 

protein and peptide identification from mass spectrometry analysis. 

 

File name: Table S4.1.xlsx 

Table S4.1. Identified surface proteome of M. hyopneumoniae strain J. 

Excel workbook file containing surface protein identifications presented in Chapter 4. 
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