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Thesis Preface

The growing incidence of antibiotic resistance globally is a significant public health issue
and as previously susceptible bacteria continue to develop resistance, we need to develop
novel strategies to counter this trend. Mycoplasma pneumoniae is a genome reduced
bacteria that is one of the major causes of bacterial pneumonia in close contact settings
such as schools and hospitals. Children, the elderly, and the immuno-suppressed are
commonly infected due to an under developed or impaired immune system. A successful
vaccine against this respiratory pathogen is yet to be developed and treatment options
are limited. Additionally, children are limited to one class of antibiotics due to the

permanent side effects of other agents.

Antibiotic resistance within M. pneumoniae was detected over a decade ago and has now
spread to most of the Northern Hemisphere. Though infections are not typically fatal,
M. pneumoniae can cause secondary co-infections; some of which can be fatal. The work
presented within this thesis expands the functional proteome of M. pneumoniae, with the
goal of discovering potential novel therapeutic or vaccine targets. This was initially
achieved by examining the full repertoire of proteins exposed on the surface of
M. pneumoniae. This thesis then addresses which host antigens these proteins potentially
interact with during infection. Although a single protein was not chosen as a vaccine
target, the result of the work presented here report a list of potential targets that
participate in the colonisation of the respiratory epithelium. This thesis highlights that the
interactions between M. pneumoniae and host epithelium are complex, and involve a wide

range of diverse proteins.

This thesis begins with an introduction to M. pneumoniae and what is currently known
about the proteins involved during the interaction with the human host.
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1.1 Introduction to Mycoplasma pneumoniae

M. pneumoniae is one of the major causes of community acquired pneumonia primarily
affecting children, but can also affect the elderly and the immuno-suppressed!. It is
responsible for up to 40% of community acquired pneumonia in children and 18% of cases
require hospitalisations worldwide-2. This respiratory pathogen is implicated to exacerbate
asthma in infected patients, though the exact role is yet to be determined?.
M. pneumoniae epidemics are cyclic occurring every 4 — 7 years*8, Climate and season
have been ruled out as factors associated with the different epidemic trends between
countries®!%, Unlike the typical pneumonia produced by Streptococcus pneumoniae,
M. pneumoniae causes an atypical pneumonia called ‘walking pneumonia’ where
hospitalisation is often required, albeit rarely in adults!. Infections are transmitted by
airborne droplets enabling M. pneumoniae to easily enter and colonise the respiratory
tract. Due to this ease of transmission, M. pneumoniae outbreaks tend to occur more
frequently in close contact settings such as schools!!, military barracks!'?!3, hospitals'**°,
inpatient institutions'®!’, closed communities®, and religious settings®?°. Once
M. pneumoniae has adhered to the respiratory epithelium, an array of virulence factors
come into play are, targeting the mucociliary escalator and perturbing mucociliary
clearance by removing cilia from the epithelium?l. Although M. pneumoniae infections are
rarely fatal??, removal of the cilia can cause secondary co-infections, some of which can
be fatal®>. Only a limited number of antibiotics can be used to treat Mycoplasmal diseases
including macrolides, tetracyclines, or quinolones?*. Macrolides are the therapy of choice
to treat infections in children?®. Resistance to front line antibiotics such as macrolides,
began to emerge in 2001%° and has spread to most parts of the globe. In addition,
M. pneumoniae also has the ability to change its surface protein topography conceivably
to deceive and evade the host immune system?’-32, With the continued rise of resistance,

treatment options are limited and there is a clear need for a successful vaccine.

In addition to studies that seek to find novel vaccine targets, M. pneumoniae is gaining
popularity as a model organism in different scientific disciplines, particularly those
concerning systems biology. The first M. pneumoniae genome sequence was completed
in 1996 by Himmelreich et al., and was found to be 816,394 bp, encoding 689 predicted
open reading frames (ORFs)333*: which has now been extended to 694 ORFs*. Three

reference M. pneumoniae genomes have been sequenced: the M129 strain33, the FH
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strain®®, and the Roo3 strain®’. Clinical M. pneumoniae isolates have also been
sequenced®°, Studies by Spuesens et al. found distinct genetic differences between the
reference and clinical strains®’. The transcriptome®®*, proteome***, metabolome®,
protein interactome*’, acetylation proteome®, phosphoproteome®>?, and the DNA
methylome>? have been studied in M. pneumoniae. In addition there are studies that have
investigated minimal ORFs essential for life>*, as well as transcriptional coordination®>. All
these datasets have been collated into an accessible online database
<http://mympn.crg.eu/>%¢. However, despite all these systems biology studies, a vaccine

against M. pneumoniae infections is yet to be developed. An understanding on how this
pathogen interacts with the respiratory epithelium and engages the immune system is
considered fundamental for the development of efficacious vaccines and therapeutic

targets to counter M. pneumoniae.

M. pneumoniae belongs to the Mollicutes class and is the most widely recognised and
studied member!. Mollicutes distinguish themselves from eubacteria that express a
functional cell wall by a process known as degenerative evolution. Mollicutes lack a cell
wall and have lost the genes needed for the biosynthesis of amino acids, fatty acids, co-
factors, and vitamins!. Instead these biosynthetic metabolites are recovered from their
host during infection®’. M. pneumoniae is a flask-shaped organism (Figure 1.1) with an
elongated cellular extension called the attachment organelle® (covered later in this
review). This attachment organelle provides motility and allows M. pneumoniae to

successfully colonise the human respiratory tract.

Figure 1.1: M. pneumoniae structure. A) Schematic of flask cell shape of
M. pneumoniae cell (Adapted from>°). B) Ultrathin section of an intact
M. pneumoniae cell (Adapted from*®). Cell body and attachment organelle are
indicated.
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1.2 Mycoplasma pneumoniae disease

M. pneumoniae symptoms commonly appear in children, the elderly, and the immuno-
suppressed due to an under developed or impaired immune system. Typical symptoms
include coughing, gradual phlegm development, chills, sore throat, fever, and general
malaise!. Clinical cases are divided into two groups, Type 1 and Type 2 infections, and the
features that define these infection types will be discussed later in this chaptert®¢!, Studies
have shown that M. pneumoniae is not confined to the human respiratory tract.
Extrapulmonary infections are well described and can involve cardiovascular,
dermatological, digestive, haematological/hematopoietic, musculoskeletal, neurological,
respiratory, sensory organ, and urogenital tract sites (reviewed in®?). M., pneumoniae
infections have been suggested to exacerbate asthma®%3> and numerous reports describe
the isolation of M. pneumoniae from asthmatic patients®®®’. Common diagnostic
techniques used to detect M. pneumoniae infection include a combination of serology and
Polymerase Chain Reaction®72, microbiological culture is not ideal due to M. pneumoniaés

slow growth rate”.

The current treatment of M. pneumoniae infections involves the use of macrolides,
tetracyclines, or quinolones?*. Macrolides are the primary option for children due to the
undesirable side effects afforded by the other two antibiotics?®. B-Lactam antibiotics
including penicillin, which inhibit cell wall synthesis, are ineffective as M. pneumoniaelacks
a cell wall®. The first instance of macrolide resistant M. pneumoniae was recorded in 2001
in Japan?® and this resistance has now spread to other parts of Asia, Europe, and North

America’488,

Efficacious vaccines are yet to be developed to counter a M. pneumoniae infection, and
previous attempts have exacerbated symptoms of disease®*°, a result stemming from a
lack of knowledge of virulence factors, pathogenesis, and how the pathogen engages the
host immune response (reviewed in®!). Inactivated M. pneumoniae vaccines generated in
the 1960s and 1970s only achieved a reduction in infection cases and reduced symptoms
of pneumonia by ~40% without any severe adverse side effects®'. Over the past several
years M. pneumoniae vaccines have targeted what are considered to be three major
adhesins that play an important role in adherence to epithelial cell receptors.
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Immunological cross reactions and exacerbations of pathological symptoms are a major

limitation of many immunisation trials and further studies are urgently needed?®:2-%,

1.3 Mycoplasma pneumoniae pathogenicity

Once M. pneumoniae has attached to the human bronchial epithelium, host cellular
damage begins by the release of several virulence factors including (a pathway is
hypothesised by®’): superoxide and hydrogen peroxide radicals®®®°, the HapE protein to
induce haemolysis'®, and an ADP-ribosylating and vacuolating toxin named Community
Acquired Respiratory Distress Syndrome (CARDS) toxin!%-192, However, for this to occur,
it is essential that M. pneumoniae first establishes adherence to the human respiratory
epithelium!®®, Scanning electron microscopy has been used to monitor how
M. pneumoniae colonises the epithelial cells (Figure 1.2)?!. Muse et al. visualised hamster
tracheal rings that were infected with M. pneumoniae. After 72 hours, the host epithelium
was partially stripped/denuded of cilia (Figure 1.2D) and tracheal rings were almost
completely denuded of cilia 96 hours after infection (Figure 1.2E)?.
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B) 24 h post-infection

Figure 1.2: Scanning electron microscopy of the progress of pathogenicity
caused by M. pneumoniae (not visible). A) Uninoculated hamster trachea. B)
Hamster trachea 24 hours post-infection with M. pneumoniae, C) hamster
trachea 48 hours post-infection with M. pneumoniae, D) hamster trachea 72
hours post-infection, and E) hamster trachea 96 hours post-infection. Regions
denuded of cilia are indicated by arrow in D). Scale bar: 5 pym, adapted from?!.

CARDS toxin was discovered to be a major factor responsible for deterioration of cilial®.
This surface associated toxin (Figure 1.3) is an ADP-ribosylating, vacuolating toxin that is
only secreted after M. pneumoniae binds to the bronchial epithelium; once again
highlighting the importance of initial adhesin-host interactions!®. Once secreted into the
extracellular milleu, CARDS toxin induces tissue disorganisation, inflammation,
vacuolisation, reduced oxygen and amino acid uptake by host cells, and a reduction in

glucose metabolism102/105-109,
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Figure 1.3: Immunogold electron microscopy of antibodies targeting CARDS TX
on the surface of M. pneumoniae. A) Gold labelled antibodies against the P1
adhesin served as an extracellular control. B) Gold labelled antibodies against
elongation factor G (Ef-G) served as an intracellular control. C) Gold labelled
antibodies against CARDS TX were distributed across the whole cell. Scale bar

= 0.1 ym, adapted from!%,

Phenotypic plasticity is seen in M. pneumoniae in two key immunogenic genes (mpnl41
and mpnl42) which contain a stretch of repetitive DNA sequences called RepMP
elements!!®12, These RepMP elements are homologous to other RepMP elements in the
M. pneumoniae genome and together comprise about 8% of the entire genome
highlighting the importance of these elements for survival®*!!!, Genetic recombination with
different RepMP elements provides M. pneumoniae with a mechanism for surface
antigenic variation. This has been described in three key surface proteins (P1, P40, and
P90)?32, It is the pattern of variation of these RepMP elements that subdivides
M. pneumoniae strains into the Type 1 and Type 2 groups®. A 10-year study in Japan
found that M. pneumoniae cells shift between the two types every 8 — 10 years requiring
at least 3 years for a subtype to become dominant!!3. Once it is dominant, it remains so
for 7 years!!3. Studies have looked into differences between these two M. pneumoniae
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types and found that they differ in: biofilm formation!*, hemadsorption inhibitory
activity!'®>, and CARDS toxin production38116,

1.4 Structural aspects of Mycoplasma pneumoniae pathogenicity

M. pneumoniae possesses a 300 nm cellular protrusion named the attachment organelle
(also called the tip structure) that is required for adherence to the host respiratory
epithelium (cytadherence) (Figure 1.4, indicated)®®. In addition to adherence, this
attachment organelle provides motility and cellular polarity!!”-1'°, Remarkably,
M. pneumoniae glides at speeds approaching 1 um per second!?*!?! enabling it to respond
to nutrient gradients, environmental stimuli, and traverse the host epithelium, despite the
obstructive force generated by cilial beating (~13 hertz)!??1?*, Two mechanisms been
forwarded to describe M. pneumoniae motility. One mechanism suggests that: the
attachment organelle bends, contracts, and elongates much like an inchworm?2>-12’while
a second mechanism suggests that protein complexes in the attachment organelle act like
“legs” that perform a catch-pull-release scenario across the surface like oars on a
boat!?%128, The attachment organelle comprises an electron dense core consisting of two
parallel rods that extended down the length of the tip (Figure 1.4B). This core is connected
to the internal cytoskeleton and supports the adhesins (Figure 1.4C) and the accessory
proteins that localise to the adhesive tip of M. pneumoniae'?**3® (see ‘1.5 The

Cytoskeleton and Electron Dense Core of Mycoplasma pneumonia€ in this chapter).
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Figure 1.4: Transmission electron micrograph of M. pneumoniae interacting
with ciliated epithelium. A) Tracheal ciliated cells infected with M. pneumoniae
96 hours after infection. Attachment organelles are indicated by arrows. An
M. pneumoniae cell that has attached to the microvilli has been outlined. The
boxed attachment organelle is an example of those seen in B) and C). Scale bar
= 1 pm, adapted from?'. B) Attachment organelle of M. pneumoniae adhering
to the base of the cilia. C) Immunogold labelled antibodies targeting the P1
adhesin localise to the attachment organelle. For both B) and C): Scale bar =

0.1 pm. Image adapted from*3?,
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1.5 The cytoskeleton and electron dense core of Mycoplasma

pneumoniae
Treating M. pneumoniae cells with Triton X-100 solubilises the cell membrane leaving
behind a detergent-insoluble cytoskeleton. This Triton insoluble network of proteins was
termed the “Triton shell”*?°. Electron micrographs of the Triton shell revealed a
cytoskeleton-like structure with a protruding electron dense core where the attachment
organelle would normally be found (Figure 1.5)*%11812%_ The electron dense core can be
divided into three components: a bowl complex that leads from the internal cytoskeleton,
a parallel pair of plates (one thicker than the other), and a terminal button (Figure 1.6).
It is the contraction and expansion of this electron dense core that drives M. pneumoniae

motility in either of the proposed models mentioned above!?,

Figure 1.5: Electron micrographs of M. pneumoniae microcolonies before (A)
and after (B) treatment with Triton X-100. The electron dense core of the
attachment organelle is indicated. The cell membrane and the contents of the
cytoplasm are removed leaving a network of detergent-insoluble filaments.

Scale bar = 2.5 pm, adapted from*?°,
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Figure 1.6: Schematics of the electron dense core of M. pneumoniae and its
three components. A) Basic schematic highlighting how the wheel (bowl)
complex extends into the cytoskeleton. Image adapted from®’. B) Schematic
highlighting the precise locations of all fifteen attachment organelle proteins.

Image adapted from32,

At first it was assumed that the M. pneumoniae cytoskeleton was composed of an actin-
like protein'*3, but further analysis failed to identify any actin analogs®. Treatment with
Triton X-100 removes all the cellular components and assists in the solubilisation of
hydrophilic proteins allowing the enrichment of cytoskeletal-associated proteins.
Micrographs of Triton X-100 extracted cells revealed a network of Triton X-100 insoluble

proteins associated with the cytoskeleton and attachment organelle (Figure 1.5B)%.

There are fifteen proteins that constitute the attachment organelle (Figure
1.6B)!18:113,132,134 ' One of these proteins, HMW1, has been shown to have both an insoluble
phase and soluble phase for Triton X-100'%. This indicates that the molecule has multiple
forms. A Triton soluble hydrophilic phase allows the protein to partition on the extracellular

side of the cell membrane!®.

The M. pneumoniae accessory proteins are essential for cytadherence. These proteins do
not play a direct role in cytadherence, but their presence is required. These proteins
stabilise the attachment organelle, in addition to localising and maintaining the major
adhesins P1 and P30 to the tip of the organelle. P24, P40, P41, P65, P90, P200, Lon
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protease, Top], MPN387, CpsG, and High Molecular Weight proteins HMW1, HMW2, and
HMW3 are the key accessory proteins of M. pneumoniaett®11%:13213% M. pneumoniae
mutants defective in either the HMW1, HMW2, HMW3, P40, P90, P24, P41, P65, P200,
Topl, and MPN387 proteins were found to be non-motile or non-adherent highlighting the
significance of these accessory proteins for tip structure function3¢-1*3, The function(s) of
the other attachment organelle proteins, Lon protease and CpsG proteins remain

unknown.

1.6 Adhesins and accessory proteins of Mycoplasma pneumoniae

M. pneumoniae has an affinity for the carbohydrate structures consisting of a2-3-sialated
poly (N-acetyllactosamine) on glycoproteins and glycolipids found on human erythrocytes
and bronchial cilia'**%*, Roberts et al. showed that sialylated glycoproteins are recognised
by M. pneumoniae on human cilia*®. These long chain poly-N-acetyllactosamine receptors
are abundantly expressed and highly polarised at the tips of bronchial ciliated epithelial
cells'¥’. Sialylated groups carry a negative charge. Early work suggested that the
interactions between M. pneumoniae and sialylated molecules may not be based on
charge interactions'**. Nonetheless, Mycoplasmas (and other organisms that have a low
G+C content) tend to encode for a higher proportion of positively charged lysine, and
hydrophobic amino acids'*®. Exposed lysine residues on surface localised proteins may
target the negatively charged molecules found along human cilia such as
glycosaminoglycans'®. Negatively charged sulphated groups of glycosaminoglycans are
targets for other respiratory pathogens such as Haemophilus influenzae and Mycoplasma

hyopneumoniae**:**°,

Regardless of whether or not positively charged lysine residues are involved,
M. pneumoniae surface proteins play an important role in adherence to receptors on
epithelial cells. M. pneumoniae cells pre-treated with trypsin were inhibited in their ability
to adhere to a bronchial epithelial layer (Figure 1.7B). Adherence was resolved with
prolonged incubation in media indicating that M. pneumoniae cells were able to re-
establish their surface protein topography sufficiently to regain the capacity to adhere
(Figure 1.7D)%1,
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A) Untreated control, 6 h post-inoculation B),Treated cells, 6 h post-inoeculation
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Figure 1.7: Autoradiographs depicting the necessity of surface proteins for the
attachment and growth of M. pneumoniae cells. Cells were stained with silver
grains. A) Tracheal rings were inoculated with M. pneumoniae cells and
incubated for 6 hours (untreated control) and re-incubated in media for
another 24 hours; seen in C). B) Tracheal rings were inoculated with pre-
treated M. pneumoniae cells (incubation with trypsin for 15 minutes). D) The
treated culture from B) was re-incubated in fresh media for 24 hours, the
attachment indicates that cells had regenerated new surface proteins and were
able to adhere!>!. Note the minimal number of attached cells to the tracheal

ring in B), adapted from?1°i,

Further studies concluded that adhesin and accessory proteins found primarily on the
surface of the attachment organelle were responsible for cytadherence of M. pneumoniae
to the respiratory epithelium (Figure 1.8)%7'36152 The major adhesion proteins of
M. pneumoniae are the P1, P30, and P116 adhesins!>1/1>3-155,
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Figure 1.8: Schematic representation of the adhesive attachment organelle of
M. pneumoniae including the precise locations of the adhesins and accessory

proteins. Adapted from!?!,

The P1 adhesin is considered to be the major adherence protein in M. pneumoniae. Cells
that are unable to express P1 are unable to adhere to host cells'>'13615°  Antibodies
generated against P1 will block M. pneumoniae adherence to abiotic surfaces!®® and to
epithelial cells?”/15>:156.159.161,162 " M- pneumoniae adherence to epithelial cells was reduced
by 75%?’ which indicates adhesins other than P1 play a role in adherence. The P1 adhesin
is encoded by mpni41*% which contains the RepMp elements responsible for driving
antigenic variation in this protein3*!t, P30 is another major adhesin in M. pneumoniae.
M. pneumoniae cells that are unable to synthesise P30 are unable to adhere and do not
have P1 localised to the attachment organelle (proper localization seen in Figure 1.8)!5%164,
Not much is known about the P116 adhesin other than antibodies raised against P116 are
able to reduce M. pneumoniae cytadherence!®. The correct positioning of the P1 and P30
adhesins is a complex process that requires insertion into the cell membrane and correct
folding into an adhesive complex. This can only be achieved by interacting with partner

accessory proteins!>?16°,
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The P40 and P90 accessory proteins are cleavage products of Mpn142 encoded by the
mpn142 gene'®t-168, Mutants defective in mpni142 display a non-adherent phenotype!®.
Both P40 and P90 form a complex with P1 on the attachment organelle named the 'P1
adhesin complex*’® (Figure 1.8). P65!* and all three high molecular weight proteins
HMW17t, HMW227:152172 - and HMW3!”® are required for attachment organelle
development and localisation of the adhesion complex. P24!%, P41'%®, and TopJ*4174
anchor and stabilise the attachment organelle.

Although M. pneumoniae has three major surface-exposed adhesins, it requires all 15
attachment organelle proteins for efficient cytadherence. The two adhesins and thirteen
accessory proteins are required to develop a functional attachment organelle in order for
M. pneumoniae to successfully colonise the human respiratory epithelium. Studies have
shown that if the function of any of the accessory proteins are inhibited, M. pneumoniae
cells adhere poorly'3¢1%3, The function of the Lon protease and CpsG protein in the
attachment organelle remains unknown, and the precise cellular location(s) (intracellular
or extracellular, or both) of several proteins in the complex are also unclear. It is important
to define the surface exposed regions of proteins localising to the attachment organelle.
Many of the adhesins have multiple domains and it is becoming clear that certain regions
within these adhesins are more desirable as vaccine targets than other regions within the
same molecule®. It will be important to define regions in adhesins that induce undesirable
immune responses that exacerbate inflammatory responses. One of the aims of work
presented in Chapter 2 is to identify regions in these and other surface accessible proteins

that might serve as a target for vaccine development.

1.7 Moonlighting proteins

Prior to systems-wide genomic, transcriptomic and proteomic studies, there was a widely
held assumption that one gene would express one protein with only one function!’>.
However, studies characterizing the surface proteome of Gram-positive bacterial’¢-1%,
Gram-negative bacteria'®-®%, and Mycoplasmas!®>1®’ have identified a class of
multifunctional proteins dubbed “Moonlighting” proteins!®. Moonlighting proteins are a
subset of multifunctional proteins encoded from a single ORF that perform more than one
function'®. These cannot be from products from gene fusion, alternative splicing, or those

that display low secondary functions (promiscuous enzymes)'®1%°, These proteins
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typically perform a canonical function in the cytosol. These molecules have no obvious
signal peptides but proteome studies report them on the surface of a wide range of Gram-
positive and Gram-negative pathogens. How they get to the cell surface has been a topic
of controversy and has led to scepticism about the role these proteins might play on the
cell surface. However, over the past 25 years there have been many studies attesting to
the multifunctional characteristics of these proteins and descriptions of novel mechanisms
that might explain how they arrive on the cell surface!®'-**3, Many moonlighting proteins
are able to be translocated to the bacterial surface to perform an alternate function; a
majority of which act as secondary adhesins!®. Moonlighting proteins are often: 1)
enzymes of the glycolytic pathway, 2) enzymes of other metabolic pathways, and 3)
molecular chaperones. A vast range of bacteria have been shown to express moonlighting
proteins including: Staphylococcus aureus, Bacillus anthracis, Escherichia coli, Chlamydia
pneumoniae, H. influenzae, Helicobacter pylori, Mycobacterium tuberculosis, Mycoplasma
genitalium, Mycoplasma pulmonis, and M. hyopneumoniae just to name a few (Reviewed
in'** and!®®). A database for a majority of the reported moonlighting proteins from both
eukaryotes and prokaryotes has been collated and can be found on

<http://www.moonlightingproteins.org/>1°.

Several vaccine formulations comprise immunogenic moonlighting proteins including
enolase!®”1%  GAPDH (reviewed in?%?), 6-Phosphogluconate dehydrogenase®©12%,
fructose-biphosphate aldolase?®, and elongation factor Ts?3. Moonlighting proteins are
important components in vaccines designed to elicit immune responses against bacteria

and parasites?*.

In M. pneumoniae, several cytosolic proteins have been reported to moonlight on the cell
surface. Elongation factor Tu (Ef-Tu) and pyruvate dehydrogenase E1 3 subunit (Pdh-B)
were described to have a cell surface location in 20022%. Although both proteins perform
their canonical function in the cytosol, putative transmembrane domains have been
identified in both molecules?®. This suggests that both proteins are able to be secreted
across the cell membrane to the cell surface via novel pathways. In the study by Dallo et
al., it was demonstrated that Ef-Tu and Pdh-B are cell surface-accessible (Figure 1.9) and
bind to fibronectin in a dose dependant and saturable manner. Recently, it was suggested

that these “cytosolic” moonlighters are anchored to the M. pulmonis cell membrane
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through a rhamnose moiety near the carboxyl terminus?®. Only the membrane bound
enolase was observed to be post-translationally modified with the addition of rhamnose,
cytoplasmasmic enolase had no post-translaitonal modifications?°®. Rhamnose has been
detected in a range of Mycoplasmas and might serve to anchor moonlighters in those
species?”’, however it is possible that other carbohydrates may act as protein anchors.
Numerous moonlighting proteins have been identified recently that bind a wide variety of
host antigens?%-21° (Table 1.1). Additionally, some of these moonlighting proteins are also
able to bind plasminogen. Binding induces a small conformational adjustment in
plasminogen that is sufficient to promote activation to the active protease, plasmin, by
host plasminogen activators. Capturing plasmin onto the surface of bacterial pathogen
represents a powerful strategy to degrade extracellular matrix, trigger a matrix
metalloprotease cascade, and degrade a wide variety of essential host clotting and
immune molecules (reviewed in?''! and?!?). Several moonlighting proteins in
M. pneumoniae have been shown to bind plasminogen, and degrade extracellular matrix
molecules in the presence of plasminogen activators?%219213 (Table 1.1).

L3|Page 36



Chapter 1%

A) Pdh-B

Figure 1.9: Immunogold electron microscopy of the moonlighting proteins on
M. pneumoniae. A) Immunogold labelled antibodies against Pdh-B. B)
Immunogold labelled antibodies against Ef-Tu. C) Dual gold labelling of Pdh-B
and Ef-Tu antibodies. Scale bar = 0.1 pm, adapted from2°5,
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Table 1.1: Metabolic enzymes and chaperones from M. pneumoniae with moonlighting functions.

Fibronectinf A549¢ Plge® Lactoferrin® Laminin® Fibrinogen® Vitronectinf actil\,ngtion
Ef-Tu Ye N/A N/A N/A N/A N/A N/A N/A
Pdh-B Ye Y Y€ Y Y Y Y F&yd&f
GAPDH Y Y Y Y Y Yb Y Vitronectin'
Pdh-A - Y Yd Y - Y Vitronectinf
Pdh-C Y - Yd Y Y Y -
deh;:::;teiase - Y Y - Y Y Y Vitronectin'
Phosphoglycerate _ Y Y ) Y Y Y FR\/e&f
mutase
Pyruvate kinase - Y Y Y Y Y Y Vitronectinf
Transketolase - Y Y - Y Y Y Vitronectin
GroEL® Y Y Y Y Y Y Y F&V9
DnakK?® Y Y Y Y Y Y Y F&\V9

Y indicates the protein binds to the specific host cell/protein. N/A indicates the particular interaction was not tested. Abbreviations for M. pneumoniae
proteins are: elongation factor tu (Ef-Tu), pyruvate dehydrogenase B subunit (Pdh-B), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
pyruvate dehydrogenase a subunit (Pdh-A), and dihydrolipoyllysine acetyltransferase (Pdh-C). (A549) human lung epithelial cell line. (Plg)
plasminogen. In the ‘Plg activation’ column, F&V indicates the protein is able to degrade both fibrinogen and vitronectin in the presence of
plasminogen activators. 2Data collected from Dallo et al., 20022%. PData collected from Dumke et al., 20112%, <Data collected from Thomas et al.,
2011214, dData collected from Griindel et al., 2015%!°, ¢Data for the entire column was collected from Griindel et al., 2015%%° unless specified. ‘Data
for the entire column was collected from Griindel et al., 20162 unless specified. 9Data for the entire row was collected from Hagemann et al.,
2017213,
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Post-translational processing may also contribute to the multifunctionality of moonlighting
proteins. Processing of surface molecules has been reported in various Mycoplasma
species!®®187,216-236 a5 well as in many Gram-positive?’2%, and Gram-negative bacteria?3*-
241 Surface proteome studies have been important in identifying moonlighting proteins as
moonlighting proteins cannot be detected during proteomic studies that employ Shotgun
approaches to characterise whole cell lysates. In these studies, the lysates are digested
with an enzyme before mass spectrometry analysis losing the ability to detect cleavage
fragments. Cleavage events are likely to destroy canonical function but represent a
mechanism to release peptides or subdomains within modular proteins. Lactate
dehydrogenase in M. hyopneumoniae is found to be cleaved to create two fragments on
the cell surface?”’. In Campylobacter jejuni, cleavage of the immunogenic Campylobacter
adherence Factor (CadF) generates fragments that no longer generates an immune
response but retains affinity for fibronectin?*®. Phage infected £. coli cells cleave the N-
terminus of Ef-Tu to inhibit translation as a programmed cell death defence mechanism?*2.

All the adhesins in the P97 and P102 adhesin families from M. hAyopneumoniae undergo
cleavage to form functional fragments that assist in adhesion to a range of host molecules.
M. hyopneumoniae adhesin fragments have been shown to bind the glycosaminoglycan
mimic heparini8187.217,218,221 = fihronectin?!%220226,  and plasminogen?!22l, However,
cleavage is not restricted to adhesins in M. hyopneumoniae as a recent global proteome
study observed that a range of lipoproteins, annotated cytosolic proteins, proteases and
uncharacterised proteins are also cleaved??’. Cleavage fragments can be further modified
by the action of aminopeptidases that moonlight on the surface of M. Ayopneumoniae,

but the functional significance of these events remains to be determined?2°>:227:243,244,

To date, there have been a few examples of unusual cleavage events affecting protein
function in M. pneumoniae. Perhaps the most well characterised is the major cleavage
event that generates P40 and P90 from Mpn142166-1%8 The removal of the signal peptide
in both P40%7:168 and the P1 adhesin'®32%2%6 has also been observed. An inflammatory
response during infection is induced by N-terminal peptides derived from two lipoproteins
(Mpn611 and Mpn162)?2 and an ATPase (Mpn602)??°, which are released after
proteolysis. These lipopeptides induce NF-kB activation, chemokines, inflammatory

cytokines, tumor necrosis factor-alpha, and leukocyte infiltration (in mice models)?22%°,
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Though the exact cleavage sites have not been mapped, cleavage fragments of several
M. pneumoniae proteins have been reported. These include, a DnaK fragment and a C-
terminal P1 fragment which forms a complex with full length P1 adhesin and other
accessory proteins, observed in paraformaldehyde cross-linking studies?”’. Mass
spectrometry analysis of gel spots from two-dimensional gel electrophoresis of
M. pneumoniae cell lysates also identified fragments of several uncharacterised
lipoproteins (Mpn052, Mpn284, Mpn288, Mpn376, Mpn400, Mpn408, Mpn444, Mpn456,
Mpn474 and Mpn491)**® suggesting that processing of lipoproteins is important in this
species.

It was recently reported that the accessory proteins, P90 and P40, derived from a major
processing event in Mpn142 are targets of a complex array of processing events on the
surface of M. pneumoniae’®® (see Chapter 4). It is hypothesised that processing events
may be more common in M. pneumoniae than is currently known. These cleavage
fragments could act as adhesins as is observed in M. hyopneumoniae or they may perform
other functions yet to be characterised. Two-dimensional electrophoresis coupled with
mass spectrometry revealed there are M. pneumoniae lipoproteins that are cleaved; some
of which are cleaved several times?®. Paraformaldehyde cross-linking studies of
M. pneumoniae observed a P1 fragment and DnaK fragment complexed to several
attachment organelle proteins?*’. However, the full repertoire of cleavage products has

not been characterised.

1.8 Thesis aims and Chapter synopses

Despite the application of a wide variety of systems biology approaches to study
M. pneumoniae (such as genome®, transcriptome®®*, proteome***’, metabolome®,
protein interactome*, and phosphoproteome®*>? just to name a few) there are no
efficacious vaccines for this pathogen. However, a significant omission is the lack of
knowledge of a surface proteome for M. pneumoniae. From a historical perspective, this
has probably occurred because several leading laboratories in the field have focussed their
efforts in studying the attachment organelle, a remarkably interesting biological structure
that is critical for adherence and cell motility. It is clear from extensive proteome studies
of M. hyopneumoniae, that the surface proteome of Mollicutes are enriched in lipoproteins,
dedicated cell adhesins, ABC-like transporters, and a diverse array of proteins that have
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canonical functions in the bacterial cytosol. These proteins and regions within them will
have essential roles in cytadherence, biofilm formation, cell-cell communication,
antimicrobial activity, immunomodulation, and influencing attachment organelle
development. Future vaccine and other therapeutic targets are most likely to reside in the
surface proteome. As such, it is critically important to attempt to define the collection of
proteins that are exposed on the extracellular surface of M. pneumoniae, and how they
may be modified by post-translational processes. The overarching aim of this thesis was
to define proteins and their modified products which comprise the surface proteome of
M. pneumoniae. High throughput methods were also used to gain insight into the function
of these molecules and how they interact with epithelial cells. This aim is further divided

into sub-aims:
AimI: To identify the global surface proteome of M. pneumoniae (Chapter 2).

AimII: To examine the interaction of M. pneumoniae proteins and their native
complexes with diverse host molecules that reside on host epithelial cell surfaces
(Chapter 3).

Aim III: To characterise post-translational cleavage products derived from

M. pneumoniae surface proteins (Chapter 3).

Aim IV: Provide examples of M. pneumoniae proteins that are targets of complex
post-translational proteolytic processing events and determine putative functions

for the cleavge fragments (Chapter 4, 5, and 6).

This PhD thesis involved the analysis of the complete surface proteome using surface
biotinylation and trypsin shaving, two complementary methods that have been used

previously in other bacteria (Aim I).

Affinity chromatography methods (‘Bait and Prey’ experiments) were developed in an
endeavour to find M. pneumoniae proteins that interact with diverse host cell ligands
including heparin, fibronectin, plasminogen, actin, fetuin, as well as protein complexes
extracted from the surface of A549 epithelial cells. These protocols were applied in a

systems-wide manner to recover proteins from whole cell lysates of M. pneumoniae (Aim
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II). Proteins identified in ‘Bait and Prey’ experiments were compared to the list of proteins
identified in surface proteome of M. pneumoniae.

The preliminary experiments presented here indicated that proteins that reside in the
surface proteome are targets of endoproteolytic processing events. Aim III sought to
investigate protein proteolysis in a systems wide manner by firstly investigating protein
fragments from ‘Bait and Prey’ experiments and 2D-SDS PAGE spots of M. pneumoniae
cell lysates. During the course of my PhD, an N-terminomics protocol (developed by Berry,
I. J. and others) facilitated the recovery on neo-N-terminal peptides generated as a result
of cleavage events. These N-terminomic datasets complimented the collection of protein
cleavage fragments identified from the ‘Bait and Prey’ experiments and 2D-SDS PAGE of
cell lysates. To describe how proteins are processed in M. pneumoniae (Aim 1V), several
representative molecules known to play an important role in attachment organelle function
(P40 and P90 accessory proteins, Chapter 4), in adherence (the P1 adhesin, Chapter 6),
as well as several novel adhesins (Ef-Tu, Chapter 5) were studied in detail. Processing
events identified in Ef-Tu from M. pneumoniae were compared to processing events in the

same protein from M. hyopneumoniae and a non-Mollicute species S. aureus. (Chapter 5).
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2.1 Preface

Due to the absence of a cell wall, proteins on the surface of M. pneumoniae are predicted
to be directly exposed to the extracellular milieu. A comprehensive surface proteome will
provide a list of all the proteins that may interact with the respiratory epithelium (Aim I).
Two independent methods were employed to explore the surface proteome. The
completed analysis of the cell surface revealed essential proteins responsible for a wide
variety of functions such as metabolism, protein synthesis, adherence, and motility; and

represent future therapeutic targets.

2.2 Introduction

Bacteria interface with the host and environment through interactions involving proteins
on their cell surface and those that are secreted into the extracellular milieu. As
Mycoplasmas have no cell wall, these surface proteins are crucial for cytadherence, cell
invasion, nutrient acquisition and transport, defence, biofilm formation, and growth. For
M. pneumoniae to survive, it must first adhere to respiratory epithelium. For this, it

possesses several dedicated cytadherence proteins including P12, P30%*, and P116%,

Ef-Tu, Pdh-B, GAPDH, Pdh-A, Pdh-C, lactate dehydrogenase, phosphoglycerate mutase,
pyruvate kinase, transketolase, GroEL, and DnaK?0>208-210,213-215 haye all been shown to
reside on the surface of M. pneumoniae. Several play a key role in recruiting plasminogen
onto the surface of M. pneumoniae but many also bind other host proteins with roles in
immune function, clot formation, cell structure, and signalling and are likely to be
important in cytadherence. Once plasminogen is bound to the cell surface, it is readily
activated by plasminogen activators to plasmin, an active serine protease. The capacity to
recruit plasmin on the cell surface arms bacteria with the ability to invade cells and
disseminate from the original site of colonisation to infect distal tissue sites (reviewed in?!
and?'?). Additionally, this activation of plasminogen and degradation of host molecules
produces a cascade affect where matrix metalloproteases continue to degrade the host
extracellular matrix?!1?12, Moonlighting proteins play a significant role in this regard, but
it is difficult to rank their importance because mutant studies cannot be conducted due to

the essential functions performed by many of these proteins.

Over the past 40 years, there has been a sustained effort to characterise the function of

proteins associated with the M. pneumoniae attachment organelle. Functions of many
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proteins in M. pneumoniae remain uncharacterised and M. pneumoniae may possess other
proteins that are required for cytadherence. Despite M. pneumoniae being a model
organism for systems biology, there have been no studies describing the surface proteome
of this species (see Chapter 1). A comprehensive analysis of the surface proteome is
required to identify proteins that may become components of future vaccine formulations
and identify new targets for therapeutic intervention. Two independent methods,
enzymatic cell shaving and surface biotinylation, were used to define the global surface

proteome of M. pneumoniae.
2.3 Methodology
2.3.1 Strains

M. pneumoniae (M129 strain, ATCC 29342) cells were cultured as described previously?°,
Cells were grown in modified Hayflick’s medium in tissue culture flasks (BD Falcon™) at
37°C.

2.3.2 M. pneumoniae surface labelling with NHS-biotin and avidin affinity purification

M. pneumoniae cells were grown in a T-175 culture flask as described above until
confluent. Cells were washed with three times with PBS (Phosphate Buffered Saline)
before being incubated with 10 mM EZ-link sulfo-NHS-biotin (Thermo Fisher Scientific) in
PBS on ice for 30 s. The reaction was quenched with a final concentration 50 mM Tris-HCl
in PBS for 10 min at 25°C. Labelled cells were washed three times and lysed with 7 M
urea, 2 M thiourea, 40 mM Tris-HCI (pH 8.8), 1% (w/v) C7bZ0 (Sigma). Control samples
were treated exactly the same as test samples except the cells were not exposed to sulfo-
NHS-biotin. This was deemed necessary to determine if M. pneumoniae contains naturally
biotinylated proteins and acted as a negative control. A positive control comprised cell
lysate of M. pneumoniae that was labelled with sulfo-NHS-biotin using the same labelling

conditions.

Avidin affinity chromatography purification of biotinylated surface proteins was conducted
using Avidin Agarose Columns (Thermo Fisher Scientific). Cell lysates of biotinylated
M. pneumoniae was loaded onto the column and incubated for 60 min at 25°C to allow
binding. The eluent was collected and the column was washed with one column volume
each of: Wash 1 (2 M urea in 100 mM ammonium bicarbonate); Wash 2 (2 M Urea, 0.5 M
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sodium chloride 100 mM ammonium bicarbonate); Wash 3 (2 M urea, 30% acetonitrile in
100 mM ammonium bicarbonate); and Wash 4 (100 mM ammonium bicarbonate). Finally,
five column volumes of 30% acetonitrile with 0.2% trifluoroacetic acid was used to ensure
all proteins were removed from the column. All column flow throughs were analysed by
1D-SDS PAGE and transferred onto PVDF (polyvinylidene fluoride) membrane. The
membrane was probed with a 1:5000 dilution of Extravidin-HRP (Sigma) for 60 min and
developed in DAB (3,3-Diaminobenzidine, Sigma). Duplicate samples were separated by
SDS-PAGE and stained with Flamingo™ (Bio-Rad).

Eluents were first pooled and concentrated using a 3K MWCO filter (Pall) after the
acetonitrile was evaporated. The sample of pooled eluents was separated by SDS-PAGE
and divided into sections listed in Appendix 4: Table 1. The gel sections were dehydrated
and incubated with trypsin for 16 h at 37° prior to analysis by LC-MS/MS (liquid

chromatography tandem mass spectrometry).

2.3.3 M. pneumoniae enzymatic surface shaving

M. pneumoniae cells were grown in a T-175 culture flask (BD Falcon™) as described above
until confluent. Cells were washed three times with PBS (pre-warmed at 37°C) before
being incubated for 5 minutes with PBS (pre-warmed at 37°C). Cells were exposed to
trypsin from bovine pancreas at a final concentration of 50 pug.ml* (Sigma) for 5 min. The
supernatant (containing released tryptic peptides and detached cells) were centrifuged for
10 min at 4000 RCF. This peptide supernatant was concentrated using a 3K MWCO filter
(Pall).

To decrease sample complexity, both the top sample (> 3 kDa) and bottom flow through
(< 3 kDa) of the 3K filter was digested a second time with Trypsin Gold (Promega
Corporations) for 16 h at 37°C. The peptide sample above the cut off filter (> 3 kDa) was
separated using a 11cm ReadyStrip™ IPG Strip (Bio-Rad) in a PROTEAN IEF Cell Apparatus
(Bio-Rad) to further decrease sample complexity. The IPG gel strip was divided into
sections and peptides were extracted in 50% acetonitrile, 0.2% trifluoroacetic acid before
analysed by LC-MS/MS. Peptides were extracted from the bottom flow through (< 3 kDa)
of the 3K filter with an OASIS HLB Extraction Cartridge (Waters Corporation®) and
analysed by LC-MS/MS.

L3|Page 46



Chapter 2 &

2.3.4 Liquid chromatography tandem mass spectrometry (LC-MS/MS)

5 ul of sample containing up to 5 pg of peptide was loaded into an autosampler vial in an
Eksigent AS-1 autosampler connected to a Tempo nanoLC system (Eksigent) with a C8
Cap Trap column (Michrom Biosciences). The peptides were washed onto a PicoFrit
column (75 pm x 150 mm) packed with Magic C18AQ resin (Michrom Biosciences).
Peptides were eluted from the column into the source of a QSTAR Elite hybrid quadrupole-
time-of-flight mass spectrometer (Sciex). Eluted peptides were ionized from the PicoFrit
at 2300 V. An Intelligent Data Acquisition experiment was performed, with a mass range
of 350-1500 Da continuously 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.

Files generated from LC-MS/MS were searched against the MSPnr100 database?! with the
following parameters: Fixed modifications: none; Variable modifications: propionamide,
oxidized methionine, deamidation; Enzyme: semi-trypsin; Number of allowed missed
cleavages: 3; Peptide mass tolerance: 100 ppm; MS/MS mass tolerance: 0.2 Da; Charge
state: 2+, 3+ and 4+. For samples collected from the ‘M. pneumoniae surface labelling
with NHS-biotin” methodology listed above, variable modifications also included NHS-LC-
Biotin (K) and NHS-LC-Biotin (N-term).

2.4 Results and Discussion

2.4.1 Biotinylation and purification of the M. pneumoniae surface proteins

The M. pneumoniae surface was biotinylated using sulfo-NHS-biotin. This biotin tag readily
labels accessible amines on lysine residues but is hydrophilic and does not permeate the
cell membrane. By tagging surface proteins and enriching biotinylated proteins with avidin
chromatography, the protein’s molecular mass is retained. This is an important
consideration because it allows cleavage fragments to be identified on the cell surface.
This is in contrast to enzymatic surface shaving protocol which generates tryptic peptides
from surface accessible proteins. Isolating intact surface proteins is useful for determining
if surface accessible proteins are presented as multiple proteoforms derived by
endoproteolytic processing (discussed in Chapter 3). However, the combination is
powerful because shaving can identify surface exposed regions within membrane proteins,

an important consideration for vaccine design.

Page 47|L3



°§| Chapter 2

To determine if M. pneumoniae contains endogenously expressed biotinylated proteins, a
blot containing biotinylated and non-biotinylated M. pneumoniae cell lysates were reacted
to Extravidin-HRP. The blot shown in Figure 2.1B shows that no naturally occurring
biotionylated proteins were detected in M. pneumoniae (lane 2, ‘WCL —) whereas many
proteins were labelled with biotin in the test reaction (lane 3, ‘WCL +"). The flow through
contained non-biotinylated proteins and residual biotinylated proteins (Lane 4, ‘Flow
through’) and washing successfully removed non-biotinylated proteins (Figure 2A). Eluents
contained biotinylated proteins that spanned masses from 250 kDa to less than 10 kDa
(Eluents in Figure 2.1B). From the ‘Flow through’ (lane 4) in Figure 2.1B, the presence of
biotinylated proteins indicated that the Avidin Agarose Column was overloaded and not all
biotinylated surface proteins were retained in the column. To extract more biotinylated
proteins, the ‘Flow through’ sample was passed through avidin chromatography until all
biotinylated proteins were collected.
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Figure 2.1: Western blot M. pneumoniae biotinylated surface proteins. A) Gel
stained with Flamingo™. B) ExtrAvidin® HRP western blot of a duplicate gel.
An M. pneumoniae cell lysate was biotinylated as the positive control (WCL +)
and a non-biotinylated negative control was included in both gels. ‘Flow
through’, 'Wash’, and ‘Eluents’ were obtained from avidin affinity

chromatography.
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2.4.2 The surface proteome of M. pneumoniae

By combining both methodologies, LC-MS/MS identified 160 proteins on the
M. pneumoniae cell surface of which 117 (73%) were identified by both approaches
(Figure 2.2). 147 proteins were identified from avidin enrichment of biotinylated proteins,
and 130 proteins contained trypsin accessible surface exposed regions that were identified
by surface shaving (Figure 2.2). The complete list of proteins identified can be found in
Appendix 1. M. pneumoniae cells were biotinylated for only 30 seconds on ice. This
approach ensured that genuine surface proteins were labelled with biotin. Biotinylation
has been conducted on other Mycoplasmas and times vary from 30 seconds for M.
hyopneumoniae'® to 30 minutes for Mycoplasma mobile’®>; both studies did not report
cell lysis. Up to 2 hours has been used to biotinylate Gram-positive bacteria due to the
thick cell wall*”®177, Enzymatic shaving of M. pneumoniae was limited to 5 minutes; the
same time used for M, hyopneumoniae'®’. M. pneumoniae has been incubated with trypsin
for 30 minutes with no evidence of cell lysis?!*. In earlier studies, cell integrity was
monitored using immunoblots with antibodies raised against a cytosolic M. pneumoniae
protein?'4, Olaya-Abril et al. performed a time course of trypsin shaving on the Gram-
postive bacteria, S. pneumoniae, ranging between 5 — 60 minutes and found cell lysis

occurred after 30 minutes'’8.

Biotinylation Trypsin Shave

Total identified proteins = 160

Figure 2.2: Venn diagram of M. pneumoniae surface proteins. Diagram was
generated using Venny 2.1.0%52
<http://bioinfogp.cnb.csic.es/tools/venny/index.html>.
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The labelling time of 30 seconds for M. pneumoniae, while limiting cell lysis, may not have
allowed sufficient labelling of all proteins; leading to the loss of low abundance proteins.
As biotinylation containes a strong enrichment step, samples tend to be much more
complex than samples from shaving experiments. In addition, LC-MS/MS analysis involves
peptides derived from intact proteins (in biotinylation protocols) as opposed to peptides
from only surface exposed regions (shaving protocols). Therefore, low abundance proteins
are more likely to be identified using biotionylation protocols. Biotin is a small molecule
(0.4 kDa?>* compared to trypsin (24 kDa?**. It is conceivable that biotin may be able to
access lysine residues that would not be accessible to the larger trypsin molecule due to
steric hindrance?>>. Alternatively, the structure of the biotin tag used in this study may not
always be accessible to the Avidin Agarose. The spacer arm of the sulfo-NHS-biotin may
be too short and be blocked from attaching to the avidin by steric hindrance of the
biotinylated protein®>3.

The release of tryptic peptides provides important insight into protein topography. Trypsin
needs to cleave surface exposed lysine or arginine residues to successfully release the
peptide from the cell membrane. Depending on the number of transmembrane domains,
proteins exposed on the surface of M. pneumoniae will either be released into the
extracellular milieu or remain tethered to the cell membrane (Figure 2.3). If a protein is
only anchored to the cell membrane at the N- or C-terminus, shaving will release the
protein from the cell membrane (Figure 2.3A). Proteins with two or more transmembrane
domains must have two accessible trypsin cleavage sites in each surface loop in order to
be detected (Figure 2.3B). If there is only one accessible site, the protein will remain
tethered to the membrane (Figure 2.3C). Lastly, proteins that are fully exposed on the
surface should be detected (Figure 2.3D). Moreover, trypsin can target two amino acids
(lysine and arginine) as opposed to biotin which can only target lysine!8!. It is possible
that the proteins only identified by surface shaving only have surface exposed arginine
residues, if so they will not be labelled by biotin. All these reasons could account for the

identifications by only one of two methodologies.
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Figure 2.3: Identification of surface exposed proteins from surface shaving.
Proteins before (top panel) and after (bottom panel) surface shaving. Trypsin
accessible sites are indicated by the dotted lines. Yellow bars labelled ‘TmD’
represent transmembrane domains within these surface proteins. Green
indicates regions that are released into the extracellular milieu to be detected
by LC-MS/S whereas red indicates regions that remain tethered to the cell
membrane. A) Protein anchored either by the N- or C-terminus, B) Protein with
two transmembrane domains that contain two trypsin cleavage sites, C) B)
Protein with two transmembrane domains with only trypsin cleavage site, and
D) Protein that is fully exposed on the cell surface.

L3|Page 52



Chapter 2 &

Trypsin releases tryptic peptides of proteins that are accessible from the cell surface. The
ATP-dependent zinc metalloprotease was identified by both surface labelling and
enzymatic shaving (Appendix 1). It is predicted to contain two transmembrane domains
(TMpred predictions) which are located in the N-terminus (Figure 2.4, amino acids 26 —
45 and 175 — 192). Five peptides were identified by LC-MS/MS from shaving experiments
which span the C-terminal half of the protein (Figure 2.4). These results suggest that the
N-terminus (amino acids 46 — 174) is intracellular or otherwise inaccessible to trypsin and
that the region from amino acid 193 onwards is surface exposed.6
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Figure 2.4: Shaved peptides of zinc metalloprotease. The amino acid sequence
of zinc metalloprotease has been shown with shaved peptides identified by LC-
MS/MS shown in bold text and shaded. Transmembrane domains predicted by
TMpred are boxed. Peptides in the N-terminus that are detectable by LC-

MS/MS are underlined.

2.4.3 Bioinformatic analyses on M. pneumoniae surface proteins

The bioinformatic tools TMpred, SignalP 4.1, and SecretomeP 2.0 were applied to the list
of 160 proteins determined experimentally to reside on the cell surface. SignalP 4.1
searches for signal peptides that direct the transport and secretion of the protein from a
cell®®, SecretomeP 2.0 predicts whether or not a protein is secreted via non-classical
secretory pathways, proteins identified include growth factors or extracellular matrix
binding proteins?*’. Both these tools identified 21 proteins that are classically secreted to

the M. pneumoniae surface, 37 that are non-classically secreted, and 102 proteins that
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lack any signal or secretion sequences (Figure 2.5). TMpred is an algorithm that predicts
the region of a protein that passes the cell membrane, and which side of the membrane?®%.
The prediction is based on a database of experimentally determined transmembrane
proteins and the helical membrane domains within these proteins?*¢. TMpred predicts that
74 surface proteins contain at least one transmembrane domain (TMpred score greater
than 500). Notably, no statistically significant transmembrane domains were detected for
86 proteins experimentally determined to reside on the cell surface of M. pneumoniae.
Figure 2.5 depicts a summary of these analyses where the number of transmembrane
domains (none, one, two, or more than two) of each protein is shown for each secretion

pathway (not secreted, non-classically secreted and classically secreted).
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Not secreted (102) Non-classically secreted (37)

Classically secreted (21)

O Classically secreted (21) E Non-classically secreted (37) B Not secreted (102)

Figure 2.5: Treemap chart of secretion pathway and transmembrane domain predictions of M. pneumoniae surface
proteins. Based on SignalP 4.1 and SecretomeP 2.0 predictions, surface proteins are divided into classically secreted,
non-classically secreted, and not secreted proteins. These are divided further into the number of transmembrane
domains (None, One, Two, or More than two) from TMpred predictions for each protein. The exact number of proteins
in each box is also given. Predicted classically secreted proteins will have a positive SignalP 4.1 result; Predicted non-
classically secreted will have a negative SignalP 4.1 result but a positive SecretomeP 2.0 result; and a protein predicted

to not be secreted will have a negative result for both tools.
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UniProt and PSORTb 3.0.2 were also utilised to provide insight into what is known about
the proteins in the surface proteome of M. pneumoniae. UniProt is a universal protein
database containing functional information of the proteome of thousands of organisms.
UniProt annotates proteins based on published articles, a variety of algorithms and
similarities to known proteins®*°. According to UniProt: 37 of the identified surface proteins
are localised within the cell cytoplasm, 84 have no known cellular location, and 39 proteins
are localised to the surface (Figure 2.6). PSORTb 3.0.2 is an algorithm that predicts the
subcellular localisation of proteins by analysing the amino acid sequence. This sequence
is applied to multiple algorithms to provide a probability of where the protein might be
localised?®®, PSORTb 3.0.2 predicts that 99 proteins are cytosolic, 13 bound to the cellular
membrane, and 2 to be on the cellular surface. PSORTb 3.0.2 is unable to predict the

location of 46 M. pneumoniae surface proteins (Figure 2.6).

UniProt

PSORT

0 20 40 60 80 100 120 140 160
B Unknown B Cytoplasmic OMembrane B Surface

Figure 2.6: Cellular location predictions of M. pneumoniae surface proteins.
Cellular locations are divided into three and four locations for UniProt and
PSORTDb 3.0.2, respectively.

Membrane vesicles are known to package cellular proteins for export to the extracellular
side of the membrane!®!1%2, Cell lysis is an essential part of biofilm formation and this may

be an important mechanism for releasing “public goods”®. Extracellular DNA and
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moonlighting proteins released by lysis are known to play an important role in biofilm
formation?61-264, A review consisting of 22 surface proteomes studies revealed that more
than one-third of the proteins identified to be on surface lacked any predicted

transmembrane domains or secretion signals'®.

2.4.4 Attachment organelle proteins of M. pneumoniae

This study employed complementary approaches to identify the cellular location of
M. pneumoniae proteins. Of the fifteen attachment organelle proteins, only the P30
adhesin, P200, P24, and the Cpsg protein were not identified by either method to be on
the M. pneumoniae surface. The P30 adhesin is predicted to be classically secreted, to
contain transmembrane domains, and the carboxy-terminal region has been shown to be
surface exposed?6>2%¢, Proteomic data derived from an analysis of M. pneumoniae whole
cell lysates proteomic data identified only one peptide within P30 (data not shown). Closer
inspection of the P30 amino acid sequence showed the presence of a proline residue
preceding either a lysine or arginine residue (Figure 2.7). The presence of proline next to
lysine or arginine is known to inhibit the ability of trypsin to cleave?®’, rendering the C-
terminal half of P30 to be trypsin insensitive. Using PeptideCutter?%®, which predicts the
peptides obtained from digests from different enzymes, P30 has only one tryptic peptide
of the suitable length that is identifiable by the QSTAR Elite mass spectrometer used in
this study. This tryptic peptide resides in the amino half of P30 which has been shown to
be intracellular?®®. Some proteins may be exported but not retained on the cell surface in
sufficient quantity to be detected using the methods in this study. Additionally, proteins
exposed on the surface may contain large trypsin insensitive regions that are absent of
any lysine or arginine residues and therefore would not be identified by the methods used
in this study. An example of this is seen in HMW1 which has been shown to be a peripheral
membrane protein!**>. HMW1 was identified be a surface exposed protein by both surface
biotinylation and trypsin shaving methodologies (Figure 2.8). Upon closer inspection,
HMW1 contains a very large trypsin insensitive region (498 amino acids, 49% of the entire
protein) that would not be detected by mass spectrometry (Figure 2.8).
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P75330| P30 Adhesin
1 MKLPPRRKLK[LFLLAWMLVL

FSALIVLATL ILWQHNNTEL TEVKSELSPL

51 NVVLHAEEDT VQIQGKPITE QAWFIPTVAG CFGFSALAII LGLAIGLPIV

101 KRKEKRLLEE KERQEQLAEQ LORISAQQEE QQALEQQAAA EAHAEAEVEP

151 APQPVPVPPQ PQVQINFGPR TGFPPQPGMA PRPGMPPHPG MAPRPGFPPQ ) Trypsin
201 PGMAPRPGMP PHPGMAPRPG FPPQPGMAPR PGMPPHPGMA PRPGFPPQPG >insensitive
251 MAPRPGMQPP RPGMPPQPGF PPKR region

Figure 2.7: Tryptic sites of the P30 adhesin. The amino acid sequence of P30

has been shown with tryptic cleavage sites (lysine and arginine residues) in
red text and underlined. The only peptide that can be identified by LC-MS/MS

is in blue bold text. Transmembrane domains predicted by TMpred are boxed.

Regions that are trypsin insensitive due to adjacent proline residues are shown

in grey boxes.
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Figure 2.8: Tryptic sites of the HMW1 accessory protein. The amino acid

sequence of HMW1 has been shown with tryptic cleavage sites (lysine and

arginine residues) in red text and underlined. Peptides identified from trypsin

shaving experiments are in blue bold text. The large trypsin insensitive region

(no lysine or arginine amino acids) spanning 498 amino acids is shown in grey.
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2.4.5 Putative surface proteins of M. pneumoniae

Aside from proteins of the attachment organelle, several other proteins have been
reported to be localised on the surface of M. pneumoniae such as the moonlighting
proteins Ef-Tu, Pdh-B, GAPDH, Pdh-A, Pdh-C, lactate dehydrogenase, phosphoglycerate
mutase, pyruvate kinase, transketolase, GroEL, and DnaK?05208-210,213215,  the
uncharacterised Mpn474 protein’®®; and the membrane bound proteins zinc
metalloprotease and ATP synthase alpha subunit?”°. The surface proteome data generated

here identified all these proteins except for transketolase (Appendix 1).

On the other hand, various M. pneumoniae proteins observed to be not being surface
exposed in the literature were identified by the surface analysis in this chapter. These
proteins include elongation factor G*”°, enolase?'4, dihydrolipoyl dehydrogenase (Pdh-
D)?*>, fructose-bisphosphate aldolase, triose-phosphate isomerase, phosphoglycerate

kinase, acetate kinase, and phosphate acetyltransferase?®.

The difference in observed cellular locations could arise from the different approaches
between previous studies and the methodologies presented here. In the study by Thomas
et al.,, a combination of membrane fractionation, Triton X-100 and Triton X-114
fractionation of M. pneumoniae cells, colony blotting, cell shaving, and
immunofluorescence was used to determine the location of enolase and Pdh-B. Thomas
et al. reported enolase to not be exposed on the surface?*. However, enolase was
identified to be on the surface by both methodologies presented in this chapter. The
difference between the cell shaving methodologies used by Thomas et al. and the method
presented in this chapter is presented in Figure 2.9. Thomas et al. investigated ‘shaved
cells” with the aim of recovering proteins imbedded in the cell membrane and those that
are retained within the cells after shaving. In that study, M. pneumoniae cells were treated
with trypsin first, then centrifuged, lysed, and proteins from the ‘shaved cells’ were
separated by SDS-PAGE?'4. Incontrast, the study presented in this chapter aimed to
separate and investigate the surface onle ‘shaves’. This was achieved by collecting and
analysing peptides that are trypsin accessible and released from proteins on the cell

surface. This method would recover peripheral membrane and secreted proteins.
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Extracellular
enolase

Enzymatic surface Collection and
havi lysi
Intracellular shaving analysls
enolase
‘ Shaved cells:
. cytosolic and integral
@ membrane proteins
Shaves:
. . secreted and
‘ peripheral membrane
proteins

Figure 2.9: Enzymatic surface shaving of M. pneumoniae cells. M. pneumoniae
cells treated with trypsin would release peripheral membrane proteins as the
‘shaves’. Integral membrane proteins would be retained in the ‘shaved cells’.

Tryptic peptides identified from the ‘shaves’ fraction spanned the entire protein indicating
that the whole enolase enzyme is exposed on the surface of M. pneumoniae. 1t could be
that either enolase of M. pneumoniae is secreted into the extracellular milieu and only a
small percentage is retained on the cell surface, or it is a peripheral membrane protein.
In both cases, enolase would not be identified in ‘shaved’ cells. Surface accessibility and
different targets for the enzymes, antibodies, and tags could account for differences in
results between surface studies. For instance, the antibodies used in immunofluorescence
microscopy would have different sites on acetate kinase?*”® compared to accessible lysine
and arginine residues for trypsin shaving. As stated in the previous sections, proteins could
potentially exist both intra- and extracellularly with different populations for each phase.
Proft and Herrmann reported that elongation factor G to be cytosolic but also indicated a

small population to be membrane bound?”°.
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2.5 Conclusion

A complete surface proteome is a valuable resource for the development of novel
intervention strategies, such as the identification of novel vaccine candidates. With the
identification of several key metaboilic proteins on the surface of M. pneumoniae, new
vaccines could target those that moonlight as adhesins. The surface exposed regions
uncovered by trypsin shaving provide direct targets for vaccines against these metaboloic
proteins. Vaccines could also target crucial proteins on the attachment organelle

responsible for motility, attachment organelle formation, or adhesin localisation.

The surface proteome of M. pneumoniae also lists moonlighting proteins with novel
transmembrane domains and signal secretions (addressing Aim I). This chapter highlights
the limitations of bioinformatic tools in predicting the cellular locations of proteins.
Although useful to predict the location of certain classes of secreted proteins, the
bioinformatic analyses in this study predicted 13% of the 160 surface proteins to be
classically secreted to the cell, and ~60% of the 160 surface proteins to be localised
elsewhere. The observation that most of the proteins do not have a recognisable secretion
signals suggests that there are roles for these anchorless proteins on the surface of M.
pneumoniae. However, this hypothesis warrants further investigation. This chapter
presents findings that highlight limitations in the ability of existing algorithms to predict
the presence of surface accessible proteins. If the sequences of these domains or signals
can be determined, bioinformatics can be better optimised and then employed to find
other moonlighting proteins with these sequences in other bacteria. All these moonlighters
may potentially have a role as virulence factors or some other function yet to be

discovered.
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3.1 Preface

With the M. pneumoniae surface proteome completed, the next step was to use ‘Bait and
Prey’ affinity chromatography approaches to investigate the binding abilities of proteins in
the surface proteome. During the analyses of proteins retained during affinity
chromatography, a number of protein fragments were identified suggesting that post-
translationally processed proteins may retain the ability to bind to host ligands. An analysis
of these processed proteins allowed regions within proteins that potentially bind host
molecules to be mapped. Therefore, the number of proteins that also exist as fragments

was also investigated (Aim III) in this chapter.

3.2 Introduction

M. pneumoniae has several dedicated adhesins and an assortment of moonlighting
proteins with adhesive properties (as mentioned in Chapter 2) that bind to several host
molecules. So far, M. pneumoniae has been show to interact with a wide range of host
target molecules including: sialylated receptors?’?, oligosaccharides'#®, glycolipids!#*4,
glycoproteins!#¢, fibronectin?0>210.213, fibrinogen?08:210.213, plasminogen?09:213-215,
lactoferrin?1%213, laminin?!%213, and vitronectin?!%?13, Some surface proteins are able to
degrade the extracellular matrix protein vitronectin, and the blood clotting protein
fibrinogen299210.213.215 The activation of plasminogen to plasmin on the surface of bacterial
pathogens represents a mechanism to degrade extracellular matrix of host tissue to assist

in colonising and invading epithelial cells (reviewed in?!! and??).

To develop a lasting infection, M. pneumoniae must overcome clearance by the
mucociliary escalator, and also evade the host immune response. The attachment
organelle facilitates binding to cilia and other cell surfaces and provides a mechanism to
enable M. pneumoniae to traffic to a preferred niche!’1'°, M. pneumoniae can evade the
host immune response by randomly varying the structure of three key surface proteins
located at the tip of the attachment organelle by genetic recombination?’-32,
M. pneumoniae may also rely on post-translational proteolytic processing (also called
cleavage) to release immunomodulatory peptides from lipoprotein precursors??22°,
Immunomodulatory lipopeptides have been described in several Mycoplasma spp.

suggesting it used frequently by Mollicutes to regulate the host immune response?3!-2%,
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With the surface proteome of M. pneumoniae completed (Chapter 2), a systems-wide ‘Bait
and Prey’ affinity protocol was employed to identify proteins from M. pneumoniae that
bind a range of host molecules (Aim II). Specifically, the proteins and the complexes they
form which display an affinity for lung epithelium surface protein complexes, actin, fetuin,
fibronectin, heparin, and plasminogen were investigated to shed insight into
M. pneumoniae proteins that may be involved in colonising host tissue surfaces.

3.3 Methodology

3.3.1 Strains and cultures

M. pneumoniae (M129 strain, ATCC 29342) cells were cultured as described previously?°,
Cells were grown in modified Hayflick’s medium in tissue culture flasks (BD Falcon™) at
37°C.

Human lung carcinoma (A549 cell line; ATCC CCL-185) cells were cultured in RPMI 1640
medium (Invitrogen) supplemented with 10% heat inactivated fetal bovine serum. Cells
were grown in tissue culture flasks (BD Falcon™) at 37°C with 5% CO..

3.3.2 Host ‘Bait ‘'molecules

Purified fibronectin (Code: 341635) and plasminogen (Code: 528175) from human plasma
was supplied by Merck Millipore. Bovine actin (Code: A3653) and fetuin (Code: F3004)
was supplied by Sigma.

3.3.3 '‘Bait and Prey’ affinity chromatography using host ‘Bait’ molecules

1 mg of the purified host molecules listed above was biotinylated and bound to Avidin
Agarose (Thermo Fisher Scientific). M. pneumoniae cells were grown in a T-175 culture
flask as described above until confluent. Cells were washed with PBS and lysed with 1%
(w/v) C7bZ0 (Sigma) in PBS. M. pneumoniae lysates were then incubated with the Avidin
Agarose beads for 16 h at 4°C. The beads were then packed into a glass column by
gravity, washed with 5 ml of PBS four times and proteins eluted with 2 ml of 7 M urea, 2
M thiourea, 40 mM Tris-HCI (pH 8.8), 1% (w/v) C7bZ0 four times. Eluents were pooled,
concentrated using a 3K MWCO filter (Pall), and precipitated with acetone before

separation by SDS-PAGE. The pooled elution lane was divided into sections listed in
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Appendix 4: Tables 2 — 5. The sections were dehydrated and incubated with trypsin for
16 h at 37° prior to analysis by LC-MS/MS as described in Chapter 2.

3.3.4 ‘Bait and Prey’ affinity chromatography using heparin as ‘Bait’

M. pneumoniae cells were grown in a T-175 culture flask as described above until
confluent. Cells were washed with PBS and lysed with 10 mM sodium phosphate, 0.1%
Triton TX-100, pH 7. Solubilised protein (300 pg) was loaded at 0.5 mL.min onto a 1 mL
HiTrap Heparin HP column (GE healthcare) in binding buffer (10 mM sodium phosphate,
pH 7) with a Waters 2690 Alliance LC separations module. Flow through from the column
was collected at three minute intervals. With a flow rate of 0.5 mL.min™!, the column was
washed in binding buffer for 20 minutes followed by two elution steps (elution buffer: 10
mM sodium phosphate, 2 M sodium chloride, pH 7): first, a 25 minute gradient of zero to
50% elution buffer; followed by a 10 minute gradient of 50 — 100% elution buffer. Eluents
were concentrated and separated by SDS-PAGE. The gel lanes were divided into sections
listed in Appendix 4: Table 6. The sections were dehydrated and incubated with trypsin
for 16 h at 37° prior to analysis by LC-MS/MS as described in Chapter 2.

3.3.5 'Bait and Prey’ affinity chromatography using surface A549 complexes as ‘Bait’

A549 and M. pneumoniae cells were grown separately in a T-175 culture flask as described
above until confluent. A549 cells were washed three times with PBS and biotinylated with
10 mM EZ-link sulfo-NHS-biotin (Thermo Fisher Scientific) in PBS on ice for 30 s. The
reaction was quenched with 50 mM Tris-HCl in PBS for 10 min at 25°C. Cells were washed
three times, and lysed with 1% (w/v) C7bZ0 (Sigma) in PBS. M. pneumoniae cells were
washed three times with PBS and lysed with 1% (w/v) C7bZ0 (Sigma) in PBS. Biotinylated
A549 protein lysate was allowed to bind to Avidin Agarose beads (Thermo Fisher Scientific)
for 16 h at 4°C. The beads were washed with 5 ml of PBS four times before being
incubated with the native M. pneumoniae lysate for 16 h at 4°C. The beads were gravity
packed into a column, washed again with 5 ml of PBS four times and bound proteins were
eluted with 2 ml of 7 M urea, 2 M thiourea, 40 mM Tris-HCI (pH 8.8), 1% (w/v) C7bZ0
four times. A second elution step to remove biotinylated A549 proteins was performed
using 30% acetonitrile in with 0.2% trifluoroacetic acid. Elutions were pooled using a 3K
MWCO filter (Pall) into an ‘Urea’ fraction and an ‘Acid’ fraction for the two different elution

steps. The two fractions were separated by by SDS-PAGE and divided into sections listed
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in Appendix 4: Table 7. The gel sections were dehydrated and incubated with trypsin for
16 h at 37° prior to analysis by LC-MS/MS.

3.4 Results and Discussion

3.4.1 Host molecule binding proteins of M. pneumoniae

An M. pneumoniae cell lysate prepared under non-denaturing conditions were allowed to
interact with different biotinylated host molecules were coupled with Avidin Agarose.
Columns were coupled with biotinylated lung carcinoma (A549) surface protein complexes,
cytoskeletal actin, sialic acid rich fetuin, the extracellular matrix protein fibronectin, the
glycosaminoglycan mimic heparin, or the protease proenzyme plasminogen. Aside from
actin and heparin, the other ‘Bait’ proteins used have been shown to be M. pneumoniae
targets in preViOUS Studiesl46,205,208—210,213—215,271. BOth heparin217,218,224,272 and actin273,274
(Raymond, B.B.A., unpublished) have been reported to be targets for binding in other

Mycoplasmas.

From all six of the 'Bait and Prey’ columns used in these studies, a total of 337
M. pneumoniae proteins were identified (Appendix 2). As this methodology employs a
native extraction of M. pneumoniae proteins, it cannot be assumed that all 337 proteins
directly bind the host molecules tested as some may belong to a complex where another
protein in the complex directly binds the ‘Bait’. The number of M. pneumoniae proteins
identified from each column is seen in Figure 3.1. Eluents from columns coupled with
heparin and actin contained 261 and 221 proteins, respectively. Some proteins enriched
by heparin chromatography could be due to electrostatic interactions between positively
charged amino acids and the negative charge of the heparin?’>. Although these proteins
might not be binding directly to the sugar moieties in the glycosaminoglycan chain,
positively charged residues have been shown to be essential in heparin interactions?’®.
Non-specific binding could also arise from actin chromatography as M. pneumoniae
complexes could potentially bind with the ATP molecule bound to each actin monomer
instead of the monomer directly?””. These “first pass” experiments are designed to identify
potential binding interations between the ‘Bait’ host molecules and ‘Prey’ proteins. More
sensitive and quantitative methods such as microscale thermophoresis, ELISA, isothermal
titration calorimetry, or surface plasmon resonance are needed to examine these

molecular interactions.
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Figure 3.1: Number of M. pneumoniae proteins identified from each 'Bait and

Prey’ affinity chromatography.

Of the 337 proteins, 236 M. pneumoniae proteins were identified in at least two of the
columns used. 44 proteins were identified in all six columns (Figure 3.2) which suggests
that this subset either have multiple binding sites, or are frequent components of different
M. pneumoniae complexes. These proteins span different protein groups such as
attachement organelle proteins, chaperones, glycolytic enzymes, ribosomal proteins, and
uncharacterised proteins (Table 3.1). A majority of these proteins have predicted
transmembrane domains and are also predicted to not be secreted (Table 3.1) which
suggests novel secretion mechanisms discussed in Chapter 2. Interestingly, 35 of the 44
(80%) of these proteins were identified by LC-MS/MS at a lower mass which suggests
post-translational processing. All 44 proteins contained at least two putative heparin
binding motifs (Table 3.1). Taken together these predictions inidicate the possiblilty of
these proteins having multiple binding sites however further analysis is required to verify
binding. The three proteins covered in detail in this thesis (Chapters 4, 5, and 6) consists
of these 44 proteins.
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Figure 3.2: Number of M. pneumoniae proteins identified from the six ‘Bait and
Prey’ chromatography columns. The numbers indicate the number of proteins
identified across all six (orange) columns; at least five (teal), four (purple),
three (green), or two (red) columns; or only identified in one column (blue).
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Table 3.1: Proteins identified in all six ‘Bait and Prey’ chromatography experiments.

UniProt

ESS

Hep

# Name Gene Length (kDa) pl Secretion T7m motifs ﬂ
P11311 | Adhesin P1 mgpA 1627 176.2 8.5 Class. 6 13 Y
P22446 | DNA gyrase subunit A gyrA 839 93.3 8.5 . 2 14 Y
P22447 | DNA gyrase subunit B gyrB 650 73.8 5.7 - 1 13 Y
P23568 | Elongation factor Tu tuf 394 43.1 6.1 - 0 12 Y
P75053 | Purine nucleoside phosphorylase DeoD-type deoD 238 26.3 6.7 - 1 2 -
P75062 | Uncharacterized lipoprotein MG040 homolog | MPN_052 | 657 71.6 9.3 | C(lass 3 10 Y
P75064 | Glycerol kinase glpK 508 56.6 8.7 = 1 10 Y
P75089 | Fructose-bisphosphate aldolase fba 288 31.0 6.4 - 0 2 -
P75120 | ATP-dependent zinc metalloprotease ftsH 709 77.7 9.1 = 2 14 Y
P75189 | Enolase eno 456 49.2 6.1 - 1 5 Y
P75205 | 10 kDa chaperonin groS 116 12.6 9.0 Non 0 2 -
P75206 | Probable cytosol aminopeptidase PepA 445 48.8 8.5 = 1 7 =
P75223 | Uncharacterized protein MG377 homolog MPN_555| 193 22.4 5.6 - 0 7 Y
P75239 | 50S ribosomal protein L7/L12 rplL 122 13.1 4.9 - 1 2 -
P75247 | Chaperone protein ClpB clpB 715 81.3 8.1 - 1 20 Y
P75271 | DNA-directed RNA polymerase subunit beta rpoC 1290 1448 9.3 - 0 21 Y
P75305 | FMN-dependent NADH-azoreductase azoR 197 21.5 8.7 Non 3 2 -
P75310 | Uncharacterized protein MG328 homolog MPN_474 | 1140 118.0 5.0 Non 0 16 Y

#%| Chapter 3
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Uni;rot Name Gene Length I\ngs pl Secretion T7m mHo(?cli::‘s ﬂ
P75327 | Uncharacterized lipoprotein MG321 homolog | MPN_456 | 1005 1104 6.3 | Class. 4 11 Y
P75344 | Chaperone protein DnaK dnakK 595 65.1 5.4 - 0 11 Y
P75358 | Glyceraldehyde-3-phosphate dehydrogenase gapA 337 36.8 8.9 - 0 7 Y
P75389 | Probable NADH oxidase nox 479 52.8 6.6 - 3 6 Y
P75390 Ezg‘fj‘;?ttzl‘:;gydroge”ase E1 component pdhA | 358 406 62| - 1 4 Y
P75391 zzgiﬁ?sebgfahydroge“ase E1 component pdhB | 327 359 65 - 2 4 Y
P75393 | Dihydrolipoyl dehydrogenase pahD 457 49.4 8.4 - 3 6 Y
P75394 | Probable lipoate-protein ligase A IplA 339 39.2 6.2 = 0 6 =
P75493 | Uncharacterized lipoprotein MPN_284 MPN_284 | 794 87.1 9.2 | C(lass. 2 15 Y
P75539 | Replicative DNA helicase dnabB 473 54.5 5.6 = 0 8 Y
P75543 | 30S ribosomal protein S6 1psF 215 25.4 9.8 Non 0 Y
P75556 | Uncharacterized protein MGO75 homolog MPN_213| 1030 1159 59| C(lass. 2 18 Y
P75569 | 1> ;(’)’f]t:n”t“ glucose-specific ETICBA ptsG | 940 1016 94 Non 10 7 Y
P75591 ;:2?;?5322 termination/antitermination nusA 540 60.2 59 Non 0 9 Y
P78007 | L-lactate dehydrogenase Idh 312 33.9 8.4 - 1 5 Y
P78017 | Protein GrpE grpE 217 24.7 7.8 - 0 4 Y
P78018 | Phosphoglycerate kinase pgk 409 44.2 7.1 - 2 5 Y
P78027 slijtt’)‘l’j:]‘:tc'aelgﬂge'diphOSphate reductase nrdE | 721 823 66| - 1 12 Y




UniProt Mass Hep

# Name Gene Length (kDa) pl Secretion T7m motifs ﬂ
P78031 | Pyruvate kinase pyk 508 57.2 9.2 - 1 8 Y
Q50295 | DNA-directed RNA polymerase subunit alpha rpoA 327 36.6 7.0 - 2 4 -
Q50327 | ATP synthase subunit b atpF 207 24.0 5.6 Non 0 4 -
Q50329 | ATP synthase subunit alpha atpA 518 57.3 6.2 = 1 6 Y
Q50331 | ATP synthase subunit beta atpD 475 52.2 5.5 - 0 6 Y
Q50341 | Mgp-operon protein 3 MPN_142 | 1218 130.4 8.0 | Class. 5 14 Y
Q50360 gytadherence high molecular weight protein hmw3 672 73.7 4.7 Non 0 9 Y
Q50365 fytadherence high molecular weight protein P 1018 1121 4.0 Non 0 5 Y

Cleav stands for whether or not the same protein was identified at a lower mass on SDS-PAGE from either of the affinity chromatography
experiments, a Y in this column represents that a cleavage fragment was identified by LC-MS/MS. Results in the Secretion column are from a
combination of SignalP 4.1 and SecretomeP predictions of classically (Class.), non-classically (Non), or not (-) secreted proteins. Results in the Tm
column are from TMpred predictions where the number listed indicates the number of predicted transmembrane domains. Results in the Hep motifs
column are from ScanProsite searches of clusters of basic residues (either x-[HKR]-x(0,2)-[HKR]-x(0,2)-[HKR]-x or x-[HKR]-x(1,4)-[HKR]-x(1,4)-

[HKR]-x) where the number listed indicates the number of putative heparin binding motifs.
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The three adhesins of M. pneumoniae: P1 (Uniprot #: P11311), P30 (Uniprot #: P75330),
and P116 (Uniprot #: P75556) were identified in the eluents from the fetuin
chromatography column reinforcing their affinity for sialic acid residues?’® (Appendix 2).
Previous studies have shown several moonlighting proteins bind fibronectin, plasminogen,
and A549 cells (Table 3.2)205209210213-215 Moonlighting proteins were identified in the
eluents from columns coupled with fibronectin, plasminogen, or A549 surface proteins
(Table 3.2). Four proteins: Pdh-A, Pdh-C, lactate dehydrogenase, and pyruvate kinase,
were identified in this study but were not shown to have different binding affinities in
previous studies (in Table 3.2). It is possible that due to the native extraction approach
used that these four proteins are part of complexes where another protein in that complex
binds to the 'Bait’. Alternatively, three proteins that have been previously shown to have
binding affinity to the ‘Bait’ were not identified in the respective 'Bait’ chromatography in
this study (Phosphoglycerate mutase, transketolase, and GroEL in Table 3.2). These
previous studies generated recombinant proteins to measure the binding affinity. Because
of the native extraction method used in the study presented in this chapter, the
arrangement of these proteins within the complex could differ to the recombinant form
used in previous studies. It could also be possible that either of these three proteins do
not have an accessible ‘Bait’ binding site and therefore could not be retained during affinity
chromatography. Another reason might be due to the low abundance of either proteins in
the samples collected from ‘Bait and Prey’ chromatography and thus were outside the
dynamic range of mass spectrometer used. Phosphoglycerate mutase has significantly
lower number of copies per cell when compared to the more abundant Ef-Tu or Pdh-B

based on protein quantification data*¢->S.
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Table 3.2: M. pneumoniae moonlighting proteins.

Ef-Tu Ya N/A  N/A Y Y Y

Pdh-A - Ye Y Y Y Y

Pdh-B Ya Yb Y Y Y Y

Pdh-C Y Y¢ = Y Y Y

GAPDH Y Y Y Y Y Y
Lactate dehydrogenase - Y Y Y Y Y
Phosphoglycerate mutase - Y Y - - Y
Pyruvate kinase - Y Y Y Y Y
Transketolase = Y Y - - Y
GroELf Y Y Y Y - Y

DnaK' Y Y Y Y Y Y

‘Bait’ proteins were shortened to: Fn for fibronectin, Plg for plasminogen, and A549 for human
A549 epithelial cells. Y under any of these columns in the table indicates whether or not the protein
identified to bind to the ‘Bait’. N/A indicates that the particular interaction was not tested. 2Data
collected from Dallo et al., 20022%, bData collected from Thomas et al., 2011214, <Data collected
from Griindel et al., 201523, 9Data for the entire column was collected from Griindel et al., 20152%°
unless specified. ¢Data for the entire column was collected from Griindel et al., 20162'° unless

specified. Data for the entire row was collected from Hagemann et al., 2017213,

Lastly MPN554 (Uniprot #: P75224), a single-stranded DNA binding protein?’°, was only
identified in heparin affinity chromatography. This is expected because heparin and DNA
have a net negative charge?’>. Combined, this result and the results reported above
suggest that 'Bait and Prey’ affinity chromatography is able to successfully enrich for
proteins that potentially bind the ‘Bait’; though further analysis is needed to validate these

preliminary findings and quantify binding.
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3.4.2 Potential moonlighting adhesins of M. pneumoniae

By combining the M. pneumoniae surface proteome (Chapter 2, Appendix 1) with the
listed ‘Bait and Prey’ proteins from this chapter (Appendix 2), 149 of the 160 proteins in
the surface proteome display an affinity for at least one of the host molecules used in this
study (Figure 3.3, Appendix 3). It should be reiterated again at this point that native cell
lysates were used in these experiments so the 337 proteins recovered from affinity
chromatography either: i) bind the host molecules directly, or ii) are part of a protein or
molecular complex where another protein or biomolecule binds the host molecules. This
data suggests that many proteins that localise to the surface of M. pneumoniae display
the ability to interact with host molecules. Further analyses such as ELISAs, or microscale
thermophoresis is required to validate the interactions between proteins in the surface
proteome and host proteins used in these studies. Such studies would require purifying

recombinant versions of each of the M. pneumoniae proteins in the surface proteome.

Surface
(160)

‘Bait and Prey’
(337)

Figure 3.3: Venn diagram of M. pneumoniae surface proteins and affinity host
molecules. The ‘Bait’ host molecules used in this study are A549 surface
proteins, actin, fetuin, fibronectin, heparin, and plasminogen. Diagram was
generated using Venny 2.1.0%52
<http://bioinfogp.cnb.csic.es/tools/venny/index.htmi>.

The 149 identified proteins represent ribosomal proteins, lipoproteins, chaperones,
glycolytic proteins, proteins of the attachment organelle, elongation factors, proteases,

transcription factors, and a considerable number of uncharacterised proteins just to name
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a few (Appendix 3). Bioinformatic analyses from Chapter 2 predict that 55 of these
proteins are secreted (classical or non-classical) to the cellular surface and 68 contain at
least one predicted transmembrane domain. There has only been one novel
transmembrane identified in the Mycoplasma genus. It was identified in Mycoplasma
gallisepticum and carries the sequence (gly-x-x-x-gly-x-x-x-gly)?®. A recent study in
Mycoplasma pulmonis suggested that anchorless surface proteins might be tethered to
the cell membrane by the sugar rhamnose?*®2%7, Further work is needed to determine if
sugars play a role in tethering anchorless proteins on the M. pneumoniae cell surface; and
if the recently described transmembrane domain, or a derivative of it, can be identified in

the M. pneumoniae surface proteome.

From this list of 149 proteins, 111 proteins were recovered from columns coupled with
heparin. Heparin is an /n vitro substitute for the glycosaminoglycans found abundantly on
host cell surfaces and extracellular matrices?®!. Heparin also mimics the negative charges
of DNA and therefore can also potentially enrich for nucleic acid binding proteins?’>.
Further experiments will be required to determine whether binding was due to
electrostatic interactions or via direct binding with sugar residues in the glycosaminoglycan
chains. Several pathogens have been shown to interact with glycosaminoglycans on the
host cell surface (reviewed in?81282), Heparin has also been shown to promote biofilm
formation in S. aureus’® and Lactobacillus rhamnosus’®* by increasing cell-cell
interactions. The presence of heparin binding proteins on the surface of M. pneumoniae
may facilitate interactions with extracellular DNA to aid in biofilm formation. Extracellular
DNA has been shown to be responsible for biofilm formation and is a major constituent of

the biofilm matrix261:264,

Several homologs of these 149 proteins have been shown in a wide range of other
pathogens to be virulence factors (Reviewed in'® &'**). Some of the moonlighters that
function as adhesins in other pathogens are outlined in Table 3.3. Furthermore,
moonlighting functions are not limited to adherence as some proteins are able to modulate
immune responses such as GAPDH from Streptococcus agalactiae that initiates B cell
responses®® and GroEL of L. johnsonii stimulating interleukin-8 secretion in

macrophages?®.
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Table 3.3: Moonlighting proteins previously shown to bind host molecules that were identified in 'Bait and Prey’
chromatography experiments.

Moonlighter Species Binds Reference
Ef-Tu M. pneumoniae Fibronectin 205
Pdh-B M. pneumoniae Fibronectin and plasminogen* 205,210,214,215
Pdh-A M. pneumoniae Plasminogen” 210,215
Pdh-C M. pneumoniae Fibronectin and plasminogen® 209,210,215

Lactate dehydrogenase M. pneumoniae Plasminogen* g2l
Pyruvate kinase M. pneumoniae Plasminogen 209,210
GroEL M. pneumoniae Fibronectin and plasminogen” 213
GAPDH M. pneumoniae Fibronectin and plasminogen 209,210
Candida albicans Fibronectin 287
L. crispatus Plasminogen 288
Group A streptococci Actin and fibronectin 289
Group B streptococci Actin 290
DnaK M. pneumoniae Fibronectin and plasminogen” 28
Bifidobacterium animalis subsp. Lactis Plasminogen z
Neisseria meningitides Plasminogen 292

* indicates that the moonlighting protein is able to promote the conversion of bound plasminogen to plasmin in the presence of plasminogen

activators to degrade host proteins.
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3.4.3 Evidence of cleavage in M. pneumoniae

M. pneumoniae proteins have been identified in previous studies as cleaved fragments
rather than full length proteoforms, but these observations: have not been fully
investigated, have rarely been characterised, and precise cleavage sites are yet to be
mapped. Paraformaldehyde based cross-linking studies identified a DnaK fragment and a
C-terminal P1 fragment forming a complex with full length P1 adhesin and other accessory
proteins?¥’. Regula et al. found fragments of different lipoproteins (Mpn052, Mpn284,
Mpn288, Mpn376, Mpn400, Mpn408, Mpn444, Mpn456, Mpn474 and Mpn491) from mass
spectrometry analysis of 2D-SDS PAGE of M. pneumoniae cell lysates?®. Precise cleavage
sites in several M. pneumoniae proteins have been mapped. The most characterised
cleavage event in M, pneumoniae is the cleavage of Mpn142 to generate P40 and P90
168, Other cleavage events reported include: the signal peptide for Mpn142 (at the start of
P40)167:1% and the P1 adhesin'®32%:2%: and removal of N-terminal lipo-peptides of
lipoproteins, Mpn611, Mpn1622?¢, and ATPase (Mpn602)%%°.

An analysis of proteins recovered from the ‘Bait and Prey’ experiments revealed that 108
proteins also existed as smaller protein fragments (Appendix 2). In the past, these
fragments were reported as artefact or evidence of protein degradation®®3. However, data
from ‘Bait and Prey’ affinity experiments, 2D-SDS PAGE, and N-terminal dimethyl labelling
experiments (performed by Berry, I. J.) suggest that protein cleavage may represent an

important biological process in M. pneumoniae.

An example of a protein that was identified as the full length protein and as cleavage
fragments is the uncharacterised lipoprotein MPN_284 (UniProt #: P75493, Figure 3.4).
From my datasets, an N-terminal fragment (F4), a C-terminal fragment (Fg), a fragment
spanning the N-terminal half (Fc2), and two fragments spanning the C-terminal half (Fci
and F¢) were identified (Madonis, K. assisted with the recovery of this data and its
compilation). N-terminal dimethyl labelling (performed by Berry, 1. J.) identified three
cleavage sites: 86T\/S'87, 235RU/S%36, and *°2K\/Q>*3 associated with these five fragments
(Figure 3.4). The mass and pI of these fragments were predicted by ProtParam?® and
compared to the observed mass from SDS-PAGE (Table 3.4). Two fragments (Fs and Fr)
were identified by LC-MS/MS analysis of 2D-SDS PAGE spots of M. pneumoniae cell lysates
in a previous study?*® (Figure 3.4 and Table 3.4). Two fragments (Fc: and Fg) were
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identified from several spots of the same mass but different pl. This suggests different
proteoforms of the same fragment (Table 3.4). This example demonstrates how 2D-SDS
PAGE, affinity chromatography, and N-terminal dimethyl labelling can be combined to
uncover the cleavage fragments of proteins of interest. The function of these fragments
remains to be characterised but pulldown experiments indicate that fragments may retain
an ability to bind to host bait molecules. Cleavage events in three abundant
M. pneumoniae surface proteins will be covered in depth in following chapters of this
thesis.

L3|Page 78



Chapter 3 |&

P75493 |Uncharacterized lipoprotein MPN 284

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
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GSEI )

Figure 3.4: Amino acid sequence of the uncharacterized lipoprotein MPN_284
and cleavage fragments derived from this lipoprotein. For simplicity, only five
fragments have been included: one fragment was recovered during heparin
agarose chromatography (Fu), two from 2D-SDS PAGE of cell lysate (Fc1 and
Fc2), one fragment from surface biotin labelling (Fg), and one recovered during
fibronectin affinity chromatography (Fe). The range of amino acids that these
fragments span and information on molecular weight and pI can be found in
Table 3.4. Peptides in green and in bold text were identified from eluents of
heparin chromatography. Peptides in black and in bold text were identified
from a 2D-SDS PAGE spot of M. pneumoniae cell lysates. Peptides in purple
boxes were identified from a different 2D-SDS PAGE spot. Peptides in blue
boxes were identified from eluents of avidin chromatography of biotinylated
surface proteins. Peptides underlined in red were identified from eluents of
fibronectin chromatography. Cleavage sites from dimethyl labelling
experiments of M. pneumoniae are indicated by the black arrows. * indicates
two fragments that were also identified by Regula et al.?*8, Figure is adapted
from data analysed by Madonis, K.
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Table 3.4: Fragments of lipoprotein MPN_284.

Total # Predicted Observed

Fragment of amino  Range mass Preclljllc fed ObssIrv e
Full length 794 Mt — 1794 87.2 9.2 ~85 4.9
. M!—
Fu (heparin) 186 T186 20.0 9.5 18 - 25 N/A
S187 — >7%,7.0,
Fci1 (2D-PAGE) 608 1794 67.2 8.9 ~70 7.2.7.7
1_
Fc, (2D-PAGE) 552 ﬁssz 60.1 9.5 ~55 4.7
I Q>3 - 5.0, 5.2
Fg (biotin) 242 1794 27.1 5.5 ~32 5’ 3 !
FF SZ36 —
(fibronectin)* 559 1794 61.8 8.1 50 - 63 N/A

Predicted mass and pI calculated with ProtParam?%8, + identified from 2D-SDS PAGE between pH

range of 4 — 7. * fragments also identified by Regula et al.?*,

In addition to the proteolytic processing events in M. pneumoniae listed above, cleavage has been
well characterised in a variety of different pathogens including: Campylobacter jejun?, S.
aureus’>*38, Rickettsia rickettsia®', Porphyromonas gingivalis®®, Mycoplasma fermentans’3**,
Mycoplasma gallisepticun?®!, Mycoplasma genitaliun?®, Spiroplasma citr?3®, and especially in M,
hyopneumoniae'8:187.216:227.244 A majority of these cleavage fragments produced by M.

hyopneumoniae bind heparin and contain bioinformatically predicted heparin binding
regiOnSISG,187,217,218,221,222.

It is possible that cleavage occurs on the M. hyopneumoniae cell surface after the full-
length parent protein has been translocated across the cell membrane. Six proteases have
been identified to reside on the surface of M. hyopneumoniae’?; two of which have been
show to moonlight as adhesins?#324, The surface proteome of M. pneumoniae reveals that
there are also six proteases on the surface of M. pneumoniae (Appendix 1). More work is
needed to determine whether or not these proteases are responsible for the cleavage

reported in this chapter.
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3.5 Conclusion

‘Bait and Prey’ affinity chromatography was used to identify proteins in M. pneumoniae
that potentially bind to host molecules. A large number of M. pneumoniae proteins were
identified during affinity chromatography studies indicating that protein complexes may
complicate the interpretation of binding interactions with host molecules. However, a
affinity chromatography approach is useful in efforts to recover cleavage fragments and
how they may function. Cleavage sites that give rise to these fragments were in many
cases independently verified by mass spectrometry of proteins fractionated by size during
SDS-PAGE (1D and 2D) and using the N-terminal dimethyl labelling protocol developed by
my colleagues. The value of this approach was exemplified by an analysis of five fragments

of lipoprotein MPN_284 used as a model protein here (Figure 3.4).

In this study, 337 M. pneumoniae proteins, 48.6% of the expressed proteome, were
identified from affinity chromatography experiments using different host molecules as bait
(Appendix 2). These experiments are preliminary in nature and further studies are
required to confirm binding and quantify binding affinity. To address Aim II, the list of 149
M. pneumoniae proteins that are surface exposed and recovered from ‘Bait and Prey’
experiments provide a list of putative adhesins (Appendix 3). Lipoprotein MPN_284 could
function as a potential adhesin as it was recovered in all of the ‘Bait and Prey’ experiments.
Some of the identified moonlighting proteins could be targeted for vaccine development
as seen with enolase'®”'* and GAPDH (reviewed in’®’) in other bacteria. Protocols
presented in this chapter provide a non-hypothesis driven approach to identify novel

protein function.

Though more work is required to characterise the vast number of proteins that undergo
post-translational processing (Appendix 2), it is likely that these cleavage fragments assist
M. pneumoniae during colonisation. 108 proteins were found to undergo cleavage based
on data from 'Bait and Prey’ and 2D-SDS PAGE of M. pneumoniae whole cell lysates
(Appendix 2, Aim III). The investigation of proteolytic cleavage events will expand the
current knowledge on the molecular interactions that occur on the bacterial cell surface
with host cells during infection. This chapter has identified potential players involved in
the adherence of M. pneumoniae to host cells. The subsequent chapters of this thesis
comprise a more in-depth analyses of selected surface molecules identified in this chapter
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and in Chapter 2. Three proteins from M. pneumoniae (an accessory protein, a putative
moonlighter, and an adhesin) were investigated to determine cellular localisation, predict
binding motifs, processing frequency, and potential host antigens (Aim IV). Although these
are only examples, it is likely that M. pneumoniae employs a large number of proteins to
assist in interactions with the human respiratory epithelium.
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4.1 Preface

The data generated from Chapters 2 (surface proteome) and 3 (‘Bait and Prey’
chromatography) was combined with dimethyl labelling (performed by Berry, 1.J.,
unpublished) to reveal internal proteolytic cleavage sites in the M. pneumoniae proteome.
From the list of 149 proteins that were identified from both datasets (Appendix 3), three
proteins were chosen and investigated further to determine each protein’s role during the
interaction of M. pneumoniae with the respiratory epithelium. The first protein, Mpn142,
is already known to undergo two cleavage events. The article presented as Chapter 4
reports that Mpn142 undergoes secondary post-translational proteolysis on the surface of
M. pneumoniae (Aim 1V). ‘Bait and Prey’ chromatography coupled with bioinformatic
analysis indicate the cleavage fragments of Mpn142 may function as adhesins on the cell

surface.

The article presented for Chapter 4 has been peer-reviewed and was accepted for
publication in the Special Issue ‘Microbial Proteomics’ in the ‘Proteomes’ Journal on the 7t
December, 2015.

4.2 Author contribution

_Author  Contribution

Michael Performed surface proteome experiments, the 'Bait and Prey’
Widiai chromatography, and the bioinformatic analysis of Mpn142. Analysed
idjaja N
all data generated in this study.
. Performed dimethyl labelling for M. pneumoniae and assisted in
Iain J. Berry . . .
analysing dimethyl labelling data.
Elsa J Pont Assisted in the dimethyl labelling for M. pneumoniae.
Matthew P. Oversaw the acquisition and assisted with interpretation of mass
Padula spectrometry data.
Steven P. Initiated the study, interpreted the data, and drafted the manuscript
Djordjevic with Micahel Widjaja.
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4.3 Abstract:

Mycoplasma pneumoniae is a significant cause of community acquired pneumonia
globally. Despite having a genome less than 1 Mb in size, M. pneumoniae presents a
structurally sophisticated attachment organelle that i) provides cell polarity, ii) directs
adherence to receptors presented on respiratory epithelium, and iii) plays a major role in
cell motility. The major adhesins, P1 (Mpni141) and P30 (Mpn453), are localised to the tip
of the attachment organelle by the surface accessible cleavage fragments P90 and P40
derived from Mpn142. Two events play a defining role in the formation of P90 and P40;
removal of a leader peptide at position 26 (?>SLA|NTY?®) during secretion to the cell
surface and cleavage at amino acid 455 (**>GPL|RAG*”) generating P40 and P90. LC-
MS/MS analysis of tryptic peptides generated by digesting size-fractionated cell lysates of
M. pneumoniae identified 15 cleavage fragments of Mpn142 ranging in mass from 9 — 84
kDa. Further evidence for the existence of cleavage fragments of Mpn142 was generated
by mapping tryptic peptides to proteins recovered from size fractionated eluents from
affinity columns separately loaded with heparin, fibronectin, fetuin, actin, plasminogen
and A549 surface proteins as bait. To define the sites of cleavage in Mpn142, neo-N-
termini in cell lysates of M. pneumoniae were dimethyl labelled and characterised by LC-
MS/MS. Our data suggests that Mpn142 is cleaved to generate adhesins that are auxiliary
to P1 and P30.

Mpn142 ORF: 1,218 amino acids

Putative cleavagesites

\ A A

Disordéred
Regions

'
BSLA\]/ NTyZS 4SZGPL\]/ RAGAS7

Abstract Figure: Cleavage map of Mpn142

Keywords: Ectodomain shedding, protein processing; multifunctional proteins
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4.4 Introduction

Mycoplasma pneumoniae (M. pneumoniae) is a serious respiratory pathogen estimated to
cause 100,000 hospitalisations annually in the USA! and up to 40% of cases of community-
acquired pneumonia globally?**. M, pneumoniae infects patients of all ages and up to 25%
of affected individuals develop extrapulmonary complications at neurological,
musculoskeletal, haematological and cardiovascular sites. While sporadic infections are
common, outbreaks of M. pneumoniaeinduced disease occur in schools, child-care
facilities, inpatient institutions and military barracks!!. Azithromycin and other macrolides
are used for the treatment of infections caused by M. pneumoniae®®®, but an increase in
the frequency of reports of macrolide resistance, particularly in Europe, Asia and North
America is of major concern’+®, Efficacious vaccines for the prevention of infections
caused by M. pneumoniae are yet to be developed and are complicated by the presence
of antigens that are capable of evoking an autoimmune response®. While the infiltration
of neutrophils and lymphocytes is a characteristic immunological hallmark of infections
caused by M. pneumoniae, the severity of the response varies widely. In severe cases,
the immune response is known to generate immunopathological sequelae, complicating

vaccine design®%2%4,

M. pneumoniae has a small genome encoding about 700 ORFs and lacks genes needed
for a TCA cycle, cell wall, amino acid and nucleotide biosynthesis?°¢?%7, Despite having a
reduced genome capacity, M. pneumoniae is remarkable in that it forms a Triton X-100
insoluble cytoskeleton and complex attachment organelle that is critical for adherence to
host epithelium and cellular motility!'’. The attachment organelle comprises the adhesins
P1 and P30, High Molecular Weight (HMW) proteins 1, 2 and 3, P40/P90 from mpni42
(ORF6), P65, P41 and P24!18125126138247,298 = Adhesins P1, P30 and Mpn142 products
(P40/P90) are strictly localised to the extracellular side of the attachment organelle and
have N-terminal transmembrane domains that form part of a signal
sequence!63:167.168.245.299 pg5 and HMW1 are unusual because they reside intracellularly as
part of the cytoskeletal core and on the extracellular side of the attachment organelle,
suggesting the existence of different proteoforms!!®, It is not known how HMW!1 traffics
to the cell surface because it lacks evidence of transmembrane spanning domains and a
secretion signal. HMW 1, 2 and 3, P41, P24 and P65 are all integral components of the
intracellular cytoskeletal core3®,
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Layh-Schmitt et al., (2000)?* described the use of para-formalydehyde to crosslink
proteins in close association with one another and identified protein complexes containing
the P1 adhesin by affinity chromatography using P1 antibodies. The identities of the
proteins in the complex were determined by a combination of immunoblot analysis and
MALDI-TOF MS. P1 complexes contained P40 and P90, P30, P65, DnaK, pyruvate
dehydrogenase subunit a, HMW1 and HMW3 proteins?”’. Notably, the P1 adhesin was
found to be associated with P30, P40 and P90 when M. pneumoniae cells were treated
with the membrane impermeable cross-linking reagent DTSSP (3, 3-
dithiobis(sulfosuccinimidylproprionate)) suggesting that some of the interactions with P1
are not accessible on the extracellular side of the membrane and may occur with
cytoskeletal proteins via transmembrane domains located in the P1 molecule!®. Notably,
a 480 kDa protein complex was isolated by solubilising M. pneumoniae proteins after
cross-linking with bis[sulfosuccinimidyl] suberate (BS®) using a non-ionic detergent and
Blue Native PAGE. The complex comprises P90 and P1 in a 1:2 molar ratio and forms an

appendage that allows M. pneumoniae to glide across surfaces®:.

While expression of P1 is essential for adherence, the presence of accessory adherence
proteins is critical for the formation of a functional attachment organelle!8. Insertion of
P1 into the membrane and its trafficking to the attachment organelle is largely dependent
on P90 and P40%7:302303, Mutants defective in the expression of P90 and P40, two important
accessory proteins, allow P1 to completely partition to the Triton X-100 soluble phase. In
wild type cells, P1 typically partially associates with the Triton X-100 insoluble shell*°2.
Mutants defective in the production of mpni142are defective in cellular adherence because
P1 cannot traffic to the tip structure resulting in random P1 distribution around the cell
body?’3%., The P1 and P30 adhesins concentrate at the tip of the attachment organelle
and represent the dominant proteins responsible for adherence?”,°8151,154,156,161,304 “Mytants
that express P1 and P30 but that lack P40/P90, or the HMW proteins 1, 2 and 3, are
avirulent. As such P1 and P30 are considered to be essential but not sufficient for

attachment of M. pneumoniae to host cells!36:152:305,

mpn140-mpni41-mpni142 comprise a polycistronic transcriptional unit presumably to
ensure equimolar amounts of each of the proteins'’%3%, mpn140 encodes for a putative

phosphoesterase of 28 kDa that has been found to be expressed but still remains
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functionally uncharacterised*#1663%307  mpn141 encodes the P1 adhesin, a 170 kDa
protein comprised of 1,627 amino acids!®® while mpni142 encodes a 130 kDa adherence
accessory protein comprising 1,218 amino acids!®®. The function of Mpn142 is complicated
by the fact that it undergoes processing shortly after translation at two sites generating
an N-terminal 40 kDa protein (P40/protein C) and a C-terminal 90 kDa protein (P90/protein
B)!66167. Notably, the predicted 130 kDa precursor is not detectable indicating that the
cleavage events are efficient'®%167, P90 and P40 were able to be linked to the P1 protein
via a non-permeating, cross-linking reagent indicating that all three proteins co-localise
on the extracellular side of the membrane on the tip of the attachment organelle within a
distance of approximately 12 A (1.2 nm) to one other'®. M. pneumoniae mutant strain
M29-B176 lacks P40 and P90 proteins and is avirulent (Hu et al., 1984); other

M. pneumoniae mutants that are unable to express P40 and P90 are also avirulent303:308:309,

Leader sequences in the N-terminus of P1 and Mpn142 are removed by cleavage at
positions 60 and 26, respectively!68245246  Cleavage at position 26 in Mpn142 was
confirmed by identifying the semi-tryptic peptide
2NTYLLQDHNTLTPYTPFTTPXDGGXDWR>* by N-terminal labelling and ESI-QTOF mass
spectrometry of purified P40, Cleavage at this site generates an N-terminal fragment of
Mpn142 with a predicted mass of 43.9 kDa but the P40 protein migrates with an apparent
mass of 36 kDa, a discrepancy of about 9 kDa. Catrein et al., (2005)®® hypothesized that
further endoproteolytic events removing as much a 9 kDa from the P40 molecule takes
place but were unable to accurately determine the location of a cleavage site(s) or confirm
the presence of further cleavage fragments of P40. The cleavage event after amino acid
454 creates P40 and P90. Edman degradation of the P90 protein identified the sequence
#5SRAGNSSEDAL*® indicating that P90 spans amino acids 455 — 1,218 with a predicted
mass of 83.7 kDa'®’.

Adhesins are multifunctional proteins that comprise the different functional domains
needed to bind to a range of host molecules during the colonisation of host surfaces. Many
adhesins are targets of processing events that not only remove signal secretion sequences
but also release a range of functional cleavage products. In support of this view, numerous
mycoplasma-derived adhesins have shown to be extensively processed!8187,216-226,231,232

as well as adhesins found in a range of Gram positive’® and Gram negative
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pathogens?3*2%°, M. pneumoniae binds to fibronectin?®>; fibrinogen?®; plasminogen?!421>;
sialylated receptors®’ and oligosaccharides'**1%>; sulfated glycolipids3!?; laminin, fetuin,
and human chorionic gonadotropin!*® but the identities of the proteins localised to the
attachment organelle that target these molecules are largely unknown. While most studies
have focussed on characterising interactions between P40 and P90 with other proteins in
the attachment organelle, their presence on the surface of M. pneumoniae in close
association with P1 indicates that they may also have roles in adherence to host molecules.
To investigate this, we applied systems-wide, affinity chromatography methodologies
using fibronectin, actin, heparin, plasminogen, fetuin and surface—exposed proteins from
A549 cells as bait to determine whether P40 and P90 may play a role in binding key host
molecules. We not only recovered P40 and P90 but also found strong evidence that P90
and P40 are subject to further processing events. While further studies are needed to
firmly establish the roles of P90 and P40 in adherence to host molecules, LC-MS/MS
confirmed that P90 and P40 are processed at multiple sites. To determine precise cleavage
sites in P90 and P40, we dimethyl labelled all proteins in whole cell lysates of
M. pneumoniae and characterised neo-N-termini in P90 and P40 by LC-MS/MS. These
studies provide new insights in the structural and functional capabilities of P90 and P40

and identified regions within these two molecules worthy of further study.

4.5 Experimental Section

4.5.1 Strains and cultures and reagents

The M129 M. pneumoniae strain was cultured in modified Hayflick's medium at 37°C in
tissue culture flasks as described previously?°. Modified Hayflick’s medium contained 21
g PPL broth base without crystal violet, 5 g of D-glucose, 4 ml of 0.5% phenol red, 100
ml of liquid yeast extract (150 g/I), 200 ml heat-inactivated horse serum (56°C, 30 min)
supplemented with 1 g ampicillin (Sigma, A5354) per litre.

Carcinoma lung epithelial (A549) cells were cultured in RPMI 1640 medium (Invitrogen)
supplemented with 10% heat inactivated fetal bovine serum at 37°C with 5% CO in tissue

culture flasks.

Purified fibronectin (Code: 341635) and plasminogen (Code: 528175) from human plasma
was supplied by Merck Millipore. Bovine actin (Code: A3653) and fetuin (Code: F3004)
was supplied by Sigma.
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4.5.2 Enrichment of M. pneumoniae surface proteins

4.5.2.1 Biotinylation

Biotinylation of the M. pneumoniae cell surface was carried out using a modification of a
protocol described previously®®, In brief, biotinylation using EZ-link sulfo-NHS-biotin
(Thermo Fisher Scientific) was added to adherent M. pneumoniae cells in culture flasks
and performed for 30 seconds on ice to minimise cell lysis after extensive washing of
adherent cells with PBS to remove media components. The reaction was quenched with a
final concentration 50 mM Tris-HCI and cells were lysed with 7 M urea, 2 M thiourea, 40
mM Tris-HCl (pH 8.8), 1% (w/v) C7bZ0. Biotinylated surface proteins were purified by
avidin column chromatography and confirmed to be biotinylated by western blotting using
Extravidin- HRP (Sigma).

4.5.2.2 Trypsin shaving

Trypsin shaving of M. pneumoniae cells was carried out as described previously?®’. In
brief, adherent M. pneumoniae cells were extensively washed with PBS and then
incubated with trypsin from porcine pancreas (Sigma, 50 pg.mi=!) for 5 minutes at 37°C
to release surface exposed peptides. Peptides were collected, digested a second time with
trypsin Gold MS grade (Promega) and analysed by LC-MS/MS.

4.5.3 Preparation of M. pneumoniae whole cell lysates for one- and two-dimensional
gel electrophoresis

M. pneumoniae whole cell lysates were prepared as previously described!®’. In brief,
M. pneumoniae cells were extensively washed with PBS and lysed in 7M urea, 2M
thiourea, 40 mM Tris-HCI, 1% (w/v) C7BzO detergent (Sigma-Aldrich), followed by three
30 s rounds of sonication at 60% power on ice. Proteins were reduced and alkylated with
5 mM tributylphosphine and 20 mM acrylamide monomers for 90 min at room temperature.
Insoluble material was removed by centrifugation and five volumes of acetone added to
precipitate protein. After centrifugation, the protein pellet was solubilized in 7M urea, 2M

thiourea, 1% (w/v) C7BzO for one- and two-dimensional gel electrophoresis.

4.5.4 One- and two-dimensional polyacrylamide gel electrophoresis (PAGE)

Protein separation was performed as described in*!2%4,
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4.5.4.1 1D SDS-PAGE

80 ug of protein was separated on 4-20% Criterion™ TGX™ Gels (Bio-Rad) in Tris-Glycine-
SDS buffer (Bio-Rad), fixed and visualized by staining with either Flamingo fluorescent gel

stain (Bio-Rad) or Coomassie Blue G-250.

4.5.4.2 2D SDS-PAGE

250 ug of protein was cup-loaded onto 11cm pH4-7 IPG strips (BioRad) or 6-11
Immobiline drystrips (GE Healthcare) rehydrated with 7 M urea, 2 M thiourea, 1% (w/v)
C7BzO. Focusing was performed in a Bio-Rad Protean IEF cell unit. Following IEF, the
strips were equilibrated for 20 minutes with equilibration (2% SDS, 6 M urea, 250 mM
Tris-HCI pH 8.5, 0.0025% (w/v) bromophenol blue) solution before running in the second-
dimension SDS-PAGE.

4.5.4.3 Trypsin Digest

In-gel trypsin digestion was performed as described in'®. In brief, gel pieces were
destained, dehydrated and incubated with trypsin Gold MS grade (Promega) in 100 mM
NH4HCOs at 37°C overnight. Tryptic peptides were then analysed by LC-MS/MS. If
necessary, gel pieces were reduced and alkylated with 5 mM TBP, 20 mM acrylamide in
100 mM NH4HCO3, destained and dehydrated a second time before the addition of trypsin.

4.5.5 Heparin affinity chromatography

Affinity purification of M. pneumoniae heparin binding proteins was performed as
described in Raymond et al., (2013)** with slight modification. In brief, M. pneumoniae
cells were extensively washed with PBS and lysed in 10 mM sodium phosphate, 0.1%
Triton TX-100, pH 7 with sonication. After centrifugation, ~300 pg of soluble protein was
added into an autosampler vial on a Waters 2690 Alliance LC separations module and
loaded at 0.5 mL min™ onto a 1 mL HiTrap Heparin HP column (GE healthcare) in binding
buffer (10 mM sodium phosphate, pH 7). Non-binding proteins were removed with binding
buffer. Heparin binding proteins were eluted with an increasing gradient of elution buffer
(10 mM sodium phosphate, 2 M sodium chloride, pH 7). Fractionated proteins were
separated by 1D-SDS PAGE, in-gel digested with trypsin and analysed by LC-MS/MS.
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4.5.6 Avidin purification of host binding proteins

Avidin purification of M. pneumoniae host molecule binding proteins was performed as
described in Raymond et al., (2015)??¢ with slight modifications. In brief, 1 mg of purified
host protein was biotinylated and bound to avidin agarose. The avidin beads were
incubated for 16 hours at 4°C with M. pneumoniae cells lysed with 1% (w/v) C7BzO
(Sigma-Aldrich) in PBS (pH 7.8). Non-binding proteins were washed with PBS and host
binding proteins were eluted with 7M urea, 2 M thiourea, 40 mM Tris-HCI and 1% (w/v)
C7Bz0. Eluants were pooled, concentrated via acetone precipitation for separation by 1D-
SDS PAGE, in-gel digested with trypsin and analysed by LC-MS/MS.

4.5.7 Avidin purification of A549 binding proteins

Avidin purification of M. pneumoniae proteins that bind A549 surface proteins was
performed as described in Raymond etal., (2013)?** with modifications. In brief, A549
cells were grown to ~80% confluency and biotinylated in the flask after extensive washing
with PBS. After quenching excess biotin with a final concentration of 50 mM Tris-HCI, A549
cells were lysed in 1% (w/v) C7BzO (Sigma-Aldrich) in PBS (pH 7.8) with sonication. A549
whole cell lysate was added to avidin agarose beads following centrifugation. The beads
were washed four times (5 ml per wash) with PBS to remove non-biotinylated proteins.
The beads were then incubated for 16 hours at 4°C with M. pneumoniae cells lysed with
1% (w/v) C7BzO (Sigma-Aldrich) in PBS (pH 7.8). Non-binding M. pneumoniae proteins
were removed by washing four times again (5 ml per wash) with PBS and A549 binding
proteins were eluted with 7M urea, 2M thiourea, 40 mM Tris-HCl and 1% (w/v) C7BzO
(elution 1). Biotinylated surface A549 proteins that bound strongly to avidin-agarose were
eluted with 30% acetonitrile and 0.4% trifluoroacetic acid (elution 2). Each of the eluents
were concentrated via acetone precipitation for separation by 1D-SDS PAGE, in-gel
digested with trypsin and analysed by LC-MS/MS.

4.5.8 Liquid chromatography tandem mass spectrometry (LC-MS/MS)

LC-MS/MS was performed as described in Raymond et al., (2013)?%4. In brief, 15 pl of
sample containing up to 5 g of protein was loaded into an autosampler vial in an Eksigent
AS-1 autosampler connected to a Tempo nanoLC system (Eksigent, USA) with a C8 Cap
Trap column (Michrom Biosciences, CA). The peptides were washed onto a PicoFrit column

(75 pm x 150 mm) packed with Magic C18AQ resin (Michrom Biosciences, CA). Peptides

Page 93 |L3



=§| Chapter 4

were eluted from the column into the source of a QSTAR Elite hybrid quadrupole-time-of-
flight mass spectrometer (Sciex). Eluted peptides were ionized from the PicoFrit at 2300
V. An Intelligent Data Acquisition (IDA) experiment was performed, with a mass range of
350-1500 Da continuously 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.

4.5.9 MS/MS data analysis

Mascot (Version 6.1) was used to search MS/MS data files as previously described
Raymond etal., (2013)??* with modifications. In brief, files were searched against the
MSPnr100 database?*! with the following parameters. Fixed modifications: none. Variable
modifications: propionamide, oxidized methionine, deamidation. Enzyme: semi-trypsin.
Number of allowed missed cleavages: 3. Peptide mass tolerance: 100 ppm. MS/MS mass
tolerance: 0.2 Da. Charge state: 2+, 3+ and 4+. For samples collected from the
‘Biotinylation enrichment of surface proteins’ and ‘Avidin purification of A549 interacting
proteins’, variable modifications also included NHS-LC-Biotin (K) and NHS-LC-Biotin (N-
term). ‘Avidin purification of A549 interacting proteins’ was also searched against fomo
saplens entries in MSPnr100 to identify biotinylated surface A549 proteins.

4.5.10 Dimethyl labelling of M. pneumoniae proteins

Protein labelling was performed on 1 mg of M. pneumoniae protein by the addition of 40
mM formaldehyde (ultrapure grade) (Polysciences, 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 of 4 hours. 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 -80°C for 3 hours. The precipitated
protein was then pelleted by centrifugation at 14,000g and washed with 5 volumes of
methanol. The protein pellet was resuspended in 50 mM sodium hydroxide, pH 8.0 and
digested with trypsin for 16 hours at 37°C prior to clean up by SiliaPrepX™ HLB Polymeric
SPE cartridges (Silicycle, Canada) and analysis by LC—MS/MS (Sciex 5600 and Thermo

Scientific Q Exactive™).
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4.5.11 Liquid chromatography tandem mass spectrometry (LC-MS/MS): Sciex
5600

Peptides from dimethyl labelled M. pneumoniae protein were separated by nanoLC using
an Ultimate nanoRSLC UPLC and autosampler system (Dionex, Amsterdam, Netherlands).
Samples (2.5 ul) were concentrated and desalted onto a micro C18 precolumn (300 um X
5 mm, Dionex) with H,O:CHsCN (98:2, 0.1 % TFA) at 15 pl/min. After a 4 min wash the
pre-column was switched (Valco 10 port UPLC valve, Valco, Houston, TX) into line with a
fritless nano column (75 x ~15cm) containing C18AQ media (1.9y, 120 A Dr Maisch,
Ammerbuch-Entringen Germany). Peptides were eluted using a linear gradient of
H,0:CH3CN (98:2, 0.1 % formic acid) to H,O:CHsCN (64:36, 0.1 % formic acid) at 200
nl/min over 240 min. High voltage 2000 V was applied to low volume Titanium union
(Valco) with the tip positioned ~ 0.5 cm from the curtain plate (T=150°C) of a 5600*
mass spectrometer (Sciex, Toronto, Canada). Positive ions were generated by electrospray

and the 5600* operated in information dependent acquisition mode (IDA).

A survey scan m/z 350-1750 was acquired (PWHH resolution ~30,000, 0.25 sec acquisition
time) with autocalibration enabled (at ~6 hr intervals). Up to the 10 most abundant ions
(>300 counts) with charge states > +2 and <+5 were sequentially isolated (width m/z
~3) and fragmented by CID with an optimal CE chosen based on m/z (product ion spectra
were acquired at a resolution ~20,000 PWHH in 0.15 sec). M/z ratios selected for MS/MS
were dynamically excluded for 30 or 45 seconds.

Peak lists were generated using Mascot Daemon/Mascot Distiller (Matrix Science, London,
England) or ProteinPilot (Sciex, v4.5) using default parameters, and submitted to the
database search program Mascot (version 2.5.1, Matrix Science). Search parameters
were: Precursor tolerance 10 ppm and product ion tolerances £ 0.05 Da; oxidation (M),
deamidation (NQ), propionamide (C), Dimethyl (K), Dimethyl (N-term) specified as
variable modifications; enzyme specificity was semi-ArgC; 1 missed cleavage was possible

and the non-redundant protein database from NCBI (Jan 2015) searched.

4,512 Liquid chromatography tandem mass spectrometry (LC-MS/MS): Thermo
Scientific Q Exactive™

Peptides from dimethyl labelled M. pneumoniae protein were separated by nanoLC using

an Ultimate nanoRSLC UPLC and autosampler system (Dionex, Amsterdam, Netherlands).
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Samples (2.5 yl) were concentrated and desalted onto a micro C18 precolumn (300 um X
5 mm, Dionex) with H,O:CHsCN (98:2, 0.1 % TFA) at 15 pl/min. After a 4 min wash the
pre-column was switched (Valco 10 port UPLC valve, Valco, Houston, TX) into line with a
fritless nano column (75u x ~35cm) containing C18AQ media (1.9u, 120 A Dr Maisch,
Ammerbuch-Entringen Germany). Peptides were eluted using a linear gradient of
H>0:CHsCN (98:2, 0.1 % formic acid) to H.O:CH3CN (64:36, 0.1 % formic acid) at 200
nl/min over 30 or 240 min. High voltage 2000 V was applied to low volume Titanium union
(Valco) with the column oven heated to 45°C (Sonation, Biberach, Germany) and the tip
positioned ~ 0.5 cm from the heated capillary (T=300°C) of a QExactive Plus mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Positive ions were generated
by electrospray and the QExactive operated in data dependent acquisition mode (DDA).

A survey scan m/z 350-1750 was acquired (resolution = 70,000 at m/z 200, with an AGC
target value of 10° ions) and lockmass was enabled (m/z 445.12003). Up to the 10 most
abundant ions (>80,000 counts, underfill ratio 10%) with charge states > +2 and <+7
were sequentially isolated (width m/z 2.5) and fragmented by HCD (NCE = 30) with a
AGC target of 10° ions (resolution = 17,500 at m/z 200). M/z ratios selected for MS/MS

were dynamically excluded for 30 or 45 seconds.

Peak lists were generated using Mascot Daemon/Mascot Distiller (Matrix Science, London,
England) or Proteome Discoverer (Thermo, v1.4) using default parameters, and submitted
to the database search program Mascot (version 2.5.1, Matrix Science). Search
parameters were: Precursor tolerance 4 ppm and product ion tolerances £ 0.05 Da;
oxidation (M), deamidation (NQ), propionamide (C), Dimethyl (K), Dimethyl (N-term)
specified as variable modifications; enzyme specificity was semi-ArgC; 1 missed cleavage

was possible and the non-redundant protein database from NCBI (Jan 2015) searched.

4.5.13 Bioinformatic analysis of Mpn142

Bioinformatic analysis of Mpn142 used online resources: ProtParam?®, Clustal Omega3'!,
TMpred®8, COILS (Addition of ‘yes’ to 2.5 fold weighting of positions a,d)3? and
PONDR® (VSL2 and VL3 predictors)®3314, Using ScanProsite®®>, the (X-[HRK]-[HRK]-X-
[HRK]-X) motif identified by Cardin & Weintraub (1989)?”¢ was used to predict putative
heparin binding motifs and the (X-[HRK]-X-[HRK]-[HRK]-X) motif is implicated in putative

heparin sulphate binding sites3!®,
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4.6 Results

4.6.1 Defining P40 and P90 on the surface of M. pneumoniae

Surface accessible proteins labelled with biotin were recovered by streptavidin
chromatography and separated by 2D-PAGE. All protein spots were cut from the gel,
digested with trypsin and analysed by LC-MS/MS as described previously??'2%4, Tryptic
peptides that mapped to Mpn142 were identified in two spot trains with masses of
approximately 37 kDa and 84 kDa (data not shown). Twenty seven tryptic peptides
(Mascot scores >50) that mapped to the 40 kDa protein spanned amino acids 26 — 308
of the P40 molecule (Figure 4.1). The first peptide

NTYLLQDHNTLTPYTPFTTPLNGGLDVVR>* was semi-tryptic in composition and
represented the mature N-terminus of P40 after removal of the leader peptide (Table 4.1).
This result is consistent with an earlier study of Catrein et al., (2005)*¢8, A novel cleavage
site with the sequence 3**NRT|ASD?"! defines the largest fragment we identified in the N-
terminal half of Mpn142 and delineates the C-terminus of P40 (Fragment 3) consistent
with reports of the size of P40, Dimethyl labelling experiments identified semi-tryptic
peptides that confirmed that cleavage occurs in multiple sites in this region of Mpn142
suggesting that it is readily accessible to proteases or is further processed after the initial
cleavage to create P40 (Table 4.1). Fragment 3 spans amino acids 26 — 368 with a
predicted mass of 36.3 kDa (pI = 9.28) and was identified in affinity columns loaded with
heparin and fibronectin at masses consistent with this predicted size of the molecule. A
putative heparin binding domain with the sequence >'ERKIKL!*¢ was identified within the
P40 sequence consistent with our ability to recover Fragment 3 from heparin-agarose.
Further studies are needed to confirm interactions between Fragment 3 with heparin and

fibronectin.
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Signal peptide

Catrein | et al., 2005
126

Mpn142 cleavage
Layh-Schmitt G & Herrmann R, 1992
455

Coil

HepS

HepS

[ 1 | || | EN W W W N
i i
1 ANTYLL QDHNTLTPYT PFTTPLNGGL
51 DVVR;;;;A; SYELVDWK ks FQD TTSSDQSNTN
101 ONALSFDTQE SQKALNGSQS GSSDTSGSNS QDFASYVLIF K
151 TLODLLVEQ PVTPYTPNAG
201 ;;I_R\;ITI&VAQD TVHFGSGQES SWNSQR P 4 O
251 KLNESWPV YEPLDSTK TTAENDA PLVGMVGSGA
———————————————————————————————————————— “WWWWWWWWW
301 AGSASSLQ
R R e e e
351 TAQALHQMGV IVPGLEK
401 NNGTGVVASR
AVTVV
PAQ:LPQU _____
451 AGPLRAGNSS ETDALPNVIT Q Y
501 %;;GEDQESG K QF VENQLGFK
551
601 STTAGLDSD GGYKALVENT AGLNGPINGL F GGS
651 QONNEEVQTTY PVK
701 TDQLLVYGI VNESELK WTINT
751 ASHYLPVPY ISTLESQAT DGFANSLL
801 N
851 SEPISFSYTP FGS;;'.QI_“_/ISL TTLK TFD NGEKPTYDGK P90
901 TGI EFNEDANTTT L AV QNGIASSQDD
951 LTG;;;;QQE FSAVITK DN
1001 GLVPIYNEGI VDIWGRVDFA ANSVLQAR TVDEVIN NPDILQSFFK
1051 IEY LDGNFYGEDS KIAGIPLNID
1101 FPSR LOD
1151 SSFVDVFK V DTLTTAVGSV YK NAAPKA
1201 A

Figure 4.1: Peptides identified in surface proteome analysis of Mpn142. Full
length Mpn142 is represented as a black bar and its amino acid sequence (grey)
is shown underneath. Tryptic peptides identified by shaving the surface of
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M. pneumoniae are coloured green while tryptic peptides derived from a 2D gel
loaded with biotinylated (surface) proteins of M. pneumoniae are coloured red.
Tryptic peptides that were common to both surface analyses are coloured black
and underlined. Bioinformatics tools were used to predict coiled-coils (orange
box; COILS), transmembrane domains (yellow squares/wwwww; TMpred),
disordered regions (purple boxes; PONDR®: VSL2 and VSL3 predictor), heparin
binding motifs (dark blue box; ScanProsite with “X-/HRK]-[HRK]-X-[HRK]-X"
motif) and implicated in heparan sulfate binding regions (light blue boxes;
ScanProsite with “X-/HRK]-X-[HRK]-[HRK]-X" motif). The two previously
reported cleavage sites after amino acid 25 and 454 are indicated as unbroken
lines across the black bar and with the symbol 7 in the sequence.

Table 4.1: N-terminal dimethyl labelled and semi-tryptic peptides identified in
Mpn142 (Q50341).

Peptide Sequence Score  E-value 5600 QE
N-terminal Dimethyl Labelled
N1 | -.'MKSKLKLKR®.Y 11* 0.72 1 1
L.25ANTYLLODHNTLTPYTPFTTPLNGGLDV
N2 sS4 36 0.0024 1 3
VR4 . A
A.25NTYLLODHNTLTPYTPFTTPLNGGLDVV
N3 R5¢ A 142 3.5e-13 4 4
R.153KIKLALPYVKQESQGSGDQGSNGKGSLY
N4 KTLODLLVEQPVTPYTPNAGLARVNGV2?7 A 66 2.3e-5 - 1
N5 | R.°°®*TASDTATFSK®"7.Y 50 0.00068 - 1
R.38TASDTATFSKYLNTAQALHQOMGVIVPGL
N6 EKWGGNNGTGVVAS4° . R 35 1.2e-5 2 B
R.368TASDTATFSKYLNTAQALHOMGVIVPGL
N7 | EKWGGNNGTGVVASR .0 146 | 1.le-13 2 3
R.38TASDTATFSKYLNTAQALHQOMGVIVPGL
N8 EKWGGNNGTGVVASRQ4!. D 148 5.2e-14 1 4
R.38TASDTATFSKYLNTAQALHOMGVIVPGL
N9 EKWGGNNGTGVVASRQD*2, A 163 1.2e-15 B 2
R.38TASDTATFSKYLNTAQALHQOMGVIVPGL
N1o EKWGGNNGTGVVASRQDA%I3 . T 80 9.8e-8 B 2
R.38TASDTATFSKYLNTAQALHOMGVIVPGL
Ni1 EKWGGNNGTGVVASRQDAT44. S 62 3.9e-6 B 2
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T.3*°ASDTATFSKYLNTAQALHQMGVIVPGLE

N12 KWGGNNGTGVVASR1® . O 138 2.7e-13 2 4
N13 | R.“°AVIVVAGPLR**®. A 72 1.2e-5 3
N14 2.%VIVVAGPLR®**.A 48 0.0024 3
N15 | L.°°°*GLNFNFKLNEER?". L 13* 1.3 2
R.73'ENAQSTSDDNSNTKVKWTNTASHYLPVP
o b3 =
N16 YYYSANFPEAGNRR'7%.R 21 0.015 1
A.7PEQRNGVKISTLESQATDGFANSLLNEGT
N17 GLKAGVDPAPVAR®® .G 41 0.00025 . 1
A 1922NSVLOARNLTDKTVDEVINNPDILQSF
K.11°9AANNAAPKAPVKPAAPTAPRPPVQPPK
N19 KA1218__ © 59 4.7e-6 - 1
A . 19IANNAAPKAPVKPAAPTAPRPPVQPPKK
N20 Al218 _ 99 1.7e-9 1 3
A.119°NNAAPKAPVKPAAPTAPRPPVQPPKKA
N21 | D, N 0 41 | 000014 | - 1
N. 12 AAPKAPVKPAAPTAPRPPVQPPKKA!?!
N2 0 2 E 44 000019 - 2
A .19 APKAPVKPAAPTAPRPPVQPPKKA!?18
N23 |  — 18* 0.051 - 1
N24 P.''°’KAPVKPAAPTAPRPPVQPPKKA'?!®, - 21% 0.029 = 1

" Sem ot Tncated Cremina petoes |||

R.2%3KLNESWPVYEPLDSTKEGKGKDESSWKN

S1 SEKTTAENDAPLVGMVGSGAA3®' . G ve >:Ae7 ! )
s2 | Sesamnomrivamescnas g | ¥ | 14es | 1| -
3 | Siermmevoneivenecimosm e | W | 007 | 1 -
4 | Siecmmevonbiveneoiaosna g | | 00072 | 1| -
= e e P
S6 | Sixroamioastvancacarceasaro o | 86 | 1de7 | 1| -
57 R.192°NLTDKTVDEVINNPDILQSFFKFTPAF 45 0.0023 . 1

DNQRAMLV'¢3 .G

Semi-tryptic Truncated N-terminal Peptides -”
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S8 | D.°PAPVARGHKPNYSAVLLVR®%¢.G 65 2.3e-6 - 1
S9 | N.?®3GLFEKDDQLSENVKRR®?¢.D 26%* 0.033 - 1
S10 llqs . 1_193§AAPKAPVKPAAPTAPRPPVQPPKKA12 S5 0.015 i 1
T N
c1 R.15%4LKQTSAAKPG!®%3 A 24 0.045 ) 1

(Semi-tryptic)

T. l598§AAKPGAPRP]I-’V]I-’PKPGA]}’K]}’PVQPPK
C2 KPA'™7.- 58 4.5e-6 - 2
(Dimethyl labelled)
All peptides have a score > 32 and an E-value < 0.05 unless indicated by * which signifies that the

peptide was either identified over several replicates or correlates with predicted fragments in this
study. Cleavage sites are located beside the bold underlined amino acid (left for N-terminus and
right for C-terminus). Amino acid number is written as superscript at the start and end of the
peptide. Highest ion score and lowest E-value for the peptide identified across the replicates is
listed. The last two columns contain the number of times the peptide was identified by either the
Sciex 5600 TripleTOF or Thermo Q Exactive Plus out of a total of six biological replicates. The last

two peptides are C-terminal cleavage sites identified for P1 (Uniprot #: P11311).

Twelve tryptic peptides (Mascot scores > 50) spanning amino acids 446 — 1172 were
mapped to P90 (Fragment 2). Notably, the first peptide “**AVTVVAGPLR*>* is semi-tryptic
in composition and commenced nine amino acids upstream of the previously determined
start site for P90%:17 (Figure 4.1). The most C-terminal peptide in P90 has the sequence
1160/DTLTTAVGSVYK!'”2, Tryptic peptides that mapped to a C-terminal 90 kDa fragment
of Mpn142 were isolated by affinity chromatography using fetuin, fibronectin, actin and
A549 surface proteins as bait indicating that P90 may bind to fibronectin, actin, fetuin and

other undefined receptors on the surface of A549 cells (Figure 4.2).
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Mpn142 ORF: 1,218 amino acids; 130.46 kDa, pl 8.01

Signal peptide
Catrein | etal., 2005

23SLAY N TYL2

807GVD |, PAPE22
4435QR\]//|\|\J/VTV449 7235AR\]/ENA73I3 1061V, GEK1066
1S0FER J,KIKISS  365VNRY, T, ASD371 DALY LN 93°NTN\|,GLF98|5
! 7I72RIRA\J,EQR777 1019F;|AA\],NSV1°24

| |
lsi 299GAAL GSV AL S S LAY GNG3 !

Mpn142 cleavage

Layh-Schmitt G & Herrmann R, 1992

187ALK L AL AL NG NG AL AP L KAPLL®

b

1) MW: 30.59 kDa, pl: 886

Spots: 55-60,35 kDa;pl: >7, <6, 6.9,7.8, 8.5-8.7
Biotin: 37-50 kDa; pl: 4.7,60, 6.6,80,8.5,95,9.7 | |

Fetuin: 20-35kDa, Fibronectin: 20-30kDa,

IA:tin: 34737kD?, Heparin: 20-35 kDa

3) MW: 36.30 kDa, pl: 928
Slice: 37-50 kDa,

Biotin: 3840 kDa; pl: 6.5,68,7.0,75, | I
- Fibronectin: 30-40kDa, Heparin: 38-45 kDa - .

6) MW: 16.60 kDa pl: 9.22
Biotin: 15-20 kDa,
Fibronectin: 15-20kDa,
Heparin: 12-15 kDa

2) MW: 83.57 kDa, pl: 529
Spots: 75-100 kDa; pl: <6, 6.2, 6 5, 4.9, Biotin: 75-100 kDa; pl: 4.6-5.1,
A549: 75-100kDa, Fetuin: 62-95kDa, Fibronectin: 70-80kDa, Actin: 62-100 kDa
[} 1

Legend

Disorder-VSL2 & VL3
/Basic
Shaved peptides

Whole cell lysate
Biotinylated
A549

Fibronectin
Actin
Heparin
Plasminogen

4) MW: 35.57 kDa, pl: 483 I l
Slice: 37-50 kDa . .
| Heparin: 29-45kDa | | |

7) MW: 12.68 kDa, pl: 6 80

5) MW: 48.01 kDa, pl: 694
Slice: 37-50 kDa

Biotin: 37-50 kDa, Fetuin: 35-45 kDa,
| Heparin: 38-45 kDa, Plasminogen: 40-50 kDa
. . I .

9) MW: 57.05kDa, pl: 782
Spot: 60 kDa; pl: 49-5.0
Fetuin: 45-62kDa, Heparin: 50-60 kDa

10) MW: 62 42 kDa, pl: 4.77
Spot: 60 kDa; pl: 49-5.0
Fetuin: 45-62kDa

. 8) MW: 21,16 kDa, pl: 973
‘Biotin: 15-20 kDa, Fetuin: 15-20 kDa,
| ibronectin: 15-20kDa

! | 110 MW: 1637 kDa, pl: 9.87
: Slice: 10-20 kDa, pk: >7
| | Biotin: 10-15 kDa,

Heparin: 0-17 kDa
I

12) MW: 2560 kDa, pl: 9.38

Slice: 20-37 kDa

Fetuin: 20-35kDa, Heparin: 20-35 kDa,

Heparin: 35-38 kDa

|

|
Slice: 10-20 kDa,

Fibvulnectin: l}IlS kDa

Plasminogen: 25-35 kDa
1

15) MW: 5302 kDa, pl: 7.91
1 Slice: 50-75, Fibronectin: 40-62 kDa
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Figure 4.2: Cleavage map of Mpn142. Full length Mpn142 is represented as a
black bar and cleavage products shown underneath. Cleavage sites were
determined by mapping neo-N-termini generated by N-terminal dimethyl
labelling (blue broken lines) and identifying semi-tryptic peptides (red broken
lines). Cleavage sites are indicated by the arrows and peptide sequences shown
above the bar. Putative glycosaminoglycan binding sites (HepS/Hep),
transmembrane domains (TmD), coiled-coils (Coil) and disordered regions
identified using ScanProsite, TMpred, COILS and PONDR®, respectively are
depicted. Regions within Mpn142 that are enriched in acidic amino acids D/E
(yellow) and basic amino acids K/R/H (blue) are shown beneath the black bar
representing Mpn142. Shaved peptides are depicted by the green boxes within
the grey bar. Peptides spanning fragments of Mpn142 obtained from 1D/2D
SDS PAGE of whole cell lysates (grey bars); recovery of biotinyled proteins (red
bars); or A549 (orange bar), fetuin (yellow bars), fibronectin (green bars),
actin (teal bars), heparin (dark blue bars) or plasminogen (purple bars) based
affinity chromatography were identified by LC-MS/MS (small black boxes).
Beneath each fragment is the assigned fragment number, predicted theoretical
mass and pl predicted by ProtParam (underlined). Most fragments were
identified in a gel mass range which is listed. The signal peptide and previously
determined Mpn142 cleavage sites are presented as unbroken black lines.

Tryptic peptides spanning Mpn142 that were released during mild trypsin hydrolysis of
M. pneumoniae cells were identified by LC-MS/MS. Twenty one peptides spanning Mpn142
including six peptides between amino acids 43 — 397 in P40 and fifteen peptides spanning
amino acids 456 — 1158 in P90 were identified (see green boxes in the grey bar in Figure
4.2). The peptide 3¥TAQALHQMGVIVPGLEK?*®” is flanked on either side by predicted
disordered regions and is the only peptide that mapped to this region suggesting that it is
a preferential site for proteolysis in Mpn142. These data confirm that most of Mpn142 is

exposed on the surface of M. pneumoniae.
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4.6.2 Bioinformatic analysis of Mpn142

The online PONDR® tool (VSL2 and VL3 predictors)3'33!4 identified three major disordered
regions spanning more than 40 consecutive amino acids from amino acid 214 — 360 and
413 - 453 which aligns with C-terminal half of P40 (Figure 4.1). The third disordered
region resides in the C-terminal region of P90 between amino acids 1178 — 1218 and
spanned an unusual sequence of amino acids enriched in alanine, proline and lysine
residues located at the C-terminus of the molecule (Figure 4.3). Interestingly, a similar
run of amino acids was identified in the C-terminus of the P1 adhesin derived from the
mpnl41 gene found in the same polycistronic unit (Figure 4.3). Notably, the disordered
region spanning amino acids 413 — 453 encompasses the two consecutive cleavage sites
H3SQR|A| VTV that separates P40 from P90 while the longest disordered region from
214 — 360 encompasses cleavage sites ?°GAA|GS|A|S|S|LQ|3%® that defines the C-
terminus of P40. Evidence to support these cleavage events is derived from the
identification of dimethyl labelled semi-tryptic peptides (neo-N-termini) by LC-MS/MS (see
Table 4.1). We rarely found tryptic peptides that mapped to amino acids 310 — 440.
Processing sites in adhesins often reside within disordered regions presumably because
they are accessible to proteases!®:221,222224225 \We also identified a putative heparin
binding site with the sequence !>!ERKIKL!*® and a series of regions which may be
implicated in heparan sulfate binding domains with the sequences: !>!ERKIKL!%,
>LKLKRY?0, 814ARGHKP81?, 20*VKNRKG*? and 1*3YKVRKL!*® in Mpn142 prompting us to use
heparin as bait in affinity chromatography experiments to enrich for cleavage fragments

derived from Mpn142.
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Mpnl42 1113 PSWVIPVSVGSSVGILLILLILGLGIGIPMYKVRKLQODSSEFVDVFKKVDTLTTAVGSVYK 1172

Pl adhesin 1520 PDYVLPLAITVPIVVIVLSVTLGLAIGIPMHKNKQALKAGFALSNQKVDVLTKAVGSVFK 1579
*ookokoo Dorrrror kRk ko oo K pRkk Kk kkkkk ok

Mpnl42 1173 KIITQTSVIKKAPSATKANNNANPKAP--VKPAAPTAPRPPVQPPKKA- 1218

Pl adhesin 1580 EIINRTGIS-QAPKRLKOTSAAKPGAPRPPVPPKPGAPKPPVQPPKKPA 1627
ckk ok . ckk | kk . Kk Kk kK * ok kk o kkkkkkkk

Figure 4.3: Alighment of the C-terminal sequence of Mpn142 and P1. A Clustal
Omega alighment of the amino acid sequence spanning 1113 — 1218 of Mpn142
against the sequence spanning 1520 — 1627 of P1. Predicted transmembrane
domains are highlighted in grey (TMpred score 2,518) for Mpn142 and
predicted by Nakane et al. (2010) using the SMART algorithm3°%, Cleavage sites
in the sequence are denoted by the symbol . * indicate conserved residues, :

indicate similar amino acids and . indicate weakly similar amino acids.

4.6.3 Cleavage fragments in the N-terminus of Mpn142

Dimethyl labelling of neo-N-termini provided evidence that Mpn142 is subject to
considerable posttranslational processing. The list of dimethyl labelled peptides identified
by LC-MS/MS is shown in Table 4.1. To find evidence that these cleavage events generated
functionally important cleavage fragments of Mpn142, we characterised tryptic peptides
derived from size-fractionated whole cell lysates of M. pneumoniae strain M129 separated
by SDS-PAGE and proteins captured by affinity chromatography loaded with different bait
including actin, fetuin, plasminogen, heparin, fibronectin and surface proteins from A549
cells (Figure 4.2). In addition, we identified fragments of Mpn142 from 2D SDS-PAGE gels
loaded separately with M129 whole cell lysates, and biotinylated surface proteins, and
characterised them by LC-MS/MS. Using these combined approaches we identified 15
fragments of Mpn142 (Figure 4.2). Consistent with data described above, we were unable
to find a cleavage fragment spanning amino acid 26 — 454 with a predicted mass of 44.9
kDa which represents the largest possible N-terminal cleavage fragment of Mpn142.
Fragments 1, 3, and 6 span different regions of the N-terminus of Mpn142. Fragment 1
has a predicted mass of 30.6 kDa (pI = 8.86), spans amino acids 26 — 308 and was
identified in a series of gel spots at 35 kDa (pI ranging from 6.9 — 8.7) from 2D gels loaded
with whole cell lysates, and biotinylated surface proteins of M. pneumoniae, and from
affinity columns loaded with fetuin, actin, heparin and fibronectin. These data suggest
that Fragment 1 binds actin, fetuin, heparin and fibronectin and is present on the surface
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of M. pneumoniae. Fragment 6 spans amino acid 153 — 308 with a predicted mass of 16.6
kDa and was also recovered from gel slices in the range of 15 — 20 kDa containing
biotinylated surface proteins, M. pneumoniae proteins eluted proteins during affinity
chromatography using fibronectin as bait, and a SDS-polyacrylamide gel slice (12 — 15
kDa) containing proteins that eluted from a heparin-agarose column. These data suggest
that Fragment 6 binds heparin and fibronectin and is present on the surface of

M. pneumoniae.

4.6.4 Cleavage fragments residing in the C-terminus of Mpn142

Several dimethylated N-terminal peptides were identified in the C-terminal region of
Mpn142 (Table 4.1). Four cleavage sites reside between amino acids 695 — 810 and three
cleavage sites were identified between amino acids 982 — 1063. In total, we identified 12
fragments spanning different regions of the C-terminal two thirds of Mpn142.

Fragment 5 is predicted to start at position 775 (see dimethyl peptide N17 in Table 4.1)
and terminates at amino acid 1,218, generating a protein with a predicted mass of 48
kDa. Fragment 5 was recovered from affinity columns loaded with plasminogen (2
peptides; gel slice 40 — 50 kDa), fetuin (6 peptides; gel slice from 35 — 45 kDa), heparin
(two peptides; gel slice 38 — 45 kDa) and from a gel slice (37 — 50 kDa) containing size-
fractionated M. pneumoniae proteins (6 peptides). Peptide coverage from each affinity

chromatography experiment is depicted in Figure 4.2.

Fragment 4 (limited evidence for its existence in this study) is predicted to span amino
acids 446 — 774 and has a predicted mass of 35.6 kDa. It was identified (2 tryptic peptides)
from a gel slice (37 — 50 kDa) containing size-fractionated M. pneumoniae proteins and
from size fractionated proteins (29 — 45 kDa) eluted during heparin agarose

chromatography.

Fragment 7 spans amino acids 696 — 809, has a predicted mass of 12.7 kDa and was
recovered from a gel slice (10 — 15 kDa) containing size-fractionated M. pneumoniae
proteins (2 tryptic peptides). It is predicted to be derived from a cleavage event at position
696 (°3DAL|GLN®®) and ends at a cleavage event at position 809 in the sequence
807GVD | PAP8!? (see semi-tryptic peptide S8 and dimethyl peptide N15 in Table 4.1). We
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also identified a similar fragment from captured biotinylated surface proteins in a gel slice
spanning 15 — 20 kDa (Figure 4.2).

Fragment 8 is delineated by a cleavage event at position 1021 within the sequence
1019FAA |NSV1024 (see dimethyl peptide N18 in Table 4.1) at the N-terminus and ends at
the C-terminus of Mpn142 (position 1,218) (Figure 4.2). It has a predicted mass of 21 kDa
and was recovered in three separate experiments in gel slices spanning 15 — 20 kDa
loaded with biotinylated surface proteins of M. pneumoniae (2 peptides) and affinity
columns loaded with fetuin (2 peptides) and fibronectin (6 peptides) (Figure 4.2).

Fragments 9 and 10 span different but overlapping regions of P90. Notably, peptide
coverage from a protein spot of 60 kDa spanned all of P90 indicating that there are two
overlapping fragments co-migrating in the one spot. We predict that Fragment 9
commences at position 696 at the cleavage site *3DAL|GLN®?® (see dimethyl peptide N15
in Table 4.1) and spans the C-terminus of Mpn142 generating a theoretical fragment with
a mass of 57.1 kDa (p/ =7.82). Further support was provided by the identification of nine
tryptic peptides mapping to a fragment recovered from heparin-agarose in a gel slice
spanning 50 — 60 kDa. Six tryptic peptides mapping to the C-terminal 90 kDa region of
Mpn142 were also identified by LC-MS/MS in a protein recovered from an affinity column
loaded with fetuin as bait, in a gel slice with masses ranging from 45 — 62 kDa (Figure
4.2). As such our data is consistent with Fragment 10 commencing at the true N-terminus
of P90 (see dimethyl peptide N13 in Table 4.1) at cleavage site **SQR|AVTV*? and
spanning the central region of Mpn142, ending at position 1,021 at the cleavage site
1019FAA |NSV1024, As such, Fragment 10 has a theoretical mass of 62.4 kDa (pI=4.77).

Fragment 11 was recovered from SDS-PAGE fractionated M. pneumoniae proteins in a gel
slice spanning 10 — 20 kDa. Our data is consistent with Fragment 11 commencing at
position 1,064 at cleavage site %MLV | GEK!%¢ (see semi-tryptic peptide S7 in Table 4.1)
and ending at position 1218. Fragments of a similar size were recovered from heparin
agarose in a gel slice containing putative heparin binding proteins up to 17 kDa in size
and from a streptavidin column loaded with biotinylated surface proteins of
M. pneumoniae with masses between 10 — 15 kDa (Figure 4.2). Fragment 11 is predicted
to be 16.4 kDa.
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Fragment 12 comprises tryptic peptides spanning the C-terminal 25.6 kDa of Mpn142 and
resides in gel slices from 20 — 37 kDa in size fractionated M. pneumoniae proteins
recovered from affinity chromatography experiments using fetuin, heparin and
plasminogen as bait. Peptide coverage was consistent with Fragment 12 commencing at
position 982 in the sequence *°NTN|GLF®® and ending at position 1,218 of Mpni142,

generating a protein with a predicted mass of 25.6 kDa.

Fragment 13 was recovered from a heparin-agarose column and is defined by 4 tryptic
peptides residing in a region of Mpn142 spanning amino acids 774 — 1063, consistent with
cleavage events commencing at position “72RRAJEQR’”” and ending at position
1061MLV | GEK!%%¢ (see dimethyl peptide N17 and semi-tryptic peptide S7 in Table 4.1).
Fragment 13 has a predicted mass of 36.7 kDa and encompasses a region of Mpn142 that
displays two putative heparan sulfate binding domains with the X-[HRK]-X-[HRK]-[HRK]-
X motif (31*ARGHKP8!® and *“VKNRKG**).

Evidence for the existence of Fragment 14 is denoted by the identification of 2 tryptic
peptides that map to a small fragment of Mpn142 recovered from gel slices containing
M. pneumoniae proteins from 10 — 20 kDa and from proteins eluted from an affinity
column where fibronectin has been used as bait. Our data is consistent with Fragment 14
commencing at position 982 (°®NTN|GLF*®*) and ending at position 1063
(196IMLV | GEK1!%%) generating a fragment with a predicted mass of 9.2 kDa.

Fragment 15 is predicted to spans amino acids 731 — 1218 (cleavage site 72SAR|ENA733
and dimethyl peptide N16 in Table 4.1) and has a predicted mass of 53 kDa. We identified
5 tryptic peptides spanning this fragment in a gel slice containing proteins 50 — 75 kDa
and in size fractioned (40 — 62 kDa) M. pneumoniae proteins (8 peptides) eluted from an

affinity column loaded with fibronectin (Figure 4.2).

Notably, we identified a series of cleavage events in the C-terminal predicted disorder
region from position 1,190 that removed one amino acid at a time from the N-terminus of
the peptide with sequence *°AANNAAPKAPVKPAAPTAPRPPVQPPKKA!?*® (Table 4.1:
dimethyl peptides N18 — N24 and semi-tryptic peptide S10). These events release a C-
terminal peptide from Mpn142 that is enriched in alanine/valine (11 residues),
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lysine/arginine (5 residues) and proline (9 residues) residues and is highly similar in
sequence to the C-terminus of the P1 adhesin (Mpn141) (Figure 4.3).

4.7 Discussion

A growing body of evidence exists to suggest that molecules that reside on the cell surface
of mycoplasmal pathogens are processed into discrete functional domains via a process
known as ectodomain shedding!86:187,216-226,231,232  \While the majority of this evidence
comes from recent studies of adhesin molecules in M. hAyopneumoniae there is ample
evidence that surface-accessible proteins in M. pneumoniae including Mpn142 and several
uncharacterized lipoproteins (Mpn052, Mpn284, Mpn288, Mpn376, Mpn400, Mpn408,
Mpn444, Mpn456, Mpn474 and Mpn491) are processed at multiple sites?®®. However, in
most instances, precise cleavage events have not been mapped. Previous studies have
shown that M. pneumoniae has an affinity for a wide variety of host receptors including
fibronectin?®>;  fibrinogen®®;  plasminogen?'#2>;  sjalylated  receptors  and
oligosaccharides?’141%; sulfated glycolipids®'®; laminin, fetuin, and human chorionic
gonadotropin'#® but the identity of adhesins that bind them have not been characterized
in detail. To characterise the processing events and to determine if the products of
cleavage are potential adhesins, we developed systems-wide, affinity chromatography
methodologies to recover proteins that interact with important host cell surface molecules
such as heparin, fibronectin, actin, plasminogen, fetuin and proteins on the surface of
A549 cells and identified them by LC-MS/MS. While this approach suggests a direct
interaction between M. pneumoniae proteins and the bait, definitive proof is lacking
because a subset of the captured proteins may interact with proteins that bind directly to
the bait. In M. pneumoniae pyruvate dehydrogenase B (PdhB) and elongation factor Tu
(Ef-Tu) bind fibronectin®®, glyceraldehyde-3-phosphate dehydrogenase binds
fibrinogen®® and PdhA, PdhB and PdhC subunits bind plasminogen®'%?'>on the surface.
However, it is not clear how adhesins that localise to the attachment organelle bind host
molecules. The data presented here suggests that cleavage fragments of Mpn142 function

as adhesins that bind a wide range of host molecules.

Mpn142 comprises 1,218 amino acids and is cleaved generating 40 (P40) and 90 kDa
(P90) fragments on the surface of M. pneumoniae‘®®167172317  Mutants that cannot
synthesize Mpn142 are unable to localise the major adhesin, P1 to the tip of the
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attachment organelle and lose the ability to adhere to surfaces!®?3%. In addition, P90
forms a 480 kDa protein complex in a 1:2 molar ratio with P1 and forms an appendage
that allows M. pneumoniae to glide across surfaces®’!. These observations suggest that
P90 and P40 function as adhesins either directly via interactions with receptors on cell and
abiotic surfaces or via collaborative interactions with P1. We show here that tryptic
peptides spanning 15 fragments of Mpn142 were identified by LC-MS/MS in size
fractionated lysates of M. pneumoniae (Figure 4.2). Previous studies show that a cleavage
event at position 455 in Mpn142 was seminal to the creation of the dominant cleavage
fragments P90 and P40. Edman degradation of the N-terminus of P90 generated the
sequence *°RAGNSSETDAL5%7, Another cleavage event at position 26 removes the
leader sequence in the N-terminus®®. As such, P40 was thought to span amino acids 26
— 454 (theoretical mass of 44.9 kDa) and P90, amino acids 455 — 1218 (theoretical mass
of 82.8 kDa). However, during SDS-PAGE, P40 migrates with a mass of 35 — 40 kDa'%6:167
prompting speculation that further cleavage events occur in the proposed P40 sequence®.
In our study, the largest fragment spanning the N-terminal region of Mpn142 spans amino
acids 26 - 368. A dimethyl labelled peptide
369ASDTATFSKYLNTAQALHQMGVIVPGLEKWGGNNGTGVVASR*? (peptide N12; Table 4.1)
commencing at amino acid 369 indicated that P40 spans amino acids 26 — 368 (theoretical
mass 36.2 kDa), a size consistent with earlier studies of P40, In support of this
hypothesis, we rarely identified tryptic peptides that mapped in the disordered region
spanning amino acids 369 — 444 suggesting this region is readily accessible to different
proteases. Notably, we identified a series of six semi-tryptic peptides spanning amino acids
253 — 308 and eight semi-tryptic peptides spanning amino acids 368 — 414 that differed
by the sequential loss of a C-terminal amino acid (Table 4.1; peptides S1 — S6 and peptides
N5 — N12, respectively) indicating that M. pneumoniae displays carboxypeptidase activity
on the cell surface. The N-terminal peptide consistently identified in P90
(***AVTVVAGPLR*?) started nine amino acids upstream of the predicted start site defined
by the sequence *°RAGNSSETDAL*> (Table 4.1: peptide N13). A second semi-tryptic
peptide “VTVVAGPLR** was identified (Table 4.1: peptide N14) in this region suggesting
aminopeptidase(s) that target hydrophobic amino acid residues are active on the surface
of M. pneumoniae. This hypothesis was supported by the identification of a series of six
dimethyl labelled peptides and one semi-tryptic peptide from 1190 — 1218 each one
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differing by the loss of a single N-terminal amino acid (Table 4.1; peptides N19 — N24 and
peptide S10). Collectively, our data suggests that P90 commences at position 446 and
that peptidase activity can alter the N-terminus generating size variants of P90. We
characterised N-terminal dimethyl labelled peptides by LC-MS/MS as a method to define
precise cleavage events in Mpn142. Using this approach we identified 17 peptides each
indicating the start of a distinct proteoform derived from Mpn142 (Table 4.1, peptides N2
— N5, N12 — N24). The location of these peptides is consistent with processing sites in
Mpn142 shown in Figure 4.2 and tryptic peptides that map to all 15 fragments of Mpn142
recovered by affinity chromatography. Other cleavage events were mapped by
characterising truncated C-terminal and other semi-tryptic peptides (Table 4.1).

Notably, 21 peptides spanning amino acids 43 — 1158 of Mpn142 were identified when
freshly cultured whole cells of M. pneumoniae were exposed to mild proteolysis with
trypsin. While these data provided further evidence that Mpn142 is on the surface of
M. pneumoniae we noted that 16 of the 21 peptides were not tryptic. Further analysis
showed that eight peptides were semi-tryptic at the N-terminus, eight peptides were semi-
tryptic at the C-terminus and five peptides were tryptic. This data is consistent with the
presence of peptidase activity on the cell surface. Consistent with these data, we identified
a range of proteases (data not shown) on the surface of M. pneumoniae in surfaceome
studies (our unpublished data). Interestingly, the peptide 3'TAQALHQMGVIVPGLEK3" is
the only peptide we identified in our study to reside within the disordered region spanning
amino acids 214 — 453. The identification of six dimethyl labelled peptides and one semi-
tryptic peptide (Table 4.1; peptides N19 — N24 and peptide S10) suggests that the C-
terminus of Mpn142 spanning amino acids 1190 — 1218 is released into the extracellular
milieu. Further work is needed to  determine if the peptide
1150AANNAAPKAPVKPAAPTAPRPPVQPPKKA!?!8 and derivatives of it have adhesive or

immune-modulatory functions.
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5.1 Preface

Alongside Pdh-B, Ef-Tu was one of the first moonlighting proteins identified in
M. pneumoniae that was reported to bind fibronectin on the cell surface. Pdh-B has been
characterised further and was observed to bind serval more different host proteins, but
the binding targets for Ef-Tu remain uncharacterised. Because of this, Ef-Tu was
investigated further to search for potential binding targets using microscale
thermophoresis and ELISA. The manuscript presented as Chapter 5 demonstrates that Ef-
Tu displays an affinity to a wide range of host molecules suggesting a key moonlighting
role in adherence. Post-translational proteolysis was also observed in M. pneumoniae Ef-
Tu and two other pathogens. This manuscript reinforces the multifunctionality of

M. pneumoniae moonlighting proteins.

The manuscript presented for Chapter 5 has been peer-reviewed and was accepted for
publication in ‘Scientific Reports’ on the 10" August, 2017. It should be noted that text
and figures have been rearranged to focus on M. pneumoniae. Methods, figures, and
tables pertaining to M. hyopneumoniae and S. aureus have been moved to ‘Appendix 5:
8.5.3 Supplementary Methodology’.

5.2 Author contribution

Author Contribution

Performed surface proteome experiments, the ‘Bait and Prey’
chromatography, expressed and purified recombinant Ef-Tu, and
Michael performed the microscale thermophoresis experiments. Analysed all the
Widjaja data generated for M. pneumoniae except those generated by Lisa
Hagemann and Anna Griindel, and performed 3D modelling predictions

for all three pathogens and compiled Ef-Tu data for M. pneumoniae.
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Many bacterial moonlighting proteins were originally described in medically, agriculturally,
and commercially important members of the low G + C Firmicutes. We show Elongation
factor Tu (Ef-Tu) moonlights on the surface of the human pathogens Staphylococcus
aureus (Saer.tu) and Mycoplasma pneumoniae (Mpner.ty), and the porcine pathogen
Mycoplasma hyopneumoniae (Mhpee.ty). Ef-Tu is also a target of multiple processing
events on the cell surface and these were characterised using an N-terminomics pipeline.
Recombinant MpnEf-Tu bound strongly to a diverse range of host molecules, and when
bound to plasminogen, was able to convert plasminogen to plasmin in the presence of
plasminogen activators. Fragments of Ef-Tu retain binding capabilities to host proteins.
Bioinformatics and structural modelling studies indicate that the accumulation of positively
charged amino acids in short linear motifs (SLiMs), and protein processing promote
multifunctional behaviour. Codon bias engendered by an A + T rich genome may influence

how positively-charged residues accumulate in SLiMs.
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5.4 Abstract

Many bacterial moonlighting proteins were originally described in medically, agriculturally,
and commercially important members of the low G+C Firmicutes. We show Elongation
factor Tu (Ef-Tu) moonlights on the surface of the human pathogens Staphylococcus
aureus (Sagrty) and Mycoplasma pneumoniae (Mpngr.ty), and the porcine pathogen
Mycoplasma hyopneumoniae (Mhper1u). Ef-Tu is also a target of multiple processing
events on the cell surface and these were characterised using an N-terminomics pipeline.
Recombinant Mpnegr.ty bound strongly to a diverse range of host molecules, and when
bound to plasminogen, was able to convert plasminogen to plasmin in the presence of
plasminogen activators. Fragments of Ef-Tu retain binding capabilities to host proteins.
Bioinformatics and structural modelling studies indicate that the accumulation of positively
charged amino acids in short linear motifs (SLiMs), and protein processing promote
multifunctional behaviour. Codon bias engendered by an A+T rich genome may influence

how positively-charged residues accumulate in SLiMs.
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5.5 Introduction

Elongation factor Thermo unstable (Ef-Tu) is one the most abundant proteins in
bacteria?%>318, It functions as an essential and universally conserved GTPase that ensures
translational accuracy by catalysing the reaction that adds the correct amino acid to a
growing nascent polypeptide chain3®®. After the incoming aminoacyl-tRNA docks with the
mRNA, GTPase activity induces a conformational change releasing Ef-Tu from the
ribosome31-321 In E. coli, Ef-Tu is comprised of three functional domains known as domain
I (amino acids 1 — 200), domain II (amino acids 209 — 299) and domain III (amino acids
301 — 393)3?2, Domain I forms a helix structure with Rossmann fold topology, a structural
motif found in proteins that bind nucleotides, while domains II and III are largely
comprised of beta sheets3'?323, The GTP/GDP binding domains are housed in domain I,
while domains I and II are needed for nucleotide exchange. Domains II and III physically
adjust to form an amino acid tRNA binding site3*32!, Ef-Tu sequences derived from
phylogenetically diverse species share considerable sequence identity and have been used
to generate phylogenetic descriptions of the tree of life?*. In eukaryotes, domain III also

has a role in actin polymerisation via an actin-bundling domain32°326

Despite its highly conserved function in protein synthesis, non-canonical functions have
been described for Ef-Tu in all kingdoms of life. Ef-Tu lacks a signal secretion motif yet
the ability to execute moonlighting functions often requires the molecule to localise to the
cell surface. Ef-Tu is a multifunctional protein in higher order eukaryotes®?’-33?, parasites®33-
36, fungi** and it is has been identified on the surface of a wide range of Gram positive
and Gram negative pathogenic and commensal bacteria that associate with metazoan
species!®®205338-344 - Bacterial Ef-Tu interacts with nucleolin®*3*, fibrinogen and factor
H3393% " plasminogen and several complement factors3*3423%7 |aminin3*, CD213%,
fibronectin?0>348:350.351 " is immunogenic®*? and adheres to the surface of Hep-2 cells**
underscoring the multifunctional adhesive characteristics that have been assigned to this
molecule. Ef-Tu binds sulfated carbohydrate moieties found on glycolipids and sulfomucin
and promotes the binding of Lactobacillus reuteri to mucosal surfaces indicating that Ef-
Tu can interact with carbohydrates®>3. Notably, antibodies against Ef-Tu are induced
during infections caused by S. aureus®®*3> Mycoplasma capricolunt*®, Mycoplasma
ovipneumoniae®*?, Chlamydia trachomatis®>’, Burkholderia pseudomallef>® and M.
hyopneumoniae®>®. Ef-Tu has been identified in six surface proteome studies (excludes
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cell membrane and envelope isolations)!7°:369-364 performed on S. aureus and Ef-Tu is one
of twelve proteins consistently identified in the exoproteome of S. aureus from patients
with bacteraemia3®®. The major staphylococcal autolysin A/tis implicated in playing a role
in secreting cytosolic proteins including Ef-Tu into the extracellular milieu3*°. Moonlighting
proteins are likely to be exported via several mechanisms including within secreted
extracellular vesicles®®, during cell lysis!** and via association with proteins that are

secreted by the Sec machinery3®’.

The ability of Ef-Tu to be secreted onto the cell surface occurred early in the evolutionary
interplay between plant pathogenic bacteria and their eukaryote hosts and is a well
described pathogen-associated molecular pattern (PAMP) molecule3®®3%°, Plants have
evolved pattern-recognition receptors (PRR) in their cell membranes that are designed
specifically to recognise PAMP molecules released by bacterial and fungal pathogens3¢*-
375, An Ef-Tu receptor (EFR) found within Brassica lineages®®3”” recognises the highly
conserved N-terminal 18 amino acids (elf18) in the native Ef-Tu molecule3®®376:377, Binding
triggers signal transduction events in plant roots that ensure that pathogenic bacteria are
either contained within callose deposits, destroyed by cellular apoptosis, or succumb to
an oxidative burst elicited by the production of hydrogen peroxide3’6. A region spanning
surface exposed amino acids 176 — 225 in Ef-Tu from the Gram-negative bacterial
pathogen Acidovorax avenae, interacts with a different PRR in monocotyledonous plants
(see Figure 5.1)%8. EFR has been transferred from the Brassica species Arabidopsis
thaliana into the monocot species, rice and transgenic rice plants display enhanced innate
immune responses when exposed to elfl8 from Xanthomonas oryza, a major rice
pathogen®”. These studies show that plants have evolved sophisticated molecular
machinery to identify Ef-Tu that is released onto the cell surface by diverse plant
pathogenic bacteria.

Protein cleavage is emerging as an important post-translational modification that can
expand protein function??7:230233380 This is evident in the genome-reduced Mollicutes
where species-specific Mycoplasmal adhesins and lipoproteins are targets of complex
processing events!®6187,216-227,230-232 - Clegvage fragments are retained on the bacterial cell
surface and function as adhesins that bind heparin-like

glycosaminoglycans!86:187,217,218,221,222,230 - fihronectin?!%:229.226:230 and circulatory molecules
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such a plasmin(ogen) that regulate the fibrinolytic system?1°-221.223230 Cleavage motifs
have been chemically defined in M. hyopneumoniae using mass spectrometry and occur
at phenylalanine residues in the motif S/T-X-F|-X-D/E, within stretches of hydrophobic
amino acids, and at trypsin-like sites in diverse molecules including adhesins, lipoproteins
and in metabolic enzymes that traffic to the cell surface!®:221224225.227 Cleavage fragments
are known to be further processed by aminopeptidases??>?% that also localise on the cell
surface?*>2*, Proposed here is that protein processing represents another layer by which
proteins can expand and modify protein function and is under recognised as a post-
translational modification in prokaryotes.

In this study, full length Ef-Tu was identified, and an extensive repertoire of processed
cleavage fragments of Ef-Tu, on the surface of human pathogens S. aureus and
M. pneumoniae, and the porcine pathogen M. hAyopneumoniae. Protein cleavage events
were mapped using a systems-wide dimethyl labelling protocol that allows for the
identification of modified N-terminal peptides (neo-N-termini) by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) and thus determine how Ef-Tu is processed and
presented on the cell surfaces of these pathogens. This study further characterised the
non-canonical functions of Ef-Tu from M. pneumoniae (Mpner.1,) and show that it is a
multifunctional protein that can not only bind to and activate plasminogen in the presence
of host activators, but is also capable of binding to structurally and chemically diverse host

molecules.

5.6 Methodology
Methods pertaining to studies on Mhperty and Saer.ty can be found in ‘Appendix 5: 8.5.3
Supplementary Methodology’.

5.6.1 Strains, cultures, and reagents

M. pneumoniae (M129 strain; ATCC 29342) was cultured in modified Hayflick’s medium at
37°C in tissue culture flasks as described previously?*°.

Human lung carcinoma cells (A549; ATCC CCL-185) were cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% heat inactivated fetal bovine serum at 37°C with 5%
CO; in tissue culture flasks.
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Host proteins used for affinity chromatography include: purified fibronectin (Code:
341635) and plasminogen (Code: 528175) from human plasma supplied by Merck
Millipore; plasminogen from human plasma (Code: P7999) bovine actin (Code: A3653)
and fetuin (Code: F3004) supplied by Sigma.

Human proteins used for ELISA include: plasminogen (Code: P7999), lactoferrin (Code:
L1294), laminin (Code: L6274), vitronectin (Code: SRP3186), plasma fibrinogen (Code:
F3879) and plasma fibronectin (Code: 11051407001) supplied by Sigma.

5.6.2 Enrichment of M. pneumoniae surface proteins

5.6.2.1 Biotinylation

Biotinylation of the M. pneumoniae cell surface was carried out as described in?%°,
Adherent M. pneumoniae were incubated with in EZ-link sulfo-NHS-biotin (Thermo Fisher
Scientific) for 30 seconds on ice. A detailed method is described in Chapter 2.

5.6.2.2 Trypsin shaving

Trypsin shaving of M. pneumoniae cells was carried out as described previously!®” with
modifications. Trypsin was added to adherent M. pneumoniae cells for 5 minutes at 37°C.
A detailed method is described in Chapter 2.

5.6.3 Preparation and separation of whole cell lysates for one- and two-dimensional
gel electrophoresis

5.6.3.1 Whole cell lysis preparation

M. pneumoniae whole cell lysates were prepared as previously described!®’. Proteins were
reduced and alkylated with 5 mM tributylphosphine and 20 mM acrylamide monomers for
90 min at room temperature. Insoluble material was removed by centrifugation and five
volumes of acetone added to precipitate protein. After centrifugation, the protein pellet
was solubilized in 7M urea, 2 M thiourea, 1% (w/v) C7BzO for one- and two-dimensional

gel electrophoresis.

5.6.3.2 1D and 2D SDS-PAGE protein separation

Protein separation was performed as described in??1??*, 80 ug of protein was separated
for 1D SDS-PAGE and 250 pg of protein was cup-loaded for 2D SDS-PAGE separation.
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5.6.3.3 Trypsin Digest

In-gel trypsin digestion was performed as described in'®, After digestion, tryptic peptides

were stored at 4°C until needed for liquid chromatography tandem mass spectrometry.

5.6.4 Affinity chromatography of host binding M. pneumoniae proteins

Affinity purification of M. pneumoniae proteins that bind heparin, A549 surface proteins,
andthe host proteins listed above (section '5.6.1 Strains, cultures, and reagents’) was

performed as described in?*°, A detailed method is described in Chapter 3.

5.6.5 Liguid chromatography tandem mass spectrometry (LC-MS/MS) and MS/MS data
analysis

LC-MS/MS was performed as described in??*. Mascot (Version 6.1) was used to search

MS/MS data files as previously described??*.

Files were searched against the MSPnr100 database! with the following parameters.
Fixed modifications: none. Variable modifications: propionamide, oxidized methionine,
deamidation. Enzyme: semi-trypsin. Number of allowed missed cleavages: 3. Peptide
mass tolerance: 100 ppm. MS/MS mass tolerance: 0.2 Da. Charge state: 2+, 3+ and 4+.
For samples collected from the ‘Biotinylation enrichment of surface proteins’ and ‘Affinity
chromatography of A549 binding M. pneumoniae proteins’, variable modifications also
included NHS-LC-Biotin (K) and NHS-LC-Biotin (N-term). ‘Avidin purification of A549
interacting proteins’ was also searched against homo sapiens entries in MSPnr100 to
identify biotinylated surface A549 proteins. A detailed method is described in Chapter 2.

5.6.6 Expression and purification of rMpngrty

Expression and purification of rMpner.t, was performed in one of two methods as described

by209 and244.

The first method was performed as described in?°. In brief, the M. pneumoniae tuf gene
(MPN_665) was amplified and cloned with a N-terminal hexahistadine tail into the plasmid
vector pET30 (Merck Millipore) containing a kanamycin resistance gene. The recombinant
construct was transformed in to BL21-DE3 competent £ coli cells (Merck Millipore),
induced with 1 mM isopropyl-B-D-thiogalactosidase (IPTG, Roth) and purified under
denaturing conditions with immobilized metal affinity chromatography Ni?*-charged resin
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(Qiagen) as described by the manufacturer. Elutions were concentrated using a 30 kDa
Vivaspin centrifugal device (Sartorius). Recombinant protein was assayed and stored at -
20°C. rMpnert, Was used to produce guinea pig antiserum as reported?:°,

The second method was performed as described in*** with modifications. In brief, the
M. pneumoniae tuf gene (MPN_665) was synthesized with an N-terminal hexahistadine
tail and cloned by Blue Heron Biotech (USA) into a plasmid vector (PS100030) with an
ampicillin resistance gene. The recombinant construct was transformed in to BL21-DE3
competent £. coli cells (Bioline), induced with 1 mM isopropyl-B-D-thiogalactosidase
(IPTG, Bioline) and purified under denaturing conditions with Profinity immobilized metal
affinity chromatography Ni?*-charged resin (Bio-Rad). BL21cells were lysed in 8 M Urea,
100 mM Na;HCOs, 10 mM Tris-HCI, pH 8 with 6 rounds of sonication for 30 seconds on
ice. Following centrifugation, the supernatant was added to Ni2+ resin overnight at 4°C.
The resin was then loaded onto a column, washed four times with 5 ml 8 M Urea, 100 mM
Na;HCOs, 10 mM Tris-HCI, pH 6.3 and a 2-step elution: three times with 5 ml 8 M Urea,
100 mM Na;HCOs, 10 mM Tris-HCl, pH 5.9 and twice with 10 ml 8 M Urea, 100 mM
Na;HCO3, 10 mM Tris-HCI, pH 4.5. Washes and elutions were monitored by SDS-PAGE.
Elutions were concentrated using a 10 kDa Microsep™ centrifugal device (Pall) and
dialysed into PBS, 0.5% Tween 20 with 10,000 MWCO SnakeSkin® Dialysis Tubing

(Thermo) at 4°C. Recombinant protein was assayed and stored at 4°C.

5.6.7 Binding of rMpnerty

5.6.7.1 Binding assays

For this experiment and all subsequent experiments, animal experiments were approved
by the ethical board of Landesdirektion Sachsen, Dresden, Germany with the permit no.
(permit 24-9168.25-1/2011-1). ELISA experiments were carried out as described in?®.
Guinea pig rMpner.ty antiserum (1:750) followed by anti-guinea pig IgG (1:1,000; Dako)
dilutions were used. Tetramethylbenzidine (Sigma) was added followed by 1 M HCI and
absorbance was measured at 450 nm (620 nm as reference).
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5.6.7.2 Influence of anti-rMpngrt, on binding

Freshly grown A549 cells were used to coat wells in 96-well microtitre plates for 2 h at
37°C as described in?%®. rMpnee.ry (10 pg/ml) was incubated with guinea pig rMpngs.t,

antiserum or pre-immune serum (1:100) concentrations were used.

5.6.7.3 Binding of rMpng1, to human proteins in ELISA

Purified human proteins used were supplied by Sigma as described above (section '5.6.1
Strains, cultures, and reagents’). Binding of rMpngrty (15 pg/ml) to extracellular matrix
proteins was performed as described previously?®. The dilutions for the appropriate
antisera are: (Sigma) anti-plasminogen: 1:2,500; anti-lactoferrin 1:5,000; anti-laminin
1:750; anti-vitronectin 1:5,000; anti-fibrinogen 1:3,000; anti-fibronectin 1:1,000.
Followed by anti-rabbit IgG (Dako) or anti-goat IgG (both 1:2,000).

5.6.7.4 Microscale thermophoresis

Microscale thermophoresis to determine the binding affinities between Ef-Tu and a
fluorescently labelled host protein was performed as described in?%6. Time for Microscale
thermophoresis was set to 30 s with fluorescence set to 5 s before and 30 s after each
run. Each sample was scanned with 40%, 60% and 80% MST Power. Dissociation curves
were plotted with hot/cold, jump or thermophoresis settings to determine dissociation

constant.

5.6.8 Binding affinity of rMpnert, to plasminogen

5.6.8.1 Effect of NaCl on plasminogen binding

Briefly, 96-well microtitre plates were coated with rMpner.ty as described. Plasminogen (2.5
Mg) together with increasing concentrations of NaCl were added to the wells and incubated
for 1.5 h at 37°C. Wells were incubated with rabbit anti-plasminogen (1:3,000) followed
by anti-rabbit IgG (1:2,000). Detection was done as described above (section '5.6.7.1

Binding assays’).

5.6.8.2 Effect of e-aminocaproic acid on plasminogen binding

ELISA was carried out as reported in?®. In brief, the wells of ELISA plates were coated
with rMpnerre. 2.5 pg of plasminogen and increasing concentrations of e-aminocaproic

acid were added to the wells and incubated for 1.5 h at 37°C. Wells were incubated with
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rabbit anti-plasminogen (1:3,000) followed by anti-rabbit IgG (1:2,000) and OD420nm Was

measured.

5.6.8.3 Plasminogen activation and degradation of human fibrinogen and
vitronectin

Degradation of human fibrinogen and vitronectin by activated plasminogen was carried
out as described in?®.10 pg/ml of human plasminogen was added to the wells which were
then incubated with fibrinogen or vitronectin (each 15 pg/ml) and urinary plasminogen
activator (uPA; Sigma) or tissue plasminogen activator (tPA; Sigma; each 75 ng/ml).

5.6.8.4 Binding of anti- rMpngrt, antibodies to M. pneumoniae whole cell lysate
proteins

Freshly grown M. pneumoniae cells were harvested and used to coat wells in 96-well
microtitre plate for 2 h at 37°C as described previously?°, Wells were blocked before
adding guinea pig rMpner.1, antisera (1:500) followed by anti-guinea pig IgG (1:1,000). As
a control wells were incubated with guinea pig antisera raised against total M. pneumoniae

proteins.

5.6.9 Surface localisation of Ef-Tu on M. pneumoniae

5.6.9.1 Localisation of Ef-Tu on the surface of M. pneumoniae colonies

M. pneumoniae colonies were grown on PPLO agar plates and blotted onto nitrocellulose
as described previously?!°. Antisera to PdhB and 1-phosphofructokinase (FruK) were used

as positive and negative controls, respectively.

5.6.9.2 Surface localisation of Ef-Tu on M. pneumoniae cells

Immunofluorescence experiments were carried out as described in?'°. Again guinea pig

antisera to PdhB and FruK were used as positive and negative controls, respectively.

5.6.10 Dimethyl labelling and LC-MS/MS analysis of M. pneumoniae, M.
hyopneumoniae and S. aureus proteins

5.6.10.1 Dimethyl labelling of proteins

Dimethyl labelling of proteins was performed as described previously??7:2%,

5.6.10.2 LC-MS/MS of dimethyl labelled proteins

Page 125|L3



#lchapter 5

Dimethyl labelled proteins were analysed by two mass spectrometers; the Sciex 5600 and
the Thermo Scientific Q Exactive™. For full technical set up and method details see

‘Appendix 5: 8.5.3 Supplementary methodology’.

5.6.11 Bioinformatic analysis of Ef-Tu

Bioinformatic analysis of Ef-Tu used the online resources: ProtParam?8, Clustal Omega3®!,
SignalP 4.1 Server?*®, SecretomeP 2.0 Server®>’, TMpred?*® and COILS (Addition of ‘yes’ to
2.5 fold weighting of positions a,d)3'?. The amino acid sequences of Mpngrt, (Uniprot #:
P23568), Mhpertu (Uniprot #: Q4A9G1) and Saer.ty (Uniprot #: Q2GONO) were analysed
using a variety of bioinformatics tools. Conservation of amino acid positions in each protein
were detected using The ConSurf server3®2, Putative heparin binding sites were identified
using the search patterns x-[HKR]-x(0,2)-[HKR]-x(0,2)-[HKR]-x and x-[HKR]-x(1,4)-
[HKR]-x(1,4)-[HKR]-x via ScanProsite3!®. Putative protein:protein and protein:nucleic acid
interaction sites were identified using ISIS®3. Intrinsically disordered regions were
predicted by Meta-Disorder3®438>, which combines the outputs from original prediction
methods NORSnet, DISOPRED2, PROFbval and Ucon. Solvent accessibility of each amino
acid position was ascertained using evolutionary information from multiple sequence
alignments and a multi-level system38®. Nucleotide-, DNA-, and RNA-binding regions were
predicted by SomeNA3®’. MEROPs was used to identify proteases responsible for the

cleavage events of Ef-Tu388,

5.7 Results

5.7.1 Bioinformatic analysis of Mhpgr.tu, Saer.Tu, and Mpnesty

The amino acid sequences of Ef-Tu from M. pneumoniae (Mpner.tu), M. hyopneumoniae
(Mhpet.ty), and S. aureus (Saer.t,) share 60.7% sequence identity. Mpner.t, resides on the
cell surface of M. pneumoniae and binds fibronectin?%. The fibronectin binding regions
have been mapped and are located at the end of domain I and at the beginning of domain
11389:3%0 and most of domain III is also involved in binding fibronectin®®. It is not known if
sequence conservation in fibronectin binding regions of Mhper.ty and Sagr.ty is sufficient to
afford these Ef-Tu homologs the ability to bind fibronectin. Several Mycoplasma spp.?’2"?
and S. aureus’®3°13%2 are known to interact with heparin. Putative heparin binding

domains were computationally predicted and mapped onto each of the Ef-Tu molecules
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(Figure 5.1). Several of these were conserved in all three Ef-Tu sequences in domains I,
IT and III.
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Figure 5.1: Bioinformatic analysis of Mpngr.tu, Mhpes.1y, and Saer.tu. A) Schematic
of Mpnerty, Mhper.tu and Sagrtu highlighting putative heparin and fibronectin
binding domains, transmembrane domains, and cleavage sites. ScanProsite3!®
was used to predict heparin binding motifs (dark blue boxes) by searching
clusters of basic residues with the “X-[HRK]-X(0,2)-[HRK]-X(0,2)-[HRK]-X"
and  “X-[HRK]-X(1,4)-[HRK]-X(1,4)-[HRK]-X” motifs. @A  putative
transmembrane domain (Score 505) was predicted in Mhpgs.t, using TMPred?58
(yellow box). In Mpnes.ty, two fibronectin binding regions (salmon boxes) and
two predicted transmembrane domains (scores) are depicted in Panels A and
B38939, Key amino acids in Mpnest. involved in binding fibronectin3%°3% are
underlined. Cleavage sites identified in this study are shown as arrows above
the black bar (blue indicates cleavage sites identified by dimethyl labelling and
red indicates cleavage sites identified by the characterisation of semi-tryptic
peptides by LC-MS/MS). B) Amino acid sequence alignments of Mpner.ty, Mhper-
tuand Sagr1u. FOr consistency, features described in Figure 5.1A are represented
by the same colour scheme in Figure 5.1B. Cleavage sites identified in this
study are depicted by the symbol \. Sequence alighments have been separated
into the three domains and the nucleotide binding motifs (boxed regions) and
the two pattern recognition receptors (broken black outline grey box from

Acidovorax avenae®”® and Brassica-specific receptors3’7) are shown.

5.7.2 Mpnerty, Mhperty, and Sagr, are accessible on the bacterial surface and are
retained during heparin agarose chromatography

LC-MS/MS analysis of tryptic peptides released from the cell surface of M. pneumoniae,
M. hyopneumoniae, and S. aureus were separately mapped to Mpngr.ty, Mhpgrtu, and Saegr
14, respectively. In other experiments, tryptic peptides generated by digesting biotinylated
cell surface proteins that were captured by Avidin Agarose chromatography were also
separately mapped to Mpnerty, Mhperty, and Saertu. Peptides identified by mass
spectrometry from both techniques spanned the entire length of Ef-Tu, (Appendix 5:
8.5.1: Figure 1) consistent with the hypothesis that a sub-population of Ef-Tu molecules
are exposed on the cell surface of the three pathogens (red bars for biotinylation, and
green and grey bars for shaving in Figure 2) while the remainder perform an essential

function in the cytosol. Tryptic peptides spanning the length of Mpne.t, were also
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characterised when LC-MS/MS analysis was performed on tryptic digests of high salt (>
500 mM) eluents of proteins that were retained on heparin agarose (blue bars in Figure
5.2). Mhperry and Saer.ty were also identified by LC-MS/MS of high salt eluents from
heparin affinity chromatography (blue bars in Appendix 5: 8.5.1: Figure 2 and Figure 3,
respectively).
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Figure 5.2: Cleavage map of Mpnegrtu. Full length Ef-Tu is represented as the
black bar. Cleavage sites were identified by identifying dimethyl labelled
peptides (blue arrows and broken lines) and by characterising semi-tryptic
peptides generated after trypsin digestion (red arrows and broken lines). Exact
cleavage sites are shown in the amino acid sequences above the black bar. The
two fibronectin binding regions (salmon boxes, Fn) and two putative
transmembrane domains (TmD, yellow boxes) described by3%3°° were
included. Bioinformatic tools such as ScanProsite3!5, COILS?*'? and Meta-
Disorder38* were used to predict putative heparin binding motifs (Hep, blue
boxes), coiled-coils (Coil, orange boxes), and disordered regions (purple boxes
in grey bars), respectively. Peptides released from trypsin shaving of cells are
shown as the green boxes in the grey bar (labelled ‘Shaved peptides’). Tryptic
peptides identified by mass spectrometry (black boxes within coloured bars)
within Ef-Tu fragments were obtained from 1D- and 2D-SDS PAGE of bacterial
whole cell lysates (grey bars); avidin affinity chromatography of: biotinylated
surface proteins (red bars), A549 surface proteins (orange bars), fetuin (yellow
bars), fibronectin (green bars), actin (teal bars), and plasminogen (purple
bars); and peptides identified from heparin agarose affinity chromatography
(blue bars). Circles and triangles just above fragments denote amino acid
positions that are predicted to be surface exposed and represent putative
protein:protein interaction regions (visual cues can be seen on the right of the
cleavage map, sites listed in Appendix 5: 8.5.2: Table 1). Those marked with an
additional star denote amino acid residues that fall within predicted putative
heparin binding domains. White circles mark evolutionary unconserved binding
regions, whilst yellow circles are mildly conserved and pink are highly
conserved. Amino acid positions marked by grey triangles depict predicted

nucleic acid interaction regions.
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5.7.3 Mhper.ty, Saer.ty, and Mpngr1y are cleaved on the bacterial cell surface

As part of a larger study that sought to identify the repertoire of proteins in M. pneumoniae
that are targets of proteolytic processing events, a dimethyl labelling protocol to tag N-
terminal peptides was used to identify precise endoproteolytic cleavage sites in Ef-Tu
(Table 5.1; seen as " in Figure 5.1; and seen as blue and red arrows in Figure 5.2). This
was also applied to M. hyopneumoniae and S. aureus (Appendix 5: 8.5.2: Table 2, Figure
2, and Figure 3). Further evidence that Mpner.ty, Mhperty, and Sagr1u are targets of protein
cleavage events was obtained by LC-MS/MS analysis of: i) SDS-PAGE gel slices separately
loaded with biotinylated M. pneumoniae, M. hyopneumoniae and S. aureus surface
proteins captured by avidin chromatography, ii) bacterial proteins that eluted from heparin
agarose using high salt (> 500 mM NacCl), iii) protein spots representing bacterial whole
cell lysates and surface biotinylated proteins separated by 2D-PAGE, and iv) size fractioned
whole cell lysate proteins resolved by SDS-PAGE.

Table 5.1: Dimethyl labelled and semi-tryptic peptides identified in Mpngr.tu.

No. ID Peptide Sequence Score  E-value
Dimethyl labelled peptides
1 N1 K. 8ARGITINSAHVEYSSDKR”®.H 41 3.00E%
N2 R.S°GITINSAHVEYSSDKR’>.H 94 1.20E%8
3 N3 R.3'MVVFLNK!%.C 57 1.30E
5 N4 Q.*EIEIVGLRPIR**?.K 48 3.30E
N5 E.**IEIVGLRPIR**?.K 35 0.033
N6 I.2**EIVGLRPIR?*2.K 37 0.014
7 N7 K3%FKAEIYALKKEEGGR3'.H 110 9.40E%°
N8 K.’AEIYALKKEEGGR?'.H 69 2.60E
8 N9 R.3?HTGFLNGYRPQFYFR334.T 61 2.80E
NI H32TGFLNGYRPQFYFR™.T 39 2.90E03
N1 N.326GYRPQFYFR3.T 43 1.70E3
Semi-tryptic C-terminal Peptides
6 S1 R.2®KAVVTGIEMFKKELD?*.S 47 4.50E%*
S2 R.>*KAVVTGIEMFKKELDS?®%8.A 56 4.50E%
S3  R.2*KAVVTGIEMFKKELDSAMA?73.G 55 7.30E%
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S4 R.2>KAVWTGIEMFKKELDSAMAG?’2.D 95 4.50E%°

S5 R.Z3KAVTGIEMFKKELDSAMAGDNA?>.G 96 3.30E%

S6 R.Z3KAVVTGIEMFKKELDSAMAGDNAG?%.V 113 2.90E%

S7 R.2KAVWTGIEMFKKELDSAMAGDNAGVLL?”?.R 55 2.00E%

7 S8 R.*°GQVLAKPGSIKPHKKE®*®.K 46 1.50E%4
S9 R.P9GQVLAKPGSIKPHKKFKA3Y’.E 61 2.10E0®

S10 R.>°GQVLAKPGSIKPHKKFKAE3®.1 27* 4.40E3

S11 R.*°GQVLAKPGSIKPHKKFKAELY3!0.A 38 2.40E3

8 S12 R.>GQVLAKPGSIKPHKKFKAEIYALKKEEGG3!8.R 85 7.00E8
S13 R.?GQVLAKPGSIKPHKKFKAEIYALKKEEGGRH3?°.T 24 8.20E3

S14 R.>GQVLAKPGSIKPHKKFKAEIYALKKEEGGRHT®*.G 15% 0.048

S15 R.2°GQVLAKPGSIKPHKKFKAEIYALKKEEGGRHTG®2.F 48  3.00E
516 R.2°GQVLAKPGSIKPHKKFKAEIYALKKEEGGRHTGFLN® 5% g 50E-3

25 m

S17 R.32°HTGFLNG3?.Y 21* 0.058
1 S18 I.5°TINSAHVEYSSDKR”>.H 37 4,60E3
2 S19 D.!M'SVMPQTREHILLAR'*.Q 65 7.00E03
4 S20 D.>|TMTITGR?**.G 41 0.041
6 S21 L.%’DSAMAGDNAGVLLR?.G 73 2.40E0¢
S22 D.*8SAMAGDNAGVLLR?*.G 85 3.60E0
S23 S.2AMAGDNAGVLLR?.G 58 1.30E%3
S24 A.?MAGDNAGVLLR?®.G 53 7.20E%
S25 M.?!AGDNAGVLLR?%.G 75 1.90E%
S26 A.?2GDNAGVLLR?%.G 59 7.70E%4
S27 G.?2DNAGVLLR?.G 57 1.30E%3
S28 D.?*NAGVLLR®.G 42 0.031
8 S29 H.32'TGFLNGYRPQFYFR¥4T 76 6.00E%
S30 T.3?GFLNGYRPQFYFR34.T 47 3.00E%3
S31 G.32FLNGYRPQFYFR34.T 77 3.00E%
S32 L.3»NGYRPQFYFR334.T 62 5.30E%
S33 N.32GYRPQFYFR34.T 47 2.90E04
S34 G.32YRPQFYFR34.T 59 1.40E03
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9 S35 C.’°EKGSKFSIR8.E 66 1.30E3

S36 C.3°EKGSKFSIREGGR3%2.T 35 6.60E°3
Identified peptides have a Mascot score > 33 and an E-value < 0.05 unless marked with a *.

Peptides marked with a * implies the peptide score was < 33 but still lies within major cleavage
site. The exact site of cleavage is to the left of the amino acid that is bold and underlined for N-
terminal cleavage fragments and to the right of C-terminal cleavage fragments. Amino acid
numbers are written at the start and end of each peptide identified by LC-MS/MS.

The full length (labelled fragment 1) and 15 cleavage fragments of Mpne.ty were identified
in this study, 12 of which were identified in the biotinylated 1D and 2D SDS-PAGE (red
bars in Figure 5.2; fragments: 1 — 10, 12, 16). Notably (including full length), four of the
five cleavage fragments derived from Mhper.ty (Appendix 5: 8.5.1: Figure 2; fragments: 1,
2, 5, 6) and three of seven fragments of Sagrtu (Appendix 5: 8.5.1: Figure 3; fragments:
1, 5, 7) that were enriched during heparin affinity chromatography were also identified in
biotinylation experiments. Including the full length Ef-Tu, eleven (blue bars in Figure 5.2;
fragments: 1, 3 — 8, 10 — 13), five (blue bars in Appendix 5: 8.5.1: Figure 2; fragments:
1, 2, 4 — 6) and seven (blue bars in Appendix 5: 8.5.1: Figure 3; fragments: 1, 3 -7, 9)
cleavage fragments that span different regions of Mpngrry, Mhperry, and Saertu
respectively were recovered from a heparin agarose chromatography using salt
concentrations well above the physiological concentration of 150 mM. All the fragments
recovered from heparin affinity chromatography across all three pathogens contained at
least one of the predicted heparin binding domains that reside within Mpngrt,, Mhpgs.ty
and Sagrtu. These data suggest that the processing events that generate Ef-Tu cleavage
fragments, occur on the surface of each of these pathogens and that the fragments may
retain an ability to interact with high sulfated glycosaminoglycans such as heparin. To
ascertain the nature of the protease(s) responsible for Ef-Tu surface cleavage, the
MEROPs database®® was used to search 56 cleavage events. However, no strong
predictions could be made after searching both P4-P3-P2-P1|P1'-P2’-P3’-P4’ and P2-
P1|P1-P2’ cleavage motifs.
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5.7.4 Processing events expose new predicted surface macromolecule interaction sites

A single heparin binding consensus motif (XBBBXXBX, where B is a basic residue) with the
sequence 7> DKRHYAHV?? is found within the amino acid sequences of Mpnegt.ty, Sagrty, and
Mhper.t, (motif spans amino acids 79 — 86 in Mhpertu), yet several Ef-Tu fragments were
retained during heparin agarose chromatography that did not span this motif. Mpngs.r,
Mhper.ty, and Saerru Ssequences were examined for additional motifs enriched with
clustered basic residues. 12 putative heparin binding motifs were identified dispersed
throughout Mpnerty (Table 5.2); heparin binding motifs were also identified in Mhper.t,
and Sagr.ty (Appendix 5: 8.5.2: Table 3). Many of these putative heparin binding motifs,
particularly sequences 3’AKEGKSAATRY?, !83PKWEAKIHD!®* AND 2*|RPIRKA®* were
localised to non-essential regions defined here as evolutionary unconserved regions (Table
5.2 and ‘Appendix 5: Supplementary Bioinformatics’). Using ISIS*3, which predicts
protein:protein interaction (PPI) sites from sequence information, Mpner1, is predicted to
have eight surface-exposed PPI sites that are capable of binding macromolecules
(Appendix 5: 8.5.2: Table 1) such as glycosaminoglycans including four that reside within
putative  heparin  binding  motifs 2AREKFDRSKPHV!3,  7*DKRHYAHV®®  and
370OEKGSKFSIREGGRT?# (Table 5.2). Notably, the key residues (underlined and in bold) in
the four binding sites were all unconserved residues as determined by ConSurf3#, Putative
heparin binding fragments derived from Mpner1, typically displayed more putative PPI sites
and were more intrinsically disordered than the parent molecule and some fragments
displayed putative nucleic acid interaction sites, which are absent in the unprocessed,
parent molecule. Additionally, three short linear motifs (*?AKEGKSAATRY?,
IBpPKWEAKIHD®!, and *LRPIRKA?>**) located in unconserved regions of Ef-Tu that were
not predicted binding sites in the parent molecule (fragment 1) were predicted to be

exposed in Mpngr.1, fragments: 3, 4, 5, 6, 7, 10, 12, and 13 (Figure 5.2).
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Table 5.2: Putative heparin binding motifs identified in Mpner.tu (Uniprot #:
P23568).

Sequences

2AREKFDRSKPHV?3 183pKWEAKIHD!
19GHIDHGKT?¢ * 230GRVERGELKV?%3 +

37 AKEGKSAATRY*? 248 RPIRKA?*
SIDKAPEEKARG® | 27LRGVDRKEVERG®
73DKRHYAHVE? * 299K PHKKFKA?

U6TREHILLARQ!® *+ | 370EKGSKFSIREGGRT383 *
Mpner-tu was searched for patters x-[HKR]-x(0,2)-[HKR]-x(0,2)-[HKR]-x and x-[HKR]-x(1,4)-[HKR]-
X(1,4)-[HKR]-x using ScanProsite3'>, * indicates the motif (dKRHyaH) which is found in all three

pathogens. * indicates the motifs that are highly homologous (up to four non-basic residues

different) in all three pathogens.

5.7.5 Molecular modelling of Ef-Tu

The prediction tool MODELLER3®? was used to predict the structures of Ef-Tu for all three
pathogens based of Ef-Tu from E. coli. For the M. pneumoniae prediction, the E. coli Ef-
Tu (PDB: 4G5G_A) had a structure ID percentage of 70.5% and a zDOPE score of -0.93.
For M. hyopneumoniae, the E. coli Ef-Tu (PDB: 1DG1_H) had a structure ID percentage
of 68.6% and a zDOPE score of -0.72. For S. aureus, the E. coliEf-Tu (PDB: 1DG1_H) had
a structure ID percentage of 75.1% and a zDOPE score of -0.88. All nine distinct cleavage
sites for M. pneumoniae have been mapped in the ribbon structure (Figure 5.3A).
Cleavage sites located in regions that are predicted to release the three domains are
mostly surface accessible within the molecule. The location and accessibility of the heparin
binding domains in Mpner.ty, and the two published fibronectin binding domains in Mpnegr
v are depicted in Figure 5.3B. The cleavage sites and putative heparin binding domains
of Mhperty and Saer.t, have also been mapped in the ribbon (Appendix 5: 8.5.1: Figure 4)

and surface structures (Appendix 5: 8.5.1: Figure 5), respectively.

L3|Page 136



Chapter 5l&

Hep Hep

Figure 5.3: Predicted 3D structures of Mpnes.tu. Images are reversed sides for
each structure. Ef-Tu is represented as black bars with cleavage sites shown in
the ribbon structure (A) and the binding domains in the surface structure (B).
The first amino acid (yellow) and last amino acid (purple) have been coloured.
In (A), identified cleavage sites are displayed as arrows (blue, dimethyl
labelling and red, semi-tryptic) with numbers to indicate each distinct cleavage
site. Cleavage sites can also be seen in the ribbon structures as blue and red
sections for dimethyl labelling and semi-tryptic sites, respectively. In (B), all
12 predicted heparin binding sites are shown in blue boxes and regions in the
surface structure. The two published fibronectin binding domains have also
been mapped in pink38°3°, Structures were predicted by MODELLER and based
on E. coli Ef-Tu homolog (PDB: 4G5G_A).
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5.7.6 Mpngr.ty and Mhpes.ty are potential multifunctional binding proteins

It was notable that Mpner.ty was recovered from M. pneumoniae native cell lysates that
were loaded onto affinity columns coupled with A549 epithelial cell surface proteins, fetuin,
fibronectin, actin or plasminogen (Figure 5.2). Consistent with these data, rMpngrt, bound
to immobilized A594 cells in microtitre plate binding assays (Figure 5.4A). Proteins that
bind (recombinant pyruvate dehydrogenase subunit B) and that do not bind (P08 fragment
of P1 adhesin) to A594 cells were used positive and negative controls respectively?:°.
Binding of rMpner.t, to A594 cells was partially inhibited when anti-rMpngr.t, antibodies, but
not pre-immune antiserum, was present (Figure 5.4B). Mhpgrt, was recovered from native
cell lysates of M. hyopneumoniae that were loaded onto affinity columns coupled with
PK15 epithelial cell surface proteins, fibronectin, actin, or plasminogen (Appendix 5: 8.5.1:
Figure 2). Mpng.ty has previously been shown to bind fibronectin?® andthis was
independently confirmed in microtitre plate binding assays conducted in this study.
Furthermore, the fibronectin binding assay conducted in this study suggests that
M. pneumoniae encodes fibronectin binding proteins other than Ef-Tu (Figure 5.5).
Including full length Mpner.r,, 10 of the 16 fragments of Mpnertu were recovered from
affinity columns loaded with fibronectin (green bars in Figure 5.2; fragments: 1, 3, 5 -8,
10 — 13). Of the ten fragments, seven spanned the known fibronectin binding regions
described previously (Figure 5.2; fragments: 1, 6 — 8, 10 — 12)3°3%, Fragments were
identified from columns coupled to fibronectin that spanned the N-terminus of Mpngry
suggesting that other fibronectin binding domains are yet to be identified in this molecule.
Mhperty (fragment 1) and six cleavage fragments of Mhpert, were retained by columns
coupled with fibronectin (Appendix 5: 8.5.1: Figure 2; fragments: 1, 2, 4 — 8). The
cleavage fragments spanned the N- and C-terminal ends, as well as the central region of

Mhper.t, suggesting that it may contain fibronectin binding domains.
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Figure 5.4: Binding of rMpner.t, to human A549 epithelial cells. A) A549 cells
(‘with cells’) were bound to wells of a 96-well mictrotitre plate and incubated
with rEf-Tu. Bound rMpneg.t. was detected with antisera raised against rMpne:.
1u. rPdhB and rP08 were used as a positive and negative control?!?, respectively.
Bars represent standard deviation of eight replicates. B) rMpne.ru was
incubated with either antisera raised against rMpngst, or pre-immune sera
(PIS) and added to A549 cells in ELISA plates. rPdhB and rP08 and the
corresponding antisera were used as a positive and negative control??,

respectively. Bars represent standard deviation of eight replicates.
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Figure 5.5: Microtitre plate binding assays depicting the interaction of rMpngs.
o With human proteins. Wells of microtitre plates were coated with rMpngs.tu
and incubated with increasing concentrations of host proteins. Antisera against
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each of the host proteins was used to detect interaction with rMpnes.tu.
M. pneumoniae cells and BSA were used as a positive and negative control,
respectively. Bars represent standard deviation of eight replicates.

M. pneumoniae?®’?%?1> and M. hyopneumoniae’*®*??* have both been shown to bind
plasminogen onto their cell surface and assist with its conversion to plasmin. In the current
study, Mpng.rv and Mhperry were both recovered during plasminogen agarose
chromatography. Including the full length protein, six and seven fragments spanning
different regions of Mpner.t, (purple bars in Figure 5.2; fragments: 1, 6, 7, 11, 12, 13) and
Mhperty (purple bars in Appendix 5: 8.5.1: Figure 2; fragments: 1 — 6, 8), respectively

were recovered from plasminogen-couple agarose beads.

Eleven fragments (including full length) spanning different regions of Mpner.t, (orange
bars in Figure 5.2; fragments: 1, 3 — 8, 10 — 13) were identified from affinity columns
coupled with biotinylated A549 surface proteins. Ten fragments (including full length)
were recovered from actin-coupled columns (teal bars in Figure 5.2; fragments: 1 -3, 5
— 10, 14) and six fragments of Mpner.ty were recovered during affinity chromatography
using fetuin as ‘Bait’ (yellow bars in Figure 5.2; fragments: 1, 2, 5, 8 — 10). Full length
and fragments of Mhperty were also identified in affinity chromatography with bound PK-
15 surface proteins (two fragments; orange bars in Appendix 5: 8.5.1: Figure 2; fragments
1 and 2), and actin (five fragments; teal bars in Appendix 5: 8.5.1: Figure 2; fragments:
1,2,4,5,6).

5.7.7 Mpneety is @ multifunctional adhesin

Antibodies raised against rMpngr.t, were used to show that Mpnert, resides on the surface
of colonies of M. pneumoniae (Figure 5.6). The surface proteome study presented in
Chapter 2 (Appendix 1) identified candidate proteins that could be used as a negative
control for these studies and antibodies raised against recombinant 1-phosphofructokinase
(FruK) from M. pneumoniae were used for this purpose (Figure 5.6). To further investigate
binding capabilities, the ability of rMpnerty to interact with a range of host molecules was
examined by microscale thermophoresis. rMpnert, bound fetuin (Ko = 53 £ 14 nM), actin
(Ko = 19 £ 3 nM), and heparin (Ko = 42.5 £ 1.5 nM) in the nanomolar range, and to
plasminogen (Ko = 933 £+ 388 nM) in the micromolar range (Figure 5.7). These studies

were extended using microtitre plate binding assays to confirm that rMpnert, binds
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plasminogen and fibronectin, and also show that rMpnerr, binds fibrinogen, vitronectin,
lactoferrin and laminin in a dose dependent manner (Figure 5.5). Binding of rMpngrt, to
plasminogen was significantly reduced by the addition of an increasing concentration of
NaCl and s-aminocaproic acid (Figure 5.8A). Notably, e-aminocaproic acid was effective at
blocking interactions between M. pneumoniae and plasminogen while high concentrations
of NaCl were less effective (Figure 5.8A) suggesting that lysine residues play a significant
role in binding interactions between Ef-Tu or M. pneumoniae with plasminogen.
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Figure 5.6: Mpner.1y resides on the surface of M. pneumoniae. A) Anti - rMpngs.1u
antibodies recognise M. pneumoniae cells in a whole cell ELISA assay; eight
replicates. B) Colony blots of M. pneumoniae probed with anti - rMpnesty
antibodies, PdhB (positive control) and 1-phosphofructokinase (negative
control). C) Immunofluorescence microscopy of M. pneumoniae cells probed
with antibodies against TX100 insoluble proteins (TRITC; cell control), Ef-Tu,
PdhB (positive control) and 1-phosphofructokinase as the negative control
(FITC).
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Figure 5.7: Microscale thermophoresis output depicting the interaction of
rMpnEf-Tu with human molecules. Concentration of rMpnEf-Tu is plotted
against thermophoretic movement of fluorescent human molecules.

Experiments performed in duplicate, each panel representing one replicate.

Page 143|'\3



#lchapter 5

A

lonic interactions

£-aminocaproic acid (ACA)

1,4 1,4
1
1,2
:z T ) 00 mM Nacl i .
an 1] | 062,5 mM NaCl E 08 - 00 mM ACA
g @125 mM NaCl g x i
(=] 0,6 +— _— o 06 1 __ =t m5mM ACA
(] @250 mM NaCl =] - '1'|
an ] m350 mM NaCl 0’2 | | |
il . W625 mM NaCl ’
0,0 - 0,0
EF-TU M129 EF-TU M129
B
human fibrinogen
kDa uPA tPA uPA tPA uPA tPA
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
188 -
98 -
49 .- , . -
-
38 -
BSA EF-TU PdhB
vitronectin
uPA tPA uPA tPA uPA tPA
kDa 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
98 -
. -
62-'.'..' .y =9 _ | "."H,.
49 -
BSA EF-TU PdhB

Figure 5.8: Influence of ions and lysine analog ACA on binding of rMpnes.tu to

plasminogen and degradation of human fibrinogen and vitronectin by activated

plasminogen. A) Microtitre plate wells were coated with rMpne.r. and

incubated with plasminogen and increasing concentrations of either NaCl

(‘ionic interactions’) or e-aminocaproic acid ('(ACA’). Bound plasminogen was

detected with anti-plasminogen antibodies.

In control

experiments

M. pneumoniae cells were coated onto microtitre plates and incubated with

plasminogen and increasing concentrations of either NaCl or ACA. Bars
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represent standard deviation of eight replicates. B) Fibrinogen or vitronectin
was mixed with either urinary plasminogen activator (uPA) or tissue
plasminogen activator (tPA) and added to microtitre plates previously coated
with rMpner.ty and plasminogen. Samples were separated by SDS-PAGE, blotted
onto nitrocellulose membrane and probed with anti-vitronectin and anti-
fibrinogen antisera. Lane 1 is at 0 hours, lane 2 is after over-night incubation
without plasminogen, and lane 3 is after over-night incubation with

plasminogen.

In the presence of plasminogen activators tPA and uPA, plasminogen bound to rMpngs.tu
is converted to plasmin and can degrade fibrinogen and vitronectin (Figure 5.8B).
Collectively these studies highlight the widespread multifunctional capabilities of Ef-Tu and

the cleavage fragments derived from it.

5.8 Discussion

Ef-Tu moonlights on the cell surface of S. aureus, M. pneumoniae and M. hyopneumoniae,
three phylogenetically diverse, pathogenic bacteria that belong to the low G+C Firmicutes.
Using a combination of microscale thermophoresis and microtitre plate binding assays,
rMpneru Was shown to bind strongly to heparin (Ko = 42.5 £ 1.5 nM), fetuin (Ko = 53 £
14 nM), and actin (Ko = 19 £ 3 nM); as well as to laminin, plasminogen, vitronectin,
lactoferrin, fibronectin, and fibrinogen. Plasminogen bound to rMpnert, can be converted
to plasmin in the presence of plasminogen activators tPA and uPA (Figure 5.8). This study
extends these findings by showing that Mpnerty,, Mhpert,, and Saert,, are targets of
processing events on the cell surface of these bacterial pathogens but the biological
significance of this warrants further investigation (see below). Molecules are not strictly
confined to compartments in the bacterial cell and can perform novel functions at different
cellular locations!8:195,340,367,394-3% ~ Mych remains to be learnt about how proteins,

especially those lacking signal motifs, localise on bacterial cell surfaces.

We sought to gain a better understanding of how Ef-Tu has evolved to be a multifunctional
binding protein. Mpnes.t,, Mhperty, and Saer1, all putatively bind heparin, each sharing the
consensus heparin binding motif XBBBXXBX (sequence: DKRHYAHV) as well as a number
of other heparin binding motifs (see Figure 5.1 and Table 5.2). It is notable that while this

motif (DKRHYAHYV) is conserved in the Ef-Tu from M. pneumoniae, M. hyopneumoniae

Page 145|'\3



#lchapter 5

and S. aureus only part of the motif, with the sequence RHYAHYV, is conserved in Ef-Tu
from other bacterial sources. The addition of DK residues is predicted to impart a putative
PPI site. Twelve putative heparin binding motifs identified in Mpngrru (Table 5.2) were
predicted to predominantly localise to non-essential, unconserved regions of the molecule
that do not unduly influence its ability to function as an elongation factor. Short linear
motifs (SLiMs) typically ranging from three to ten amino acids play crucial roles in
mediating PPIs**73%°, In eukaryotes, these motifs are typically located in intrinsically
unstructured, disordered regions of proteins that impart plasticity and are reported to
favour transient, low affinity and reversible interactions3*74%, Notably, Mpngrt, formed
strong interactions with fetuin, heparin, and actin suggesting that the accumulation of
SLiMs may be sufficient to form high-affinity interactions.

Positively charged amino acids in SLiMs play a crucial role in interactions between proteins
and highly sulphated glycosaminoglycans such as heparin?’®, actin®®!, plasminogen*,
DNA%02493 and fibronectin??623°404, Three SLiMs were identified enriched in positively
charged amino acids (underlined) in different regions of Mpnert,, including sequences
37AKEGKSAATRY?, 183 pKWEAKIHD®*?, and 2*8LRPIRKA?**. Eight surface-exposed PPI sites,
including three that reside within putative heparin binding motifs 2AREKFDRSKPHV?3,
73DKRHYAHV®, and 37°EKGSKFSIREGGRT?2? were also identified in Mpnget,. It is notable
that the lysine analog, €-amino caproic acid was shown to be a potent inhibitor of
interactions between Mpner.t, and plasminogen, and M. pneumoniae M129 whole cells and
plasminogen, underscoring the important role played by positively charged amino acids in
binding interactions with host molecules (Figure 5.8A). Overlapping SLiMs are frequently
identified in multifunctional proteins®¥74%, In M. hyopneumoniae, the C-terminal sequence
1070KKSSLKVKITVK!! in the multifunctional cilium adhesin, P97 binds both heparin and
fibronectin??® and overlapping peptides from a region within phosphoglycerate kinase from
group B streptococcus strain NCS13 with sequence 2°3SKVSDKIGVIENLLEKADKV???> and
213ENLLEKADKVLIGGGMTYTF?32 bind both actin and plasminogen*®t. Similarly, SLiMs were
identified enriched in positively charged amino acids in Mhpe.ry and Sagrtu. The
accumulation of positively charged residues in SLiMs, possibly as a consequence of an
A+T rich genome, facilitates binding to a wide range of host molecules in the low G+C

Firmicutes. The data presesented here is consistent with the proposition that the
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accumulation of surface-exposed SLiMs represents a mechanism to generate protein

multifunctionality in bacterial proteins.

S. aureus’® and M. hyopneumoniae‘®’217:218:224.226,243,244digplay cell surface, heparin
binding proteins that are important to the pathogenic potential of these species.
Interactions between heparin binding proteins and target receptors in host cell membrane
allow microbes to colonise a wide range of niche sites, traverse tissue barriers and
disseminate from their initial point of contact and form biofilms*®. S. aureus*®’:4%8,
M. pneumoniae'**'%° and M. hyopneumoniae (our unpublished data) are all capable of
forming biofilms. The extracellular matrix of S. aureus biofilms is derived from a mixture
of eDNA and cytoplasmic proteins#07:409-414 and electrostatic interactions between
cytoplasmic proteins and eDNA is thought to tether cells together in S. aureus and mixed-
species biofilms*4, In S. aureus, the addition of heparin increases biofilm production in a
protein dependant manner which implies that heparin binding proteins are important for
biofilm development?®, Notably, Ef-Tu has been identified on the surface of S. aureus
under biofilm inducing conditions*®. These observations lend weight to the hypothesis
that the accumulation of positively charged amino acids in SLiIMS represents a powerful
mechanism to promote PPIs that underpin essential biological processes such as the

formation and maintenance of biofilms.

Bacterial pathogens including Campylobacter jejun?*®, Mycoplasma gallisepticun??!, and
Chlamydia trachomatis*'> process molecules that are secreted to the cell surface. In M.
hyopneumoniae, processing of cilium adhesin families has been reported extensively and
cleavage motifs have been mapped!®6:217.222225  Recently, lactate dehydrogenase was
shown to be cleaved on the surface of M. hyopneumoniae generating fragments with
putative multifunctional binding capabilities?®”’. In M. pneumoniae, cleavage fragments of
the major adhesin P1 and DnaK have been shown to comprise part of the cytoskeletal
attachment organelle complex?”” and Mycoplasma derived lipoproteins are targets of
processing events that release powerful immunomodulatory peptides??*232234, These
observations prompted a systems-wide, protein dimethyl labelling strategy to investigate
protein processing. Numerous processing sites were identified and characterised in Ef-Tu
derived from all three bacterial pathogens. Furthermore, surface biotinylation studies

indicate Mpner.ty, Mhper.ty, and Saer.t, were a target of multiple processing events of the
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surfaces of M. pneumoniae, M. hyopneumoniae and S. aureus, respectively. This work
strongly suggests that the accumulation of positively charged residues in the SLiMs found
in Ef-Tu facilitates binding to a wide range of host molecules, and potentially to eDNA,
and that protein cleavage events expand the functional complexity of proteins that
moonlight on the cell surface. From this, it can be hypothesised that processing is a
mechanism that has evolved to promote multifunctional behaviour more broadly and lends
itself to the creation of novel binding sites in moonlighting proteins that retain a strict

conformational structure needed to execute their canonical function.

Fifteen cleavage fragments of Mpnert, were identified in this study of which eleven reside
on the cell surface. Unlike Mpng.ty, none of the fragments were retained in all six affinity
chromatography columns, but five were identified in at least five affinity columns
(fragments 5, 6, 7, 8, and 10 in Figure 5.2). Fragments 5, 8, and 10 were retained in
columns coupled with: A549 surface proteins, fetuin, fibronectin, actin, and heparin.
Fragments 6 and 7 were retained in columns coupled with: A549 surface proteins,
fibronectin, actin, heparin, and plasminogen. Fragment 4 was identified in eluents from
columns coupled with A549 surface proteins and heparin while Fragment 9 was identified
in eluents from columns coupled with fetuin and actin (see Figure 5.2). These data indicate
that retention of the fragments during affinity chromatography is dependent on the host
molecule that is coupled to the agarose beads and the sequence of the Ef-Tu fragment.
Further studies are needed to quantify the binding characteristics of fragments of Ef-Tu

with host molecules.

Cleavage fragments of cytosolic proteins that moonlight on the cell surface add another
layer of complexity to the concept of multifunctional proteins. The study presented here
shows that processing exposes SLiMs that would otherwise be inaccessible for interactions
with potential binding partners. Recently, a peptidome study of a protease deficient strain
of Lactococcus lactis identified 1800 distinct peptides fragments in spent growth medium
that were derived from proteolytic activity targeting both surface accessible and
cytosolically derived proteins*'6, Similar studies by the same group indicated that surface
accessible proteins in other Firmicute species including Listeria monocytogenes,
Enterococcus faecalis and Streptococcus thermophilus were also targeted by complex

processing events*®, Processing events play an important role in the maturation of key
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adhesin families in pathogenic Mycoplasma spp.186187:216-227.230.231 " The findings in this
study show that surface proteolysis is critical in shaping the surface proteome more
broadly and that processing represents a novel and under recognised mechanism to
expand protein function.

In summary, Ef-Tu moonlights on the surface of bacteria where it is a target of proteolytic
processing events. Computational analysis of fragments of Mpner.t, suggest that they are
inherently more disordered and display putative PPI sites that are inaccessible in the
parent molecule, generating unprecedented functional diversity on the cell surface.
Further studies, using systems-wide methodologies, are needed to determine how
processing generates biologically important effector molecules and if protein processing is
fundamental to the expansion of protein function in bacteria belonging to different

phylogenetic clades.
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6.1 Preface

The P1 adhesin of M. pneumoniae is the major adhesin used by this pathogen for
adherence and is always identified by M. pneumoniae infected patient sera. It has a role
in immune evasion and cellular motility. The manuscript presented for Chapter 6 reports
that the P1 adhesin is subject to significant proteolytic processing and generates a C-
terminal peptide that plays expands on the binding targets of the respiratory epithelium.
Due to the highly immunogenic nature of P1, it is possible that these fragments function
as immune decoy targets. The results illustrated here broadens the significant role that
P1 performs during the interaction of M. pneumoniae surface with the respiratory

epithelium.
Chapter 6 was written as a manuscript that will be submitted in the near future.

6.2 Author contribution

_Author  Contribution

Performed surface proteome experiments, the ‘Bait and Prey’

Michael chromatography, P1 immunoblots, microscale thermophoresis, and
Widjaja the bioinformatic analysis of P1. Analysed all data generated in this
study.
. Performed dimethyl labelling for M. pneumoniae and assisted in
Iain J. Berry
analysing dimethyl labelling data.
Matthew P.
Oversaw the acquisition of mass spectrometry data.
Padula
Steven P. Initiated and designed the study and together with Michael Widjaja
Djordjevic interpreted the data. Secured fundingfor the project.
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6.3 Abstract

Mycoplasma pneumoniaeis a genome reduced pathogen that is responsible for community
acquired pneumonia. It has an elongated cellular extension termed the attachment
organelle that is responsible for motility and adherence to the respiratory epithelium. The
major adhesin, P1, localises to the tip of the attachment organelle forming a complex with
P40 and P90 from Mpn142, and other adhesin molecules. Here we show that P1 is
extensively processed. LC-MS/MS analysis of protein gel spots derived from whole cell
lysates of M. pneumoniae separated by 2D-SDS PAGE and eluents derived from ‘Bait and
Prey’ affinity chromatography using a range of host molecules as bait, 22 fragments of
the P1 adhesin were identified. Analysis of N-terminome data identified precise location
of seventeen cleavage sites within the adhesin. Immunoblots generated using a bank of
rabbit polyclonal antisera raised to different recombinant regions of P1 identified the full
length P1 adhesin and many smaller proteoforms, and provided another layer of evidence
in support of the hypothesis that this adhesin is extensively processed. One of the cleavage
events removed the C-terminal 30 amino acids of P1, an unusual region enriched in lysine
and proline residues. The carboxyl tail of P1 was synthesised chemically and coupled to
agarose resin. The peptide selectively recovered cytoskeletal intermediate filament
proteins cytokeratin 7, cytokeratin 8, cytokeratin 18, and vimentin from A549 cell lysates.
Microscale thermophoresis was able to quantify the binding affinity between the synthetic
peptide and heparin, fetuin, and plasminogen. Results from this study suggests that the
P1 adhesin is a multifunctional, modular protein that is targeted by proteases that release
fragments of P1 that retain an ability to interact with diverse host molecules.
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6.4 Introduction

The attachment organelle is an essential feature of the M. pneumoniae cell. The organelle
is important for localising two major adhesins P1 and P30 as well as accessory proteins
derived from Mpnl42 (P40 and P90) that are also needed for cell
adherence?’/117:132,154,161,165,172,317 The P1 and P30 adhesins are encoded by the mpni141:%°
and p30 (mpn453)t%43%* genes, respectively. M. pneumoniae has a third adhesin, P116
(encoded by mpn213), but the exact cellular location is yet to be identified!>>*!”, Together
these adhesins and various moonlighting surface proteins allow M. pneumoniae to bind a
range of different host cell surface receptors such as sialylated host molecules?’?,
oligosaccharides!*, glycolipids**, glycoproteins!?, fibronectin?0>210213, fibrinogen?28210,213,

plasminogen?%°213-215 |actoferrin%213, laminin?1%213, and vitronectin?1%213,

The gene mpni41 encoding the major adhesin P1 is located in the same operon along
with mpni140and mpni1427°3%, mpni140encodes for a 28 kDa phosphoesterase**166:306,307
and mpnl142 generates a 130 kDa product (Mpn142) that is cleaved into two fragments
(P40 and P90) shortly after translation!®%1¢7, It was recently reported that both P40 and
P90 undergo multiple cleavage events on the M. pneumoniae cell surface*°. P1, P40, and
P90 are related at levels of transcription, translation, stability and are localised within very
close proximity on the attachment organelle!’%172317, Using a reversible cross-linking
agent, DTSSP (3,3'-dithiobis(sulfosuccinimidylpropionate)), P1 was identified to form a
complex with P30, P40, and P90'%°. P1 also forms a 480 kDa globular complex with P90
which is suggested to drive motility in M. pneumoniae®. Further cross-linking studies with
paraformaldehyde, a more permanent cross-linker, found P1 forms more complexes with
a smaller truncated P1 fragment, P30, P40, P90, P65, DnakK, a truncated DnaK fragment,
pyruvate dehydrogenase a subunit (Pdh-A), HMW1, and HMW32%,

Both mpni41 and mpni42 contain strings of repetitive DNA sequences named RepMP
elements!i®12 Within mpni141, there are two of these RepMP elements (RepMP 2/3 and
RepMP4) that are homologous to another ten and eight RepMP elements in the
M. pneumoniae genome, respectively33 11!, RepMP2/3 and RepMp4 span the amino acid
positions 778 — 1333 and 46 — 464 of P1, respectively3’’. Together, all the RepMP elements
compromise 8% of the M. pneumoniae genome highlighting its significance. It is
suggested that these regions can undergo genomic recombination (promoted by a RecA
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homolog (MPN490)*8) with the other homologous RepMP elements to generate antigenic
variation?-32, It is the difference in these RepMP elements in mpni141 that distinguish the
two phylogenetic groups of M. pneumoniae known as Type 1 and Type 2 variants?®32,
Epidemics of M. pneumoniae seem to alternate predominantly between the two
types*9420, These two groups are quite diverse in that they differ in the formation of
biofilms!!*, hemadsorption inhibitory activity'*> and CARDS toxin production®®!%¢, To add
to the mechanisms for immune evasion, M. pneumoniae is able to form biofilms, as seen
in other bacteria, generating resistance against both the host immune system and
antibiotics!6%42, Tt was reported that both the P1 adhesin and the availability of sialic acid

residues are required for biofilm formation?¢°,

The P1 adhesin is highly immunogenic and often detected in M. pneumoniae infected
patient seral>*22423, Antibodies raised against P1 reduce adherence of M. pneumoniae to
abiotic and host cell surfaces!®°61%-162 and M, pneumoniae mutants that lack this
adhesin are unable to adhere, highlighting the necessity for the P1 adhesin in
adherence!®1°615% Translocation to the surface and stability of P1 requires a handful of
partner proteins called accessory proteins that work together in a very precise and specific
manner within the attachment organelle!®®. Though there are a number of accessory
proteins, P40, P90, and HMW1 play a significant role in P1 localisation and
stability?/302303424 " There have been several attempts at creating an M. pneumoniae
vaccine associated with P1. The first is a chimeric recombinant protein which contains
regions from all three adhesins (P1, P30 and P116) and is currently under investigation®®.
Zhu et al. generated a fusion protein that improved protective efficacy in mice against
M. pneumoniae by combining the carboxyl terminal of P1 with an £. co/i toxin subunit®®
compared to the P1-carboxyl terminal only recombinant. Lastly is another recombinant
created by Schurwanz et al. outlined below®.

Several studies have shown that the carboxyl half of P1 is highly immunogenic and crucial
for its function as an adhesin®15>425430 To identify other significant regions in P1,
Schurwanz et al. generated recombinant proteins to fifteen different regions throughout
P1, and tested these recombinants against fourteen patient sera®. This study found three
(one N-terminal and two C-terminal regions) of the fifteen recombinants to be extremely

antigenic, with greater than 90% patient reactivity®>. Schurwanz et al. also found that
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antibodies generated to one of the C-terminal regions significantly reduced binding of
M. pneumoniae to the human cell lines HBEC (Primary bronchial epithelial cells), MRC-5
(fetal lung fibroblasts), and Hela (cervical carcinomas)®®. These data informed the
creation of a chimeric recombinant protein which included this carboxyl region of P1 and
another region in the P30 adhesin. Antibodies raised against this chimeric protein reduced
M. pneumoniae adherence to human bronchial epithelial cells by more than 95%% and

also successfully reduced M. pneumoniae colonisation in animal models®.

P1, has been shown to undergo post-translational modifications such as phosphorylation
and acetylation3>°%431, Post-translational proteolytic processing has been documented to
remove the signal peptide of P1 which has been mapped to be the carboxyl side of
threonine>?163245246 The study presented here sought to determine if P1 is processed on
the surface of M. pneumoniae. Tryptic peptides that mapped to different regions within
P1 were frequently encountered when characterising size fractionated eluents generated
during affinity chromatography using different host molecules as bait. These peptides
were recovered and a detailed map was generated. The identity of cleavage sites from N-
terminome studies were combined with semi-trptic peptide analyses to map precise
cleavage sites in P1. Fragments between cleavage sites correlated with size fractionated
fragments recovered from affinity ‘Bait and Prey’ experiments. A subset of these fragments
were also identified as individual protein spots resolved by2D-SDS PAGE of M. pneumoniae
whole cell lysates. Finally, western blots using serum raised against fifteen different
regions of P1 (Sourced by Dr. Roger Dumke®®) were performed to characterise fragments
of P1. These independently acquired, but complimentary datasets enabled a rigorous

assessment of cleavage events in the P1 adhesin.

6.5 Methods and Materials
6.5.1 Strains

M. pneumoniae (M129 strain, ATCC 29342) cells were cultured as described previously?>°.
Cells were grown in modified Hayflick's medium in tissue culture flasks at 37°C. Human
lung carcinoma (A549, ATCC CCL-185) cells were cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% heat inactivated fetal bovine serum. Cells were

grown in tissue culture flasks at 37°C with 5% CO,.
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6.5.2 Cell preparation for one dimensional- and two dimensional-SDS polyacrylamide
gel electrophoresis

M. pneumoniae cells were harvested as described previously'®”. In brief, cells were lysed
with sonication in 7 M urea, 2 M thiourea, 40 mM Tris-HCl, 1% (w/v) C7BzO detergent
(Sigma) after washing with PBS. Proteins were reduced and alkylated with 5mM
tributylphosphine and 20 mM acrylamide monomers before precipitation with acetone.
Protein was resuspended in 7 M urea, 2 M thiourea, 40 mM Tris-HCl, 1% (w/v) C7BzO for
1D- and 2D-SDS PAGE.

Gel electrophoresis was performed as described previously?21??4, Approximately 80 pg and
250 pg of protein was used for 1D- and 2D-SDS PAGE, respectively. Gels were fixed and
stained by either Flamingo fluorescent gel stain (Bio-Rad) or Coomassie Blue G-250

(Sigma).

In-gel trypsin digestion was performed as described previously'® for mass spectrometry
analysis. Gel pieces were excised, destained, dehydrated and then incubated with trypsin
Gold MS grade (Promega) in 100 mM NH4HCOs. Tryptic peptides were extracted by

sonication and stored in 4°C until needed for mass spectrometry.

6.5.3 Liquid chromatography tandem mass spectrometry (LC-MS/MS) and data analysis

LC-MS/MS was performed as described previously??*. In brief, 5 pg of peptides in 15 pl
was loaded into an Eksigent AS-1 autosampler connected to a Tempo nanoLC system
(Eksigent, Livermore, CA, USA) and washed onto a PicoFrit column (75 pm x 150 mm)
packed with Magic C18AQ resin (Michrom Biosciences, CA). Peptides were eluted from the
column into the source of a QSTAR Elite hybrid quadrupole-time-of-flight mass

spectrometer (Sciex, Redwood, CA, USA).

Files generated from LC-MS/MS were searched against the MSPnr100 database?! with the
following parameters: Fixed modifications: none; Variable modifications: propionamide,
oxidized methionine, deamidation; Enzyme: semi-trypsin; Number of allowed missed
cleavages: 3; Peptide mass tolerance: 100 ppm; MS/MS mass tolerance: 0.2 Da; Charge
state: 2+, 3+ and 4+. For samples collected from the ‘Surface proteome analysis of
M. pneumoniae (Biotinylation)” and ‘Affinity chromatography host binding M. pneumoniae

complexes (A549)’ listed below, variable modifications also included NHS-LC-Biotin (K)
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and NHS-LC-Biotin (N-term). ‘Affinity chromatography host binding M. pneumoniae
complexes (A549)" was also searched against 'homo sapiens’ entries in MSPnr100 to
identify biotinylated surface A549 proteins.

6.5.4 Surface proteome analysis of M. pneumoniae

Biotinylation of the M. pneumoniae cells was performed as described previously?3°. The
biotinylation reaction was allowed to proceed for 30 seconds on ice. Biotinylated surface
proteins were confirmed with western blots using ExtrAvidin-HRP (Sigma).

Trypsin shaving of M. pneumoniae cells was carried out as described previously'®” with
modifications. Trypsin was added to adherent M. pneumoniae cells. Shaving was for 5
minutes at 37°C and released peptides were trypsin digested a second time before analysis
by LC-MS/MS.

6.5.5 Affinity chromatography host binding M. pneumoniae complexes

‘Bait’ host proteins used for affinity chromatography include fibronectin (Code: 341635)
and plasminogen (Code: 528175) from human plasma was supplied by Merck Millipore.
Bovine actin (Code: A3653) and fetuin (Code: F3004) was supplied by Sigma.

Affinity chromatography using host proteins bound to Avidin Agarose (Pierce) as ‘Bait’ was
performed as described previously?*°. M. pneumoniae cells were lysed in 1% (w/v) C7BzO
(Sigma-Aldrich) in PBS (pH 7.8) to obtain native complexes. The native complex cell lysate
was incubated with host proteins bound to Avidin Agarose (‘Bait’). This mixture was
washed with PBS and host protein binding complexes (‘Prey’) were eluted 7 M urea, 2M
thiourea, 40 mM Tris-HCl and 1% (w/v) C7BzO. Elutions were separated by 1D-SDS PAGE
and proteins were identified by LC-MS/MS as described above.

Affinity chromatography using human lung carcinoma (A549) surface proteins as ‘Bait’
was performed as described previously?3°. A549 cells were biotinylated, lysed and bound
to Avidin Agarose (‘Bait’). As above, this mixture was incubated with native
M. pneumoniae complexes followed by washes and eluents to obtain a fraction of A549
binding complexes (‘Prey’).

Affinity chromatography using heparin HiTrap columns (GE Healthcare) was performed as

described previously?*. M. pneumoniae cells were lysed in 10 mM sodium phosphate,
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0.1% Triton TX-100 (pH 7.0) to obtain native complexes. Approximately 300 ug of soluble
complexes was loaded onto a HiTrap Heparin HP column (GE Healthcare). The column
was washed with 10 mM sodium phosphate (pH 7.0) and heparin binding complexes were
sequentially eluted in increasing concentrations of sodium chloride (pH 7.0).

6.5.6 Affinity chromatography of P1 C-terminal tail binding complexes

The C-terminal sequence of the P1 adhesin (*¢:3PGAPKPPVQPPKKPA'%27) was synthesised
with an N-terminal biotin tag by Chempeptide Limited (China). Affinity chromatography
was performed similar to the section above. In brief, 1 mg of the peptide was added to
Avidin Agarose beads for 16 h at 4 °C. The beads were washed four times (5 ml per
wash) with PBS before being incubated with native A549 cell lysates (harvested in 1%
w/v C7Bz0 in PBS) for 16 h at 4 °C. Non-binding proteins were washed from the column
with four washes (5 ml per wash) of PBS and protein complexes with an affinity to the
peptide were eluted from the column with 7 M urea, 2 M thiourea, 40 mM Tris-HCI and
1% (w/v) C7BzO (4 times of 2 ml). Eluents were concentrated with a Macrosep® 3 kDa
cutoff centrifugal device (Pall), precipitated with acetone and separated by 1D-SDS
PAGE. The whole lane was divided into sections, in-gel digested with trypsin and
analysed by LC-MS/MS as described above.

6.5.7 Dimethyl labelling of M. pneumoniae and LC-MS/MS analysis

Dimethyl labelling of M. pneumoniae proteins was carried out as described
previously??”2%, 1 mg of M. pneumoniae protein was labelled in 40 mM formaldehyde
(Ultrapure grade, Polysciences), 20 mM sodium cyanoborohydride, 100 mM Hepes (pH
6.7) for 4 hours at 37°C. The reaction was quenched with 100 mM ammonium

bicarbonate, precipitated in acetone:methanol (8:1) and digested with trypsin.

Peptides were analysed using both the Sciex 5600 and Thermo Scientific Q Exactive™
mass spectrometers. The methods, protocols and parameters used are described in?°
(Chapter 1V).
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6.5.8 Immunoblot of M. pneumoniae cell lysates using Anti-P1 serum

60 ug of M. pneumoniae cell lysate proteins were separated on 1D-SDS PAGE as described
above. Proteins were transferred to PVDF (polyvinylidene fluoride) membranes using a
semidry method*2. Membranes were blocked with 5% (w/v) skim milk powder in PBS,
0.1% (v/v) Tween 20 (PBS-Tween) for 1 hour at 25°C. Membranes were then separately
probed with sera raised against different regions of the P1 adhesin (sourced by Dr.
Roger Dumke®®) for 1.5 hours at 25°C in PBS-Tween. Membranes were washed three
times over 30 minutes before being probed a second time in peroxidase-conjugated
anti-guinea pig antibodies (1:3000, Sigma) for 1 hour at 25°C in PBS-Tween. Membranes
were washed again three times over 30 minutes and developed with DAB tablets (3,3'-

Diaminobenzidine, Sigma).

6.5.9 Bioinformatic analysis of the P1 adhesin

Bioinformatic predictions and analysis was performed as described previously?°. The
bioinformatic tools used were: ProtParam?%®, TMpred?>®, PONDR® (VSL2 predictor)3!3 and
ScanProsite3!>. Predicted glycosaminoglycan binding sites searched in ScanProsite
included binding sites for heparin (X-[HRK]-[HRK]-X-[HRK]-X motif)?’®, heparin sulfate (X-
[HRK]-X-[HRK]-[HRK]-X)**¢, or clusters of basic amino acid residues (X-[HRK]-X(0,2)-[HRK]-
X(0,2)-[HRK]-X and X-[HRK]-X(1,3)-[HRK]-X(1,3)-[HRK]-X).

6.6 Results

6.6.1 Bioinformatic analysis of the P1 adhesin

Using TmPred, P1 is predicted to contain six transmembrane regions (yellow 'TmD’ boxes
in Figure6.1). Using ScanProsite, thirteen putative glycosaminoglycan binding regions
(blue *Hep’ boxes in Figure 6.1) were identified which consists of: heparin ("Hep"), heparan
sulfate (‘HepS’), and clusters of basic amino acid residues (‘HepB’). Seven disordered
regions that span at least 30 amino acids were identified in P1 based on output from
PONDR® (purple boxes within a grey bar in Figure 6.1). Including the signal sequence,
the P1 adhesin has a predicted mass of 176.3 kDa and a pI of 8.53. We have observed
that adhesin molecules from Mollicute spp. are often modular in their design and contain
regions enriched in acidic amino acids (D and E) while other regions are enriched in
positively charged, basic residues (K, R, and H)!86:187,219-227.244 ' Regions within P1 that were

enriched in acidic and basic amino acids were identified using ProtParam.
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Figure 6.1: Cleavage map of the P1 adhesin. The black bar represents the full
length P1 adhesin (1627 amino acids) with cleavage products underneath.
Arrows above the black bar indicate main cleavage sites within P1 with red and
blue indicating semi-tryptic and dimethyl labelled sites, respectively. The black
'‘SIGNAL’ box is the signal peptide spanning amino acid positions 1 — 59
identified in?*¢. The 15 recombinants spanning different regions of P1 that were
generated in*® are depicted below the black bar as grey ‘RP’ boxes.
Transmembrane segments (empty box with broken yellow outline) predicted
by previous studies (TmD? boxes3°!, and TmD? boxes'*°) have been included
within the black bar. Transmembrane domains (yellow 'TmD'’ boxes) were
predicted with TMpred?58, Motifs were searched using ScanProsite3!® to identify
putative glycasomainoglycan binding sites such as for heparin (blue ‘Hep’
boxes), heparan sulfate (blue ‘HepS’ boxes), and clusters of basic amino acid
residues (blue ‘HepB’ boxes). Regions of disorder (purple boxes) were
predicted using PONDR® (VSL2 predictor)3'* and ProtParam?%® was used to
predict acidic and basic domains within P1 (Yellow and blue bars under
disordered regions), and the sizes (in kDa) and pI of all P1 fragments seen as
text underneath the fragments. A legend has been included as a reference for
the coloured bars. Peptides released and identified by LC-MS/MS in surface
shaving experiments are seen as the light green bars indicate surface exposed
regions. Tryptic peptides (black boxes in coloured bars) identified by LC-
MS/MS of the full length P1 adhesin and fragments identified in this study are
from experiments of 1D- and 2D-PAGE cell lysate digestion (grey bars); surface
biotinylation (red bars); and '‘Bait and Prey’ affinity chromatography of A549
surface proteins (orange), fetuin (yellow), fibronectin (green), actin (light

green), heparin (blue), and plasminogen (purple).
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6.6.2 The P1 adhesin is extensively processed on the cell surface

By combining LC-MS/MS data derived from multiple sources where mass context was
retained, including 1D- and 2D-SDS PAGE of M. pneumoniae cell lysates, surface
biotinylation, and ‘Bait and Prey’ affinity chromatography experiments, the P1 adhesin was
observed to be processed extensively generating fragments that may interact with
different host molecules. From these experiments, a total of 22 fragments of P1 plus the
full length protein were identified ranging from 17 to 149 kDa in size (Figure 6.1). The full
length (labelled fragment 1) and an additional 16 fragments were observed from SDS-
PAGE of M. pneumoniae whole cell lysates (grey bars in Figure 6.1) that match the
molecular weight predicted by ProtParam?®, To add to this, two fragments (fragments 8
and 14) observed in 2D-SDS PAGE gel spots of M. pneumoniae cell lysates also had the
same plI predicted by ProtParam. Trypsin shaving of the M. pneumoniae cell surface
released trypsin accessible peptides (green boxes within a grey bar in Figure 6.1) that
span most y of the adhesin indicating that P1 is exposed on the cell surface. LC-MS/MS
analysis of of size-fractionated biotinylated proteins that were first enriched using avidin
chromatography, 13 fragments of the P1 adhesin plus the full length protein were
identified (red bars in Figure 6.1; fragments: 1, 3, 4, 5, 8, 11, 12, 14, 15, 16, 18, 21, 22,
and 23). In addition to these 13 fragments, several more fragments of P1 were identified
when size-fractionated eluents from ‘Bait and Prey’ affinity columns were analysed by LC-
MS/MS. Two fragments of P1 with masses of 149 kDa and 101 kDa (fragments 2 and 4,
orange bars in Figure 6.1) were identified from columns coupled with biotinylated A549
surface protein complexes. Eluents derived from columns coupled with fetuin and actin
were particularly useful for identifying fragments of P1. Fragments: 1, 2, 3, 6, 8, 9, 11,
12, 14, and 19 (yellow bars in Figure 6.1) were recovered from columns coupled with
fetuin, and fragments: 1, 2, 6, 8, 9, 11, 14, and 19 were recovered from columns coupled
with actin (light green bars in Figure 6.1). Fragments: 3, 5, 13, 15, 16, and 19 were
identified from columns coupled with plasminogen (purple bars in Figure 6.1). For the
eleven fragments identified from heparin chromatography (blue bars in Figure 6.1;
fragments: 3, 5, 6, 7, 8, 10, 11, 13, 14, 16, and 17), two (fragment 14 and 16) did not
contain any of the predicted glycosaminoglycan binding motifs identified with ScanProsite.
Fragments: 3, 5, 6, 7, 8, 10, 12, 14, 15, 16, 18, 19, 20, 21, and 22 were identified in

eluents from columns coupled with fibronectin (green bars in Figure 6.1).
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A global M. pneumoniae dimethyl labelling approach was used to identify internal neo-N
termini. Ten cleavage sites were identified in P1 (Table 6.1, blue arrows in Figure 6.1).
Semi-tryptic peptides, defined as peptides with only one tryptic end (Table 6.1, red arrows
in Figure 6.1) were also identified, implying seven additional cleavage sites in P1. Four
distinct sites in P1 showed evidence of aminopeptidase activity (Figure 6.1 and Table 6.1):
182NPF|G|GF|G|LS|GAA'”® (cleavage site 2), 7®’NQK|L|T|VAP|TQG’”’ (cleavage site 8),
1148TQR|AL|I|W|A|PRP!38 (cleavage site 12), and *>8AGF|A|L|S|NQK!*%¢ (cleavage site
16). A large predicted disorder region spanning 196 amino acids near the carboxyl terminal
of P1 represents a fifth site for high cleavage activity with 18 events residing between
amino acid positions 1343 — 1361 (cleavage site 14 in Table 6.1; sequence:
BUSTS|IDIGIN|T|S|S|TIN|NJLJA|P{N|T|N|T|G|NDV?363),

Table 6.1: N-terminal peptides in the P1 adhesin identified by LC-MS/MS from
dimethyl labelling M. pneumoniae cells.

Peptide Sequence E-value

N-terminal dimethyl labelled peptides

1 N1 R.”’NTSFSSLPLTGENPGAWALVR®*.D 107 6.20E%
N2  T.”°SFSSLPLTGENPGAWALVR®.D 26 0.039

3 N3 R.2*TESGQNTSTTGAMFGLKVKNAEADTAKSNEKLQGAE 22 6.60E-07

ATGSSTTSGSGQSTQR*>.G

5 N4  K.3AMTANYPPSWR*®S.T 67 5.70E%

6 N5 R.>“MAVAGAKFVGR>%*.E 62 5.00E*

8 N6 K.”LTVAPTQGTNWSHFSPTLSR’®.F 121 7.00E!

N7 L/7*TVAPTQGTNWSHFSPTLSR’®.F 77 8.10E

N8 T.”2WAPTQGTNWSHFSPTLSR®.F 64 1.00E%

N9 P.”TQGTNWSHFSPTLSR”®.F 35 5.30E%3

10 | N10 T.10%KI NLPAYGEVNGLLNPALVETYFGNTR!%2 A 173 7.10E6

11 | N11  W.M2LVTFTDFVKPR!13A 58 7.20E°

N12 T.!2FTDFVKPR!!3.A 40 5.70E

12 | N13 R.M5!ALIWAPRPWAAFR!183.G 36 1.20E%

N14 L.1>*WAPRPWAAFR!63,G 27 2.10E3

16 | N15 F.1%!ALSNQKVDVLTKAVGSVFKEIINR!®84.T 160 1.70E4

163] ¢




@l Chapter 6

N16 A.192LSNQKVDVLTKAVGSVFKEIINR>®.T 158 1.30E*3
N17 L.1563SLSNQKVDVLTKAVGSVFKEIINR!>84.T 184 3.90E16
N18 S."**NQKVDVLTKAVGSVFKEIINR!>84.T 102 4.60E%
17 | N19 T.1>8SAAKPGAPRPPVPPKPGAPKPPVQPPKKPA'627 58 4.50E70¢
N-terminal semi-tryptic peptides
7 S E 165GGFGLSGAAPQQWNEVKNKVPVEVAQDPSNPYR!, 39 2 10E%3
S2  G.!%GFGLSGAAPQQWNEVKNKVPVEVAQDPSNPYR!’.F 34 3.20E%
S3  F.1%8GLSGAAPQQWNEVKNKVPVEVAQDPSNPYR!Y.F 42 0.037
S4  G.'LSGAAPQQWNEVKNKVPVEVAQDPSNPYR!.F 59 5.00E%
S5 S.YIGAAPQQWNEVKNKVPVEVAQDPSNPYR!F 46 3.0
4 S6  D.>*TAKSNEKLQGAEATGSSTTSGSGQSTQR?>.G 126 1.00E!
S7  A.»°AKSNEKLQGAEATGSSTTSGSGQSTQR?*.G 80 4.20E
5 S8  D.3*PKAMTANYPPSWR?8,T 103 1.40E78
7 S9  D.®®"KNGKDDAKYIYPYR®*Y 58 1.90E*
S10 N.585GKDDAKYIYPYR®4Y 61 2.00E*
12 S11  L.MS3IWAPRPWAAFR!163,G 56 2.00E%
S12  L.M1SWAPRPWAAFR!163,G 46 3.90E%
S13  W.>*APRPWAAFR!163,G 49 3.30E%
S14  A.M1SSPRPWAAFR!®,G 46 3.10E3
14 S15 S.1B3*DGNTSSTNNLAPNTNTGNDVVGVGR!3%8 L 90 1.20E%
S16  D.13*GNTSSTNNLAPNTNTGNDVVGVGR!*%8,L 192 8.00E
S17 G.1**NTSSTNNLAPNTNTGNDVVGVGR!368,L 158 1.20E3
S18  N.B3*TSSTNNLAPNTNTGNDVVGVGR!38,L 154 6.00E 13
S19 T.13*8SSTNNLAPNTNTGNDVVGVGR!38,L 121 7.90E10
S20 S.13*STNNLAPNTNTGNDVVGVGR!*%8,L 126 1.90E1°
S21  S.13°0TNNLAPNTNTGNDVVGVGR!368,L 121 4.60E!!
S22  T.'3!NNLAPNTNTGNDVVGVGR!3%8 L 117 4.20E10
S23  N.!32NLAPNTNTGNDVVGVGR!38,L 132 1.00E!
S24  N.135SLAPNTNTGNDVVGVGR!3®8,L 118 6.30E10
S25 L.13>*APNTNTGNDVVGVGR!3%8, | 104 4.00E%
S26  A.135SPNTNTGNDVVGVGR!®8,L 108 9.70E1°
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S27  P."3SNTNTGNDVVGVGR!E.L 74 9.20E%
S28  N.3INTGNDVVGVGRU®.L 85  3.40E%
S29  T.SNTGNDVVGVGR'®.L 80  1.90E%
S30  N.TGNDVVGVGRU.L 59 3.00E%
S31  T.BGNDVVGVGR'S.L 46  2.10E®
S32  G.I!NDVVGVGR'®.L 52 4.40E%
15 | S33  D.*7IPASVNPKMVR™%.L 62  2.80E%
2 R.7ALYDLDFSKLNPQTPTRDQTGQITFNPFG'®.G 35 0.001
‘ R.24TESGQNTSTTGAMFGLKVKNAEAD?.T 102 3.70E®
5 R.3TAIDRVDHLD?.P 38 6.40E%
. R.2*NDKASSGQSDENHTKFTSATGMDQQGQSGTSAGNP | 1 4 ocs
DSLKQDNISKSG?*.D
R.2*NDKASSGQSDENHTKFTSATGMDQQGQSGTSAGNP | o 5 copae
DSLKQDNISKSGD?*.S
13 R.12*QSFGTDHSTQPQPQSLKTTTPVFGTSSG!®.N 27 6.20E%

Exact site within the peptide is indicated by the bold underlined amino acid, amino acid positions
are included for the start and end of the peptides. The peptides listed are the highest scores
identified from 4 biological replicates analysed separately using Sciex 5600 and Thermo Scientific

Q Exactive™ mass spectrometers. All peptides have expectation values < 0.05.

Figure 6.2 (pictured right): Immunoblots of cell lysates of M. pneumoniae
probed with sera raised against different regions against P1. Sera raised
against 15 different regions ('"RP’ boxes) of P1 were sourced from Dr. Roger
Dumke?®3. A) Simplified cleavage map depicting the P1 adhesin, cleavage sites,
and the 15 different regions of P1. The cleavage sites, transmembrane domains
are the same as Figure 6.1. The mass of the full length and fragments of P1
predicted by ProtParam?¢® have been included. B) and C) Immunoblots
depicting M. pneumoniae cell lysates probed with sera raised to the different
P1 regions. C) Replicate immunoblots with the intensity adjusted to highlight
low abundant bands. Many of the fragments from Figure 6.1 are mapped on the

immunoblot.
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Immunoblots of M. pneumoniae cell lysates probed with sera raised against 15 different
regions of P1, that were described previously®®) showed complex banding profiles (Figure
6.2). The RP1 serum that targeted the signal sequence (first 59 amino acids) displayed
no bands doubling as the secondary control (Figure 6.2B). RP3, RP4, RP5 and RP7 span
the first half of P1 and the immunoblots detected the full length adhesin and fragments
consistent with those representing regions (Figure 6.2B; fragments 2, 3, 5, 6, 8, 11, 15,
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22, and 23). RP2, RP5, RP7 (higher antibody concentration), RP10, and RP14 sera
revealed the full length adhesin and fragments 2, 4, 6, 7, 9, 10, 11, 12, 13, 15, 16, 17,
19, 22, and 23 after transforming the image intensity (Figure 6.2C). The only fragments
not identified confidently in the immunoblots were fragments 14, 18, 20 and 21. It can be
seen from the immunoblots in Figure 6.2B and Figure 6.2C that there are more bands
visible that were not identified by the approaches employed in this study. Immunoblotting

is expected to be a more sensitive method to see lower abundance cleavage fragments.

6.6.3 Functional analysis of the C-terminal tail of P1

Dimethyl labelling data indicated that the carboxy-terminal 30 residues of P1 is released
by a cleavage event at serine'>® (cleavage site 17 in Table 6.1, sequence:
1595KQT | SAA), The C-terminal peptide has an unusual composition comprising five
alanine, five lysine, and thirteen proline residues. It also shares a sequence identity of
54.8% with the carboxy-terminal 30 residues of Mpn142. On closer inspection, the final
15 residues of P1 share 73.3% sequence identity with the last 14 residues of Mpn142 (11
identical  positions). The last 15 residues of P1 were synthesised
(*13PGAPKPPVQPPKKPA'®27) with an N-terminal biotin tag (Chempeptide Limited, China).
To investigate binding affinities, interactions with the P1 peptide and a range of host
molecules was examined by microscale thermophoresis. The peptide was observed to bind
heparin (Kp = 82 + 2 nM), fetuin (Ko = 322 + 2 nM), and plasminogen (Kp = 504 + 89

nM) with nanomolar affinity (from two replicates).

To identify potential binding partners, the biotinylated peptide was coupled to Avidin
Agarose. As a control, proteins from a native A549 cell lysate were incubated only with
Avidin Agarose beads. This profile was compared to a native A549 cell lysate incubated
with Avidin Agarose coupled with the biotinylated peptide. Flow through, washes, and
eluents were fractionated by SDS-PAGE (Figure 6.3A). Three protein bands were analysed
by LC-MS/MS (Figure 6.3B). LC-MS/MS analysis of Slice 1 and 2 identified tryptic peptides
that mapped to the intermediate filament cytoskeletal proteins cytokeratin 7 (Mascot score
= 1157), cytokeratin 8 (Mascot score = 2737 & 1486), cytokeratin 18 (Mascot score =
2592), and vimentin (Mascot score = 617) (Figure 6.3C). Slice 3 was identified to be
glyceraldehyde-3-phosphate dehydrogenase, which was also identified in the control

eluents and therefore not included as a potential binding partner.
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Figure 6.3: Affinity chromatography of the P1 peptide. A) SDS-PAGE of the
chromatography flow through, washes, and elunts. B) Same eluent 1 as panel
(A) but transformed with the three slices analysed by LC-MS/MS indicated. C)
Peptides identified by LC-MS/MS of the two slices are underlined.
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6.7 Discussion

This study shows that P1 is processed at multiple sites generating a complex array of
cleavage fragments. Fragmentation of P1 was determined by LC-MS/MS analysis of size-
fractionated eluents of columns that were coupled with a range of host molecules. P1,
and cleavage fragments derived from it, are likely to bind to the host proteins because i)
the cleavage fragments show a different binding profile compared with full length P1, ii)
different fragments bind to different host molecules; iii) some fragments bind many host
molecules suggesting that P1 and its cleavage fragmants are multifunctional adhesins.
The peptide was observed to bind heparin, fetuin, and plasminogen with nanomolar
affinity. Affinity chromatography using the C-terminal 30 residues of P1 as bait recovered
intermediate filament cytoskeletal proteins cytokeratin 7, cytokeratin 8, cytokeratin 18,
and vimentin. These data are consistent with the multifunctional adhesive roles of P1 and
that the C-terminus of P1 binds to cytoskeletal proteins, a novel and groundbreaking

observation that warrants further investigation.

2D-gel electrophoresis and affinity chromatography using a range of host molecules as
bait identified 22 fragments of the P1 adhesin. The recovery of fragments from Avidin
Agarose columns loaded with biotinylated M. pneumoniae surface proteins indicated that
most of the cleavage events that generated the fragments occur on the cell surface (Figure
6.1). Dimethyl labelling experiments allowed the precise location of cleavage events to be
mapped onto P1 (Table 6.1). P1 fragments were also recovered from affinity columns
loaded with a range of host proteins. Furthermore, immunoblots containing whole cell
lysates of M. pneumoniae probed with sera from 15 regions spanning the P1 molecule
identified many fragments of P1 (Figure 6.2). From these blotting data, more fragments
were identified, particularly between the 100 — 150 kDa range, that were not characterised
during 2D-SDS PAGE or in eluents from ‘Bait and Prey’ chromatography experiments. This
is expected as immunoblotting is more sensitive than LC-MS/MS for the identification of

low abundant proteins (reviewed in*33).

A cleavage event that removes the first 59 amino acids of P1 has been reported?*; this
sequence spans most of the ‘RP1’ recombinant®. No other cleavage events have been
observed for P1 except for a ~40 kDa carboxyl terminal truncated fragment of P1

(potentially representing fragment 19 from this study) that forms a complex with full
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length P1 protein and other accessory proteins?¥’. A truncated form of DnaK was also
found in this complex, but neither fragments were investigated further?’.

The P1 adhesin is a functionally versatile molecule executing essential functions in
adherence to biotic and abiotic surfaces and a major structural protein in motility. Given
that P1 is known to be localise to the tip of the attachment organelle, a structure that
provides polarity and drives motility, P1 is likely to also play a role in cell invasion.
Significant regions in P1 have been extensively characterised and mapped by Schurwanz
et al.?>. Highly immunogenic regions and adherence mediating regions were found
distributed throughout P1 but the carboxyl half was prominent in this role®*. Schurwanz
et al. observed that patient sera bound to regions in P1 that were not responsible for
adherence®. Schurwanz et al. also illustrated this from previous studies where all
immunoreactive regions of P1 were localised outside of adherence-mediating regions®.
Taken together, this suggests that P1 diverts the binding of host antibodies away from
regions in P1 responsible for adherence. It can be hypothesised from the study presented
here that post-translational processing releases some of these P1 fragments from the
surface, which contain these immunogenic regions, into the extracellular milieu, a process
that may represent an immune decoy mechanism that seeks to bind and block host
antibodies as observed in Protein M of Mycoplasma genitalium; a close relative of
M. pneumoniae®™*. After releasing fragments with immunoreactive regions, the fragments
that contain adherence-mediating regions could continue to have a direct role in
adherence without being blocked from host antibodies. However, further investigation is

required to test this hypothesis.

We recently showed that Mpn142, a member of the same operon that houses the P1 gene
(mpn141), is cleaved extensively?*°. Post-translational processing of adhesins has been
well characterised in M. hyopneumoniae where cleavage fragments have been shown to
adhere to porcine cilia, porcine kidney epithelial cells, and a range of host molecules such
as the glycosaminoglycan mimic heparin, plasminogen and fibronectin!86:217-221,223-227,
Cleavage could be a mechanism to release functional protein modules, alter folding
patterns in a way that exposes different protein:protein interaction sites that are hidden
in the tertiary structure of the parent molecule (Widjaja et al., submitted, Chapter 5). All

the P1 fragments that were recovered during heparin affinity chromatography contained
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putative glycosaminoglycan binding motifs except an N-terminal and a central fragment
(Figure 6.1, fragment 14 and 16). These motifs consists of clustered, positively charged
amino acids that have been shown to have a role in binding to glycosaminoglycans?’¢,
actin®!, and plasminogen*l. Heparin mimics the glycosaminoglycans found in the
extracellular matrix and on the surface of host cells?®!. Due to its negative charge?”,
heparin affinity chromatography can also be employed to enrich for DNA binding proteins,
though further work is required to determine if P1 fragments bind DNA. Pathogens such
as Staphylococcus and Neisseria spp., Helicobacter pylori, and S Streptococcus pyogenes
are able to recruit heparin to the bacterial cell surface and employ bound heparin to bind
other host molecules*®. M. hyopneumoniae, and Mycoplasma gallisepticum have been
shown to bind heparin to aid in host adherence?!”?”2, Finally, heparin has also been
implicated in biofilm formation by increasing cell-cell interactions in the Gram-positive
pathogens, S. aureus’® and Lactobacillus rhamnosus’®*. Heparin affinity chromatography
of M. pneumoniae has been performed previously® identifying only nine proteins, none of
which was P1. Recently, we showed that Ef-Tu in M. pneumoniae displays a strong affinity
to heparin (Widjaja et al., submitted, Chapter 5).

Cleavage sites within P1 were often clustered within a small sequence of amino acids. For
example, 18 cleavage sites clustered between amino acids 1343 — 1361 in the C-terminus
of P1. Sequential cleavage patterns similar to this was also reported in Mpn14223° and in
Mhp493 from M. hyopneumoniae’®>. The surface proteome of M. pneumoniae (Appendix
1) reveal two surface accessible aminopeptidases that may target a neo-N-terminal
cleavage event and sequentially clip amino acids. The function of these clipping events
remains unknown but be mechanism to alter the function and localisation of cleavage
fragments on the cell surface or within membrane associated protein complexes or
represent a mechanism to recycle amino acids??. Cleavage site 14 in P1 (Figure 6.1)
occurs within a large predicted disordered region (amino acid range 1187 — 1382,
PONDR®?3*3). The inherent flexibility of disordered regions facilitatess protein:protein
interaction events*®. Disordered regions are hypothesised to be prone to protease

aCtiVitylSG’ZZI_ZZS.

Inaddition to the full length protein, biotinylation studies indicated 12 fragments of P1

were accessible on the surface of M. pneumoniae. P1 only has one signal sequence and
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six predicted transmembrane domains that span the adhesin; four of which have been
predicted by previous studies!**°!, Cleavage of Mpn142 in M. pneumoniae’®’, occurs after
the molecule translocates to the cell surface. It is conceivable that processing of P1 occurs
on the surface after translocation and the fragments remain anchored to the surface via
the predicted transmembrane domains. Consistent with this view, tryptic peptides
identified in cell shaving experiments did not map to putative transmembrane domains
except in the putative transmembrane domain located around residue position 1294. The
fragments that were not identified on the surface may have potentially been released in
the extracellular milieu during washes before surface labelling. Electron micrographs
depicting M. pneumoniae immunostained with ferratin anti-P1 antibodies showed labelling

at sites distant from the M, pneumoniae membrane?’.

The carboxyl tail of P1 contains a transmembrane domain (residues 1528 — 1545) that
had the highest TMpred prediction score (score of 2045) which The C-terminal amino acid
sequence of P1 tail is homologous to the carboxyl terminus of Mpn142 (43.1% sequence
identity) which also contains a predicted transmembrane domain (TMpred score of
2518)?%, The final 15 amino acids of P1 (}%:3PGAPKPPVQPPKKPA!%27) has 73.3% sequence
identity with the same region in Mpn142. Almost half of this sequence consists of proline
residues, and proline-rich regions in proteins have been implicated in protein:protein
interactions*3¢-*38, It has been suggested that proline residues could anchor the C-terminus
of P1 in the cell membrane*?. Lysine-rich regions are associated with binding plasminogen
in M. hyopneumoniae’®*, group A** and group B Streptococcus*®!. Lysine-rich regions
have also been shown to be necessary for binding actin in group B Streptococcus*®?, and
binding DNA in Brevibacillus thermoruber*®°. It could be the presence of proline and lysine
residues in this sequence that defines the high affinity to the host molecules tested by
microscale thermophoresis in this study. Fragments 7, 10, 13, and 17 are all C-terminal
fragments of P1 that bind heparin Due to the presence of thirteen putative heparin binding

regions within P1, it is likely that other regions of P1 also bind these glycosaminoglycans.

Though plasminogen activation assays were not conducted in this study, the capacity for
the P1 peptide to bind plasminogen may indicate that the P1 adhesin can promote the

activation of bound plasminogen into plasmin. This plasmin could then be used to degrade
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extracellular matrix proteins as seen in other M. pneumoniae proteins?0%210213.215 gnd

possibly assist in cell invasion®!442,

Previous work suggests that sialic acid is the dominant host receptor for the P1 adhesin**
146,271 Consistent with these earlier studies the P1 tail has a strong affinity to the sialic
acid rich protein, fetuin. However, it is very plausible that this is not the only region of P1
that binds sialic acid as other adherence-mediating sites have been discovered (covered
in®3). It has previously been shown that both sialic acid residues and the P1 adhesin are
required for the formation of M. pneumoniae biofilms*°, By establishing biofilms, bacteria
are more resilient to antibiotics and avoid removal by the host immune system*! adding
to the chronic persistence of M. pneumoniae. Schurwanz et al. reported that the C-
terminus of P1 (amino acid range 1521 - 1627) had reactivity to all fourteen
M. pneumoniae infected patient sera tested. The C-terminal 30 amino acids may be
released into the extracellular milieu following cleavage and function as an immunogenic

decoy protein.

The cytoskeletal proteins, vimentin, cytokeratin 7, cytokeratin 8, and cytokeratin 18 were
selectively recovered from A549 cell lysates when the C-terminal peptide was coupled to
Avidin Agarose (Table 6.2). These preliminary observations will require further studies to
determine if there is a direct interaction between the C-terminus of P1 and these host
molecules. Cytokeratin 7 is found in simple epithelia of lungs and other tissues**3, and has
been shown to be partly responsible for stabilising cytokeratin 18 in mouse models**.
Both cytokeratin 8 and 18 are major structural proteins of epithelial cells** and are found
in the intermediate filaments of A549 cells**. Cytokeratin 8 has been identified to reside
on the cellular surface of carcinogenic keratinocyte cells (HaCat)*’, carcinogenic
mammary cells**®, and carcinogenic hepatocytes*?. Cytokeratin 8 and 18 are co-expressed
and frequently associated together*%#°!, whereas vimentin forms filaments completely
separate to both cytokeratins**2. Vimentin is primarily expressed when epithelial cells
transition into mesenchymal cells and function to induce changes in cell shape, motility
and adhesin during this transition*>3. Vimentin has also been observed to be secreted to
the extracellular matrix and on the surface of activated macrophages**. Cytokeratin 8,

18, and vimentin are suggested to be targeted by different pathogens after successfully
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invading host cells*745>458 or cytoskeletal rearrangement*®63, Additionally pathogens

have also manipulated these cytoskeletal proteins for immune regulation?>8464:465,

6.8 Conclusion

The P1 adhesin is @ major protein in adherence, motility, and biofilm formation in the
M. pneumoniae attachment organelle. This study reports that the P1 adhesin is subject to
extensive post-translational processing forming twenty-two fragments from seventeen
cleavage sites. P1 has already been shown to have a role in immune evasion through
genomic recombination of its RepMP elements. Cleavage fragments may also contribute
to immune evasion by binding with adherence-blocking antibodies before they target
regions in P1 that are localised to the tip structure and along the length of M. pneumoniae
cells*®. Processing also leads to greater protein disorder and exposes sites in molecules
that previously were inaccessible. Processing may also generate functionally-important
cleavage fragments that target sites distant from where M. pneumoniae binds to ciliated
epithelium. These cleaved fragments may be peptide hormones or antibacterial peptides
or function as nucleation sites during the early stages of biofilm formation either by
promoting protein:DNA (for extracellular DNA) or protein:protein interactions. Protein
processing has been described in M. hyopneumoniae, M. gallisepticum, and Spiroplasma
citri and is likely to be a widespread mecahism to promote protein modification in the
Mollicutes. Further investigation is required to determine the degree of protein processing
in different protein species that reside on the surface of M. pneumoniae. Moreover, shown
here is that the very carboxyl tail of P1 plays a role in adhering to glycosaminoglycans,
sialic acid residues, and plasminogen and potentially host cytoskeletal proteins. The
cleaved C-terminal tail could also further expand the role P1 already has in immune
evasion as an immune decoy protein fragment. This study expands on our knowledge of
the role that the P1 adhesin plays during the pathogenesis of M. pneumoniae and
hopefully will assist in the generation of a successful vaccine against this respiratory

pathogen.
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The overarching aim of this thesis was to identify the full gamut of proteins that reside on
the external cell surface of M. pneumoniae (Aim I) and determine which of these interact
with molecules that reside on the surface of host cells (Aims II and III). The presence of
a cytoskeletal extension known as the attachment organelle has been the subject of many
previous studies. The role of different proteins in determining the structure of the
organelle as well as efforts to understand how they are positioned in the adhesive tip has
been a primary research focus over the past 30 years. The work presented in this thesis
was performed compliment these studies by taking an empirical approach to studying the
cell surface protein topography of M. pneumoniae, and to then selectively study several
surface proteins in greater detail.

Two approaches were used to define the list of surface accessible proteins. While both
methods were complimentary in that they both identified a large proportion (117 proteins
or 73%) of the 160 proteins that were identified, some proteins were only identified using
one of the two protocols. This dual method approach not only provided a level of
confidence in the final list of proteins but each protocol offered distinct yet complimentary
advantages. For example, trypsin shaving was useful for identifying regions of membrane
proteins that were surface exposed and other regions that were inaccessible to trypsin,
providing insight into how proteins might position themselves in the bilipid layer (Figure
2.4). Biotinylation proved to be extremely useful because it was a more sensitive approach
due to the ability to enrich for labelled intact proteins with avidin chromatography. LC-
MS/MS analysis of avidin eluents that were fractionated by size using SDS-PAGE was
insightful for the following reasons: i) it became clear that protein processing occurs
frequently in a wide variety of proteins that localise on the surface of M. pneumoniae; ii)
one could characterise the cleavage fragments using 2D-SDS-PAGE; iii) it provided a
platform to identify functional domains in surface proteins and confirmed that processed

fragments reside on the cell surface

The data described in this thesis shows that adhesins, as seen in other Mollicutes, are not
the only target of protein processing events. Cleavage events of M. pneumoniae proteins
were identified in a wide range of functionally diverse molecules including proteins that
are retained by being anchored to the lipid membrane (lipoproteins and ABC transporters

with multiple transmembrane domains), metabolic enzymes including most members of
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the glycolytic pathway, and ribosomal proteins. Native preparations of whole cell lysates
of M. pneumoniae proteins were applied to affinity resins coupled with a diverse array of
host molecules, including: actin, fibronectin, fetuin, heparin, and plasminogen. These
molecules are likely targets for adhesion by M. pneumoniae surface proteins and thus play
an important role in colonising epithelial and other cell surfaces. Surface protein complexes
derived from A549 epithelial cells labelled with biotin were also coupled to Avidin Agarose
to recover M. pneumoniae binding proteins in affinity chromatography experiments. These
complimentary approaches each generated a list of proteins that suggest they interact
directly with the target host bait (Figure 3.2) (Aim II).

An underlying feature of all these studies (surface proteome and ‘Bait and Prey’ affinity
chromatography) was that protein mass context was retained using SDS-PAGE. The ‘slice
n dice’ enhanced the detection of low abundance proteins through fractionation, thus
reducing the complexity of the peptide sample introduced to the mass spectrometer.
Secondly, it also highlighted the scale of endoproteolytic processing events that occur in
M. pneumoniae in a way that ‘shotgun’ LC/MS/MS based proteomics cannot, particularly
the subset of proteins that localise to the cell surface (Aim III). This observation was
ground-breaking because it indicated that Mollicutes that belong to diverse Clades post-
translationally process surface accessible proteins. Up until that point, extensive
proteolysis of surface accessible proteins had been described in M.
hyopneumoniae'8:187,:216-227,244 an organism that i) specifically colonises swine, ii) belongs
to Clade Hominis, iii) lacks an attachment organelle, and iv) other than having evolved an
ability to colonise ciliated epithelial cells in the respiratory tract, shares little in common
with M. pneumoniae. In this regard, S. citri was recently shown to process adhesins
extensively by an unconventional protease?®. The frequency of cleavage of these adhesins
was postulated to be influenced by conformational changes (induced by environmental
factors such as mechanical or chemical stress) of cell membrane proteins?3¢. S. citri (of
the Spiroplasma Clade) is a sophisticated pathogen that displays the ability to colonise
both host plant cells and the insect vector, Circulifer haematoceps’®. S. citri is able to
adhere to the salivary gland and mid-intestinal cells of the C haematoceps and is
transferred from saliva to the plant*®. These observations indicate that post-translational
proteolysis is a central theme and novel mechanism to expand protein function in genome

reduced bacteria belonging to the Mollicutes Class.
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Proteolysis of key surface proteins increases the surface diversity and expands the
functional proteome. This may assist genome reduced bacteria to colonise a range of
eukaryote host surfaces ranging from insects to humans. This thesis expands further on
this theme for M. pneumoniae. A systems wide N-terminomics method was developed by
Iain Berry in the Djordjevic laboratory. This method was applied to characterise the N-
terminome of M. pneumoniae, and a subset of this data is integrated into this thesis. This
is part of a larger effort to map cleavage sites (neo-N-termini) in representative
M. pneumoniae proteins of interest. Sites from the N-terminome assisted with validating
cleavage fragments identified in ‘Bait and Prey’ and surface proteome experiments.
Identification of cleavage sites provides information on the exact size of the fragments,
how the fragment may re-fold, and what motifs are present. Collectively, the pioneering
studies presented in this thesis have helped to uncover important post-translational
strategies used by M. pneumoniae to colonise host cells. By systemically combining the
surface proteome with 'Bait and Prey’ chromatography, potential interaction partners
(Appendix 3) can be identified and highlight the importance of how cell surface proteins
are processed. Post-translational proteolysis increases cell surface protein diversity;
though the exact function of these cleavage fragments remains to be experimentally
verified. In Chapter 6, a peptide was identified to promote binding to host proteins. This
provided proof of concept that cleavage fragments are likely to be functionally significant
molecules that play an important role in the biology of M. pneumoniae. 1t is conceivable
that cleavage fragments derived from surface accessible proteins could: i) compete for
host molecule binding sites; ii) refold exposing novel binding sites and new functions; iii)
influence biofilm formation; or iv) act as immune decoys, antimicrobial peptides or peptide

hormones.

Indeed, almost all of the attachment organelle proteins were identified on the cell surface
(Appendix 1) and were processed (Appendix 2). This in itself is a major finding because it
suggests that the attachment organelle proteins are multifunctional. They are able to form
important interactions with other organelle proteins to generate a functioning organelle;
yet are also localised on the cell surface and subject to complex processing events to
perform other functions. Because of the previously published work and knowledge of their
importance, an in-depth analysis of processing events was performed and is presented for

the major M. pneumoniae adhesin P1, and its accessory proteins P40 and P90 (Aim IV).
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Data is also presented for elongation factor Tu which has been reported as being an
important moonlighting adhesin not only in M. pneumoniae, but also other bacteria (Aim
IV). Taken together, this thesis adds insight to the identities of proteins that localise to
the cell surface of M. pneumoniae that may play a key role in the biology of this pathogen.

7.1 The surface proteome of Mycoplasma pneumoniae

By employing two independent methods, enzymatic shaving and surface labelling, 160
proteins were identified on the surface of M. pneumoniae (Appendix 1). These
complimentary approaches identified 117 proteins common to both methodologies.

Enzymatic shaving is essential to demonstrate how proteins are presented on the cell
surface. By mapping peptides back to the protein, surface exposed regions of membrane
associated proteins were identified. This was particularly useful for proteins that contained
multiple transmembrane domains, which can be difficult to solubilise, such as zinc
metalloprotease (Figure 2.4). Three peptides were identified from shaving experiments
that span the last 500 amino acids. The molecule contains two predicted transmembrane
domains in the first 200 amino acids. This suggests that the first 200 amino acids of the
zinc metalloprotease loops inwards, and the remainder of the protein is surface exposed.
Enzymatic shaving allows these surface exposed regions to be mapped, and identifies
regions that are better targets for vaccine development. The identification of DNA gyrase
B and ribosomal protein L4 on the M. pneumoniae cell surface (Appendix 1) is interesting
as both are targeted by fluoroquinolone and macrolide antibiotics, respectively*®’. Though
further work is required, it is possible that these proteins could be binding antibiotics on
the cell surface, thus preventing a subset of antibiotics from entering and killing the cell.
Further work is required to investigate this. It is also feasible that the use of some
antibiotics may influence how surface accessible proteoforms of DNA gyrase B and

ribosomal protein L4 execute their extracellular function(s).

Cell surface shaving also identified unusual proteins in M. pneumoniae that contain long
stretches of amino acids that are bereft of lysine or arginine residues and these molecules
cannot be characterised using trypsin. The attachment organelle proteins, P30 (Figure
2.7) and HMW1 (Figure 2.8), are examples of this. PeptideCutter’®® was employed to
predict peptides that are generated from using different enzymes digests. Based on in

silico models, formic acid (which cleaves after aspartic acid*®) and endoproteinase GluC
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(which cleaves after glutamic acid*®®) seem to be the appropriate strategies to study these
unusual proteins but significant optimisation would be necessary. HMW1 is rich in glutamic
acid residues and so future work would need to reduce the efficiency of the GluC enzyme
so that peptides generated are of suitable size for detection. Despite repeated efforts,
surface accessible regions could not be reliably mapped for HMW1 (Figure 2.8).
Nonetheless, trypsin shaving and surface biotinylation data demonstrated that HMW1, as
well HMW2 and HMW3, are presented on the surface of M. pneumoniae. This is the first
time that HMW2 and HMW3 have been shown to be surface exposed. As both are well
known for their significant role in attachment organelle formation and stability!!815,
knowledge of surface exposed regions in either (or both) of these proteins could be
desirable to understand how these complex proteins function.

Biotinylation provides another layer of sophistication in efforts to understand how proteins
are presented on the cell surface that cannot be ascertained from shaving experiments.
The method is very robust because it uses a membrane impermeable reagent to label
accessible lysine residues on proteins that are exposed on the cell surface and takes
advantage of the strong non-covalent interaction between biotin and avidin. Size
fractionation afforded by 1D- and 2D-SDS-PAGE provided an added degree of resolution,
because it showed that cleavage fragments were located on the cell surface and
highlighted the modular nature of proteins residing within the attachment organelle. As
such a protein encoded from an ORF sequence may have an overall predicted pI of 8.
However, surface proteins often have a modular structure. Cleavage fragments not only
have different masses, but their pI can vary. Thus, multiple proteoforms can be generated
from a single ORF. As such it was not uncommon to find protein spots on 2-D gels with
different masses and isoelectric points (as seen in lipoprotein MPN_284, Figure 3.4 and
Table 3.4). These observations provided the first clue that different proteoforms may
execute different functions. This has significant ramification for understanding the

functional proteome of a pathogen.

Another notable observation was the identification of 55 proteins (25% of the surface
proteome) (Figure 2.5) that reside on the surface of M. pneumoniae that lack evidence of
signal sequence motifs (SignalP 4.1 and SecretomeP 2.0 predictions) or transmembrane

domains (TMpred predictions). Additionally, the predicted cellular locations of ~76% (121
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of the 160 proteins, Figure 2.6) of these proteins were either cytoplasmic or unknown
according to UniProt and PSORT analyses. These predictions highlight the limitations of
relying on protein location algorithms and poorly annotated databases to hunt for
candidate vaccine antigens. Wang and Jeffery reported more than a third of the surface
proteome identified in previous studies did not have any bioinformatically predicted
transmembrane domains or secretion signals and suggested novel secretion pathways!®.
Reverse vaccinology has been touted widely as an important strategy for identifying
vaccine targets*%42, The data presented here suggest that surface proteome studies
should be used in conjunction with reverse vaccinology to identify targets for vaccine
development.

Cell lysis is often quoted as a reason why proteins that have canonical functions in the
cytosol may be detected on the surfaces of bacteria. For many years these proteins were
ignored in surface proteome studies and regarded as artefacts!’®181363, Cell lysis may
indeed prove to be an important mechanism needed to release these proteins, and
genomic DNA, as “public goods"1?3264473 particularly within biofilms. As such it is perhaps
ironic that the main reason offered to dismiss molecules with canonical functions in the
cytosol as valid surface proteins may indeed provide a valid explanation for their retention
on the cell surface. Membrane vesicles have also been shown to be responsible for the

delivery of these “public goods” to the cell surface!®*1%2,

Extracellular DNA is a major constituent of the extrapolymeric matrix and has been shown
to aid in biofilm formation by promoting cell:cell interactions, adhesions to surfaces (biotic
and abiotic), reinforcing the biofilm structure, and increasing resistance to antibiotics?%'264,
The negative charge of heparin is similar to the charge of DNA?”> and it is likely that
extracellular DNA is important in M. pneumoniae biofilms. In Chapter 3, 111 of the 160
M. pneumoniae surface proteome was identified in heparin affinity chromatography
eluents. However, further work is required to determine the role of these heparin binding

proteins in M. pneumoniae biofilms.

Pseudomonas aeruginosa was recently identified to undergo explosive cell lysis, releasing
cytosolic components such as DNA and cytosolic proteinsi®3, In the same process,
membrane membrane vesicles are createad that package some of these cytosolic
components!®3. These membrane vesicles serve to provide public goods for the bacterial
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biofilm, where cytosolic proteins are able to execute moonlighting functions in biofilm
formation?612%3, The presence of moonlighting proteins on the surface that can bind
extracellular DNA could be a prerequisite for initiating biofilm formation. As such there is
opportunity for these cytosolic proteins to evolve alternate functions as adhesins that
promote protein:protein, and protein:DNA interactions. Two aminopeptidases have been
shown to moonlight on the surface of M. hyopneumoniae and bind plasminogen and
heparin?#*2%, Both are also able to promote the activation of plasminogen into plasmin in
the presence of host plasminogen activators?*32#, The leucine aminopeptidase is also able
to bind foreign DNA?** which may assist in biofilm formation in M. Ayopneumoniae.

Previous studies have independently shown that several of these “predicted cytosolic”
proteins reside on the surface of M. pneumoniag?®>2%8-210,213-215270  These studies found
that several enzymes (8 out of the 19 tested) in the glycolytic pathway were exposed on
the surface of M. pneumoniae’®. These glycolytic enzymes were demonstrated to display
an affinity for a range of host molecules including plasminogen, with some able to promote
the activation of plasminogen (in the presence of plasminogen activators) to cleave key
host extracellular matrix proteins?0>:208-210214.215 Jsing the approaches in this thesis, 16 of
the 19 glycolytic enzymes tested by Griindel et al., were identified in the surface proteome
presented in Chapter 2, highlighting the difference between methodologies used. Surface
accessibility and different targets for the enzymes, antibodies, and tags could account for

differences in results between previous surface studies and Chapter 2.

7.2 Characterising potential adhesins of Mycoplasma pneumoniae

A systems wide approach, where host molecules were used as bait in affinity
chromatography experiments to capture M. pneumoniae proteins and their cleavage
fragments provided the simplest and most efficient mechanism to determine functional
roles for processed fragments. There are clear limitations in this approach. For example,
most of the binding interactions identified in these affinity studies were not confirmed to
be due to direct interactions between M. pneumoniae proteins and the host molecules
used as bait. Some proteins identified in the chromatography eluents may be part of a
protein complex where another protein binds to the bait. Direct binding interactions were
only confirmed for a small number of protein:bait interactions using microscale

thermophoresis. Nonetheless, the studies provided sufficient information to enable
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hypothesis driven experiments to be carried out. However, there is evidence that some of
these proteins were reproducibly isolated from columns coupled to different bait host
molecules. These proteins could be prioritised for future studies.

A range of host molecules were immobilised separately onto affinity columns as part of
an overall strategy to identify potential M. pneumoniae proteins that interact with these
host molecules. These experiments were performed under native conditions (physiological
salt and pH with mild detergent) and M. pneumoniae protein complexes are likely to have
been retained. The host molecules included: surface protein complexes derived from
human lung carcinoma (A549) cells, cytoskeletal actin, fetuin (sialic acid rich), the
extracellular matrix protein fibronectin, the glycosaminoglycan mimic heparin, and the
protease proenzyme plasminogen. LC-MS/MS analysis of tryptic fragments generated from
eluents derived from all the ‘Bait and Prey’ experiments identified 337 M. pneumoniae
proteins, nearly 49% of predicted M. pneumoniae proteome (Appendix 2). Approximately
a third of these proteins were identified in all the eluents which suggests that either these
proteins are a common feature of multiple complexes, or the proteins are multifunctional
and bind a range of different host molecules. Each of the 337 proteins will need to be
cloned, expressed and purified as purified recombinant proteins to determine if these are
direct interactions with host molecule. Due to time and resource constraints, interactions
were not verified for all 337 proteins. Rather, interactions were investigated for model

proteins of interest such as Ef-Tu and the P1 adhesin.

261 of the 337 proteins (77%) were recovered in eluents from heparin chromatography
(Figure 3.1). Heparin is a molecular mimic of the glycosaminoglycans (and proteoglycans)
found on host cell surfaces and extracellular matrices?®!. Many bacterial pathogens and
commensals?8:2824% including Mycoplasma spp.?'’:*18224272 target glycosaminoglycans for
adherence to host cell surfaces. Many proteins in biology interact with glycosaminoglycans
and the unique sulfate patterns found in heparin and heparan sulfate underpin many of
the important biological interactions that occur between bacterial adhesins and these
glycosaminoglycans. The proteins identified in the heparin eluents interact: i) due to
electrostatic interactions arising from the negative charges of the glycosaminoglycans, or
ii) directly to sugar residues in heparin, or iii) as part of a complex where another protein

has bound to heparin. Further work would need to generate recombinants of each of these
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proteins and measure direct protein-heparin binding by ELISA, surface plasmon
resonance, or microscale thermophoresis. Pathogens use heparin as a bridging molecule
to bind other host molecules, strengthening adherence to host cells*®. Additionally,
heparin has been shown to increase cell-cell interactions such as those required for biofilm

formation in S. gureus®®? and L. rhamnosus®?.

The 'Bait and Prey’ data was combined with the M. pneumoniae surface proteome
presented in Chapter 2 to yield a list of 149 proteins exposed on the cell surface which
may potentially bind one of the host molecules tested (Appendix 3). Though further work
is needed to verify direct binding, this list suggests that M. pneumoniae has a much larger
population of moonlighting adhesins than previously thought. Previously reported
moonlighting adhesins such as Ef-Tu, Pdh-B, GAPDH, Pdh-A, Pdh-C, lactate
dehydrogenase, phosphoglycerate mutase, pyruvate kinase, GroEL, DnaK, and the
uncharacterised Mpn474 protein?0>208-210213-215269 gre also present in this list of 149
proteins. Enolase, and possibly other moonlighting proteins, in M. pulmonis are tethered
to the cell membrane via the sugar rhamnose?%%2%7, M, pneumoniae has been shown to
also produce rhamnose along with galactose?®’, and an N-acetylglucosamine containing
polysaccharide!!4. However, there were no subsequent studies that investigated the roles
these carbohydrates might have in anchoring proteins to the cell surface. It would be
interesting to see if M. pneumoniae moonlighting proteins are also tethered in the same
way or if there is another molecule(s) responsible for anchoring moonlighting proteins.
How moonlighting proteins associate with the surfaces of the organism that released them

remains an active area of research.

‘Bait and Prey’ chromatography is also useful to enrich for protein cleavage fragments as
it allows the identification of low abundant fragments that would normally be masked in
more complex samples. One of the most novel findings of the work presented in this thesis
is that surface accessible moonlighting proteins are targets of post-translational
proteolysis. Moonlighting proteins are a class of multifunctional proteins that have been
encoded from a single ORF*®°, Proteins arising from gene fusion, alternative splicing, or
those that display low secondary functions (promiscuous enzymes) are not classified as
moonlighting!8>1%°, 108 of the 337 proteins (32%) of the proteins identified by ‘Bait and

Prey’ were also identified as smaller fragments (Appendix 2). Since almost all proteolytic
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events are expected to destroy canonical function, proteolysis processing provides a
mechanism to release functional modules from within larger multifunctional proteins.
Protein cleavage represents a new dimension in protein moonlighting and hypothesise the
idea of ‘Proteolysis Induced Moonlighting’ or PIM. In PIM, cleaved fragments may present
novel interaction sites or motifs that are inaccessible due to the structural constraints of
the parent full length molecule (Figure 7.1). PIM may release conformationally inaccessible
interaction sites, therefore expanding the functional repertoire of ORFs in the genome.

These data suggest the functional proteome is much larger than originally envisaged.

Multifunctional T el Proteolysis
a nd Moonlighting -Ind Uced
Moonlighting activity lostdueto Moon“gh“ng

proteolysis

@

<> p Ivsi A7 ; New interaction
ﬁ roteolysis sites/motifs

Canonical activity ™~ EXpOSGd

cannot be

AN
Protein with performed due to
canonical proteolysis
function \

Figure 7.1: Schematic of the concept of Proteolysis Induced Moonlighting
(PIM). Substrates are shown as different coloured shapes. A typical protein

with a canonical function will interact with one substrate. If the same protein
can interact with other substrates, it gains ‘Multifunctional and Moonlighting’
status as shown on the left. Post-translational proteolysis will create protein
fragments, thereby losing the canonical function of the original protein (middle
panel). However, proteolysis may expose new interaction sites that were
hidden or obscured due to the conformation of the original protein. Surface
accessible cleavage fragments can display novel interaction sites.
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The precise cleavage sites that generate cleavage fragments were identified and mapped
by N-terminal dimethyl labelling (performed by Berry, 1.J). Fragments generated by
proteolytic processing were also identified by LC-MS/MS of 2D-SDS PAGE spots of
M. pneumoniae cell lysates, highlighting the authenticity of processing. The proteins
identified in this thesis that undergo proteolysis span a wide range of protein groups such
as ribosomal proteins, glycolytic enzymes, elongation factors, ATP synthases, chaperones,
lipoproteins, and uncharacterised proteins. This diversity of proteins that undergo
proteolytic processing suggest that a wide range of proteins have the potential to become
multifunctional. Additional analysis is required to determine the extent of endoproteolytic
processing for these proteins and to quantify the strength of binding with target
molecules. It is unknown which protease(s) is responsible for cleaving surface accessible
proteins, but six putative proteases were identified on the M. pneumoniae cell surface
(Appendix 1).

Proteolytic processing of tip structure proteins has previously been described. Cleavage
events shown to occur in M. pneumoniae proteins remove the signal sequence in the
M. pneumoniae attachment organelle protein P11632452%6 and P401¢7:18, Processing also
cleaves Mpn142, generating P40 and P90'%%1¢’, More recently Mpn142 was shown to be a
target of extensive processing on the M. pneumoniae cell surface?®® (see Chapter 4).
Lastly, processing has also been shown to generate immunomodulatory peptides from
surface exposed lipoproteins??®22°, cleave DnaK and P12%, and generate fragments of ten
lipoproteins?*. Functionally important cleavage events have also been reported in other
Mycoplasmas?!2% and have been well documented in a variety of bacterial pathogens”-
241 Extensive cleavage of key surface proteins has also been well documented in M.
hyopneumoniae generating fragments; some of which bind heparin, fibronectin, actin, and
plasminogen!86:187,.216-227.244 " Three proteins identified in the surface proteome study
presented in Chapter 2 were shown to be cleaved extensively. Post-translational
processing is unlikely to be limited to these three proteins. Data mining of the
M. pneumoniae N-terminome is underway to identify cleavage sites within proteins of

interest.
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7.3 The multifunctional and moonlighting activity of Elongation factor
Tu
Ef-Tu was selected as a model moonlighting protein for this thesis as it was one of the
first characterised moonlighting proteins of M. pneumoniae. Dallo et al. reported that 17%
of total Ef-Tu content in M. pneumoniae was surface localised and bound fibronectin in a
dose-dependent manner?®. The data presented in Chapter 5 expands on the number of
host targets that Ef-Tu can bind on the surface of M. pneumoniae. Using a combination
of microscale thermophoresis and ELISA, Ef-Tu was shown to bind a wide range of host
molecules including fetuin, actin, heparin, plasminogen, fibronectin, fibrinogen,
vitronectin, lactoferrin, and laminin. Other M. pneumoniae proteins have been shown to
bind these molecules previously highlighting the diversity of M. pneumoniae host
targets?0°:208-210,213215.271 * Additionally, bound plasminogen was converted to plasmin in the
presence of plasminogen activators and this Ef-Tu-plasmin complex was able to degrade
fibronectin and vitronectin (Figure 5.7). By binding and activating plasminogen,
pathogenic bacteria gain the capacity to penetrate host extracellular matrix and potentially
gain access to membrane receptors that promote bacterial uptake (reviewed in?'! and?'?),
this could enable M. pneumoniae to invade the epithelium. M. pneumoniae has been
shown to invade human A549 cells**! and is hypothesised to disseminate to
extrapulmonary sights such as the brain, resulting in central nervous system
complications*?2, Though further work is needed, it is possible that M. pneumoniaeinvades

host cells by first degrading the host cellular matrix with plasmin bound to Ef-Tu.

A central and C-terminal fibronectin binding region has previously been identified in Ef-
Tu383%, In this work, bioinformatic analyses identified 12 putative heparin binding motifs
that were located along the entire protein. Using thermophoresis, a dissociation constant
(Kp) of 48.3 £ 1.3 nM indicates that Ef-Tu binds strongly to heparin (Figure 5.2). The
predicted 3D structure of Ef-Tu reinforces the surface accessibility of the putative heparin
binding sites (Figure 5.3). Peptide libraries which span the putative heparin binding
domains or mutation studies that replace positively charged residues with alanine are

required to determine if these putative binding motifs in Ef-Tu are functional.

The sequences of Ef-Tu from M. hAyopneumoniae and S. aureus were aligned with the

sequence from M. pneumoniae to determine if these putative heparin binding sites are
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conserved across members of the low G + C Firmicutes (Widjaja et al., submitted, Chapter
5). All three Ef-Tu proteins were shown to be a target of processing events. Fifteen
fragments of M. pneumoniae Ef-Tu were characterised in Chapter 5 and many of these
were independently isolated from ‘Bait and Prey’ affinity chromatography of different host
molecules (Figure 5.2). Since cleavage fragments are likely to fold in a manner that is
different to the parent proteoforms, they may have lost the ability to form complexes with
other proteins. All the identified fragments of Ef-Tu contain putative heparin binding motifs
underscoring the potential of all these fragments to bind heparin. However, the full length
protein and only ten fragments were recovered from heparin chromatography. This implies
that either the confirmation of the remaining four fragments of Ef-Tu block the heparin
binding sites, or that these fragments are in too low in abundance to be detected by LC-
MS/MS. Further work such as expressing and testing direct heparin interactions are
needed. It would be interesting to see whether the number of heparin binding domains in
the fragments, determine the binding affinity of these fragments to heparin.

Moonlighting proteins can evolve by minor evolutionary base mutations within genes,
resulting in amino acid changes which adds an extra function(s) without affecting the
canonical role of the protein*4476, These amino acid mutations are likely to occur within
loops and disordered regions within proteins so as not to affect canonical function?/6-48,
A prime example of these amino acid changes is in the difference between Ef-Tu proteins
of M. pneumoniae and M. genitalium which share 96% sequence identity3®. Six amino
acid differences in the sequences between the two organisms result in the inability of M.
genitalium Ef-Tu to bind fibronectin3*. Three of these amino acid differences are localised

to loops in the molecular model generated by Balasubramanian et al.3%°,

Disordered regions in proteins are known to promote protein:protein interactions** and
thus multifunctional behaviour. However, enzymes and ribosomal proteins typically lack
disordered regions and have strict structural constraints imposed on them to execute
canonical function efficiently. As such there are only limited sites in a protein sequence
that can tolerate mutations that change amino acid sequence. Bioinformatic tools were
employed to predict putative protein:protein interaction regions mediated by SLiMs (Short
Linear Motifs) for Ef-Tu. Due to a low GC-content in the genome, M. pneumoniae tends

to encode for a higher proportion of positively charged lysine residues!*®. The hypothesis
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presented in Chapter 5 is that moonlighting proteins, like Ef-Tu, have evolved SLiMs in
structurally non-conserved, variable regions enriched in positively charged amino acids.
SLiMs allow moonlighting proteins to display novel protein:protein interactions with host

molecules, expanding protein function.

These evolutionary base changes are tolerated in the genomes of organisms that have
duplicated genes, one retaining original canonical function while the other is mutating to
evolve a different function*®!. As Mollicutes are genome reduced, moonlighting functions
are not likely to arise in this manner as there is no evidence that any of the cell surface
moonlighting proteins are products of gene duplication events. It is possible that genetic
mutations in Mollicute spp. are accelerated to generate moonlighting activity compared to
non-Mollicute spp. This is seen in accumulation of positively charged residues (underlined)
in three SLiMs that are predicted to promote binding to heparin in Mpngsry
(3’ AKEGKSAATRY¥, 18PKWEAKIHD!, and **LRPIRKA**). Both 3’AKEGKSAATRY* and
18pKWEAKIHD'! in M. pneumoniae have lysine or arginine residues not seen in Mhper.tu
and Sagr.ty (Figure 5.1) resulting in novel putative heparin binding domains only in Mpngr.
. The third sequence, ***LRPIRKA*, contains two arginine residues (R?* and R?>?) not
seen in Sagr.tu (Saer.Tu sequence: 2LHDTSKT?>*) and thus does not have a heparin binding
domain (Figure 5.1). These three residue changes are predicted to occur within
evolutionarily non-conserved, variable regions (Appendix 5: Supplementary
Bioinformatics). Collectively, this supports the idea that single evolutionary amino acid

changes results in the generation of SLiMs for moonlighting activity.

The bioinformatic tool ISIS, predicted only seven protein:protein interaction regions in full
length Ef-Tu (Figure 5.2). However, many of the cleavage fragments of Ef-Tu contained
predicted proteins-protein interaction sites that were absent in the full length parent
protein (Figure 5.2). These data are consistent with the hypothesis of PIM where post-
translational proteolysis results in newly folded protein fragments that expose new binding
sites originally hidden in the conformation of the full length protein. To verify this,
recombinants of all the fragments would need to be crystallised and modelled to determine

how their structures compare to the parent protein.
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7.4 Proteolysis Induced Moonlighting activity of P1, and potentially P90
of Mycoplasma pneumoniae

P40 and P90 from Mpn142 (Chapter 4), and P1 (Chapter 6) were shown to undergo post-
translational proteolysis events. By combining 1D- and 2D SDS PAGE of M. pneumoniae
cell lysates; avidin enrichment of labelled surface proteins; ‘Bait and Prey’ affinity
chromatography; and N-terminal dimethyl labelling (performed by Berry, 1.J), both
Mpn142 and P1 was found to be cleaved to form 15 (Figure 4.2) and 22 (Figure 6.1)
fragments, respectively.

There is one large predicted disordered region within P40 and one region at the very C-
terminal tail of P90 (Figure 4.2). Both these regions had at least six sequential cleavage
sites across nine amino acids (Table 4.1, sequences: **°GAA|GS|A|S|S|LQ|GNG3!! and
US7TALK|AJA|N|NJA|AP|KAP%?), There is also a large predicted disordered region
spanning 196 residues in P1 (position 1187 — 1382, Figure 6.1) that has 18 sequential
cleavage sites across 19 amino acids (Table 6.1, sequence:
134GTS|ID|GIN|T|S|S|T{N|NJLJA|P|N|T|N|T|G|NDV!3%3), Sequential removal of N- or
C-terminal residues from cleavage sites within these predicted disordered regions was
observed. It is unknown exactly why this occurs, but it has been suggested to allow the
cleaved amino acids to be recycled for the synthesis of new proteins??>??7; echoing the
absence of amino acid biosynthesis pathways in Mycoplasma spp.. If this hypothesis has
merit then it suggests that processing creates new proteoforms and a mechanism to
provide amino acids to nourish the pathogen. Further studies are required to interrogate
this hypothesis.

Both the C-terminus of P1 and P90 contain predicted disordered regions (Figure 6.1 and
Figure 4.2), and within these disordered regions are cleavage sites which release the last
30 amino acids from both protein. The C-terminal 30 amino acids of these proteins share
sequence identity of 54.8% (Figure 4.3), and are enriched in positively charged amino
acids (lysine and arginine) and bulky amino acids (proline). These residues are known to
promote protein:protein interactions. Regions enriched in positive residues are known to
interact with plasminogen and actin??140143643% The cleavage event and the sequence
similarity provoked interest because it suggests that the C-terminal tail of both these
molecules have evolved to interact with a similar target. On closer inspection, the final 15
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amino acids of both proteins have a higher sequence identity (68.8%). To examine the
function of the C-terminal tail of P1 (sequence: !$!3PGAPKPPVQPPKKPA!%’) was
synthesized.

Remarkably, host molecules that interact with the P1 adhesin have not been characterised
in detail. Microscale thermophoresis revealed a strong affinity between the synthesised P1
peptide and the host molecules tested (heparin, fetuin, and plasminogen). It is likely the
proline and lysine residues present in this peptide are responsible for the strong affinity.
The last 15 amino acids of P90 (sequence: 2**APTAPRPPVQPPKKA!%8) contains the same
number of positively charged residues and six proline residues (oppose to seven in P1). It
is likely that the C-terminal tail of P90 shares the same affinity to heparin, fetuin, and
plasminogen as does P1 but that was not evaluated in this work. The P1 peptide was
coupled to Avidin Agarose to identify host proteins that interact with it. The observation
that this peptide could recover cytokeratin 7, cytokeratin 8, cytokeratin 18, and vimentin
from native lysates of human lung epithelial (A549) cells is both a novel and ground-
breaking observation. Vimentin has been implicated as a target for £. col/i during invasion
into brain endothelial cells*®. Further work is required to verify binding between peptide
and these cytoskeletal proteins. It is possible that the P1 adhesin targets these cytoskeletal

proteins during or after invasion of host cells.

Overall, post-translational proteolytic processing of dominant adhesins remains poorly
understood. However, this work suggests that the adhesins and cleavage fragments
generated from proteolysis can interact with multiple host molecules, expanding their
function. Cleavage fragments may also function as immune decoy molecules. The P1
adhesin is known to be highly immunogenic and is often detected in M. pneumoniae
infected patient sera'>®%2423, Schurwanz et al. mapped immunoreactive sites within P1
and showed that they resided in regions that were separate to those required for
adherence®. It is conceivable that P1 fragments function by binding host immunoglobulins
and promote bacterial adherence. Schurwanz et al. also demonstrated that the carboxyl
half of P1 was highly immunogenic particularly the C-terminal 341 amino acids
(recombinant proteins RP14 and RP15 from®)%, It is possible that the C-terminal tail of
P1, which lacks any predicted transmembrane domains, is cleaved off and released into

the extracellular milieu where it may bind to and block host antibodies. A similar scenario
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has been observed in M. genitalium, a close relative of M. pneumoniae, where Protein M
has been shown to display affinity to host antibodies***. This is also seen in a range of
Gram-positive bacteria (reviewed in*®3). S.aureus, Streptococcus pyogenes, and group B
streptococci have been shown to bind to the tail (Fc region) of antibodies thereby blocking
the interaction between antibodies and host immune cells*3. Additional experiments are
required to determine the affinity of cleavage fragments and the C-terminal tail of P1 to

host antibodies.

7.5 Concluding remarks

This thesis investigated the proteins involved during M. pneumoniae colonisation of the
human respiratory tract. M. pneumoniaeis one of the major causes of bacterial pneumonia
in close contact settings such as schools and hospitals. A successful vaccine against this
respiratory pathogen is yet to be developed and treatment options are limited.
Additionally, children are limited to one class of antibiotics due to the adverse long-term
side effects of other agents. The work presented within this thesis investigated the
functional proteome of M. pneumoniae, with the goal of discovering potential novel
therapeutic or vaccine targets. Data presented in this thesis has provided novel insight for
vaccine development. By mapping proteolytic processing events, one can gain insight into
how different regions within surface molecules may be critical for adherence while
avoiding other regions of the same molecule that might promote adverse immune

responses.

Investigating the surface proteome of M. pneumoniae identified proteins that were
originally thought to solely occupy an intracellular location. These essential proteins
appear to function as auxiliary adhesins and may be useful in vaccine and other
therapeutic formulations. Is the efficacy of current antibiotics reduced due to inhibiting
surface exposed targets, as opposed to intracellular essential proteins? Many microbial
vaccines suffer because they are serotype or lineage-specific. The incorporation of
functionally conserved proteins may assist in generating cross-protection. Processing of
dedicated adhesins such as P1, and key accessory proteins such as Mpn142 has assisted
with understanding the structure and function of these molecules. The studies presented
in this thesis suggest that different regions of these molecules may be most suitable as

therapeutic targets, while others may promote excessive inflammation and detract from
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their suitability as a vaccine antigen. Cleavage fragment analysis also assists with the
functional identification of binding motifs.

By combining the analysis of the surface proteome with the analysis of host binding
proteins, a list of 149 potential proteins that function as adhesins on the M. pneumoniae
cell surface was generated (Appendix 3). Proteolysis of surface proteins in M. pneumoniae
provides a mechanism to generate functioning fragments by exposing new interaction
sites and motifs, a phenomenon I would like to introduce as Proteolysis Induced
Moonlighting. These new sites or motifs may expand on the moonlighting capabilities of
surface accessible proteins. The data generated in this thesis strongly suggests that post-
translational proteolysis is not limited to the three proteins that were studied intensively

here, and is a widespread phenomenon.
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8.1 Appendix 1: Surface proteome of M. pneumoniae

Appendix 1: Table 1: Proteins identified in Biotinylation and surface shaving experiments of M. pneumoniae.

UniProt

Mass

# Name Gene Length (kDa) pl Shave Biotin
POCJI81 | Proline-rich P65 protein p65 405 47.0 4.3 Y Y
P11311 | Adhesin P1 mgpA 1635 176.2 8.5 Y Y
P22447 | DNA gyrase subunit B gyrB 650 73.8 5.7 Y Y
P23568 @ Elongation factor Tu tuf 394 43.1 6.1 Y Y
P41204 50S ribosomal protein L16 rplP 139 15.6 10.2 Y Y
P46775 | 30S ribosomal protein S4 rpsD 205 23.8 10.7 Y Y
P53527 | Probable ribose-5-phosphate isomerase B 1piB 150 16.7 5.7 - Y
P54125  Oligoendopeptidase F homolog pepF 611 70.9 8.8 Y Y
P75033 | Uncharacterized ATP-dependent helicase MG140 homolog MPN_153| 1113 130.3 8.2 Y -
P75044 Ribose-phosphate pyrophosphokinase prs 328 36.7 8.2 Y Y
P75049 | Protein MG054 homolog MPN_067| 320 36.1 5.2 Y Y
P75053 | Purine nucleoside phosphorylase deoD-type deoD 238 26.3 6.7 Y Y
P75054 | Signal recognition particle protein fth 450 50.1 9.3 Y =
P75061  Phosphocarrier protein HPr ptsH 88 9.5 8.0 Y Y
P75062  Uncharacterized lipoprotein MG040 homolog MPN_052| 657 71.6 9.3 - Y
P75063 | Uncharacterized protein MG039 homolog MPN_051| 384 42.7 9.0 Y Y
P75064 @ Glycerol kinase glbK 508 56.6 8.7 Y Y
P75070 | Thymidine kinase tdk 191 21.5 6.4 Y Y

#%| Appendix 1
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Uni;;rot Name Gene Length (I\ngs) pI Shave Biotin
P75085 @ Elongation factor P efp 190 21.8 5.1 Y Y
P75089 | Fructose-bisphosphate aldolase fba 288 31.0 6.4 Y Y
P75090 | Probable DNA-directed RNA polymerase subunit delta rpoE 144 17.2 4.3 - Y
P75092 | Putative proline iminopeptidase pip 309 34.7 7.7 Y Y
P75109  Uncharacterized ABC transporter permease MG468 homolog | MPN_684 | 1882 209.3 8.2 Y Y
P75114 Glutamyl-tRNA synthetase gltx 484 55.6 8.6 Y Y
P75120 | ATP-dependent zinc metalloprotease ftsH 709 77.7 9.1 Y Y
P75129 | Peptide methionine sulfoxide reductase msrB 151 17.3 7.0 - Y
P75131 30S ribosomal protein S16 rpsP 88 10.0 10.2 - Y
P75159 | Putative type I restriction enzyme specificity protein MPN_638 | 375 42.6 8.5 = Y
P75161 Ribosome-recycling factor frr 184 21.7 7.8 = Y
P75167 ii;l;issephosphogcherate-independent phosphoglycerate goml 508 56.3 6.1 Y Y
P75168 | Phosphoenolpyruvate-protein phosphotransferase ptsI 572 63.9 7.7 Y Y
P75170  Uncharacterized protein MG427 homolog MPN_625| 141 15.5 6.5 Y Y
P75179 | 30S ribosomal protein S9 rpsI 132 15.1 10.5 Y Y
P75184 | Uncharacterized lipoprotein MG412 homolog MPN_611| 385 41.0 9.4 - Y
P75189 | Enolase eno 456 49.2 6.1 Y Y
P75205 10 kDa chaperonin groS 116 12.6 9.0 Y Y
P75206 | Probable cytosol aminopeptidase PEPA 445 48.8 8.5 Y Y
P75223 | Uncharacterized protein MG377 homolog MPN_555| 193 22.4 5.6 Y Y
P75231 | Uncharacterized protein MG369 homolog MPN_547| 558 62.4 8.4 Y -




UniProt

Mass

# Name Gene Length (kDa) pI Shave Biotin
P75237 | 30S ribosomal protein S20 rpsT 56 10.0 11.6 - Y
P75239 | 50S ribosomal protein L7/L12 1plL 122 13.1 4.9 Y Y
P75240 | 50S ribosomal protein L10 rplJ 161 17.6 9.7 Y Y
P75245 | Acetate kinase ackA 390 43.7 8.1 Y Y
P75247 | Chaperone protein ClpB clpB 715 81.3 8.1 Y Y
P75248  Uncharacterized protein MG354 homolog MPN_530| 136 15.6 5.2 Y Y
P75249 | Uncharacterized protein MG353 homolog MPN_529 | 109 12.4 10.1 Y Y
P75250 Inorganic pyrophosphatase ppa 184 21.4 5.5 - Y
P75254 | UPF0134 protein MPN_524 MPN_524 | 168 20.1 8.8 = Y
P75255 | Uncharacterized lipoprotein MG348 homolog MPN_523 | 305 33.5 9.2 Y Y
P75259 | UPF0134 protein MPN_139 MPN_139| 163 19.1 9.2 - Y
P75265 | Uncharacterized lipoprotein MG186 homolog MPN_133| 286 33.2 6.5 Y Y
P75269 | Uncharacterized protein MG343 homolog MPN_518| 348 40.7 8.9 Y -
P75271 DNA-directed RNA polymerase subunit beta rpoC 1290 1448 9.3 Y Y
P75277 Uncharacterized protein MPN_509 MPN_509 | 427 49.8 9.1 Y =
P75280 | Uncharacterized lipoprotein MPN_506 MPN_506 | 793 87.4 9.2 Y Y
P75286 | UPF0134 protein MPN_501 MPN_501| 202 23.2 9.1 - Y
P75295  Uncharacterized protein MPN_491 MPN_491 | 474 52.9 9.1 Y Y
P75296  Uncharacterized lipoprotein MG338 homolog MPN_489 | 1300 143.0 9.1 Y Y
P75305 | FMN-dependent NADH-azoreductase azorR 197 21.5 8.7 Y Y
P75310 | Uncharacterized protein MG328 homolog MPN_474 | 1033 118.1 4.9 Y Y
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Uni;;rot Name Gene Length (I\ngs) pI Shave Biotin
P75313 | Putative Xaa-Pro aminopeptidase pepP 354 39.6 8.8 Y Y
P75327 | Uncharacterized lipoprotein MG321 homolog MPN_456 | 1005 110.4 6.3 - Y
P75329 | Uncharacterized protein MG319 homolog MPN_454 | 193 21.4 10.2 Y Y
P75334 | Uncharacterized lipoprotein MG309 homolog MPN_444 | 1289 146.2 7.9 Y Y
P75342 Uncharacterized lipoprotein MG307 homolog MPN_436 | 1244 139.0 9.1 Y Y
P75344 | Chaperone protein dnaK dnakK 595 65.1 5.4 Y Y
P75353 | Uncharacterized protein MG202 homolog MPN_121 | 121 13.3 4.9 Y Y
P75354 Dnal-like protein MG200 homolog (TopJ accessory protein) MPN_119| 910 100.1 4.2 Y Y
P75358 | Glyceraldehyde-3-phosphate dehydrogenase gapA 337 36.8 8.9 Y Y
P75359 | Phosphate acetyltransferase pta 320 35.2 6.9 Y Y
P75360 | Uncharacterized protein MPN_427 MPN_427 | 290 33.2 6.3 Y Y
P75374 | UPF0134 protein MPN_410 MPN_409 | 148 17.4 9.0 - Y
P75376 | Uncharacterized lipoprotein MPN_408 MPN_408 | 760 83.3 9.2 Y Y
P75383 | Uncharacterized protein MG281 homolog MPN_400| 582 65.9 7.1 Y Y
P75385 | Uncharacterized protein MG279 homolog MPN_398 | 218 24.9 9.0 Y -
P75389 | Probable NADH oxidase nox 479 52.8 6.6 Y Y
P75390 | Pyruvate dehydrogenase E1 component subunit alpha pdhA 358 40.6 6.2 Y Y
P75391 | Pyruvate dehydrogenase E1 component subunit beta pdhB 327 35.9 6.5 Y Y
prsasy DVIOIOne e b rensfesse cmpnnt ol e a2 24 55| Y
P75393 | Dihydrolipoyl dehydrogenase pdhD 457 49.4 8.4 Y Y




Uni;;rot Name Gene Length (I\ngs) pI Shave Biotin
P75394 | Probable lipoate-protein ligase A IplA 339 39.2 6.2 Y Y
P75395 | Uncharacterized protein MG269 homolog MPN_387| 358 42.6 5.7 Y Y
P75396 | Uncharacterized protein MG268 homolog MPN_386 | 229 27.0 8.9 Y Y
P75399 | Uncharacterized protein MG265 homolog MPN_383| 282 31.9 6.0 Y Y
P75405 | Uncharacterized protein MPN_376 MPN_376 | 1140 130.3 9.4 Y Y
P75409 | ADP-ribosylating toxin CARDS MPN_372| 591 68.0 5.6 Y Y
P75454 | Trigger factor tig 444 51.3 6.1 Y Y
P75460 @ Protein nrdI nral 153 17.1 7.8 Y Y
P75461 Ribonucleoside-diphosphate reductase subunit beta nrdF 339 39.4 5.5 Y Y
P75466 @ Ribosomal RNA small subunit methyltransferase H rsmH 308 35.2 9.2 Y Y
P75467 | Protein MraZ mraZ 141 16.3 5.9 Y Y
P75470 g:c)ctg?scterized protein MG218.1 homolog (P41 accessory MPN 311|357 40.6 4.8 v v
P75471 Cytadherence high molecular weight protein 2 hmw2 1818 215.5 9.0 Y Y
P75477 | Segregation and condensation protein B scpB 208 23.7 8.5 = Y
P75482 Uncharacterized protein MG210.1 homolog MPN_295| 220 25.7 7.7 = Y
P75489 | Uncharacterized lipoprotein MPN_288 MPN_288 | 787 86.8 9.1 Y Y
P75493 | Uncharacterized lipoprotein MPN_284 MPN_284 | 794 87.1 9.2 - Y
P75497 | Ribonuclease ] MPN_280| 569 64.0 7.6 Y Y
P75504 | Uncharacterized 16.1 kDa HIT-like protein MPN 273 | 144 16.1 6.6 Y Y
P75509 | Uncharacterized protein MG127 homolog MPN_266 | 145 16.8 9.8 - Y
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Uni;;rot Name Gene Length (I\ngs) pI Shave Biotin
P75512 | Thioredoxin trxA 102 11.2 7.7 Y Y
P75518 | Uncharacterized protein MG117 homolog MPN_256 | 223 25.7 4.4 Y Y
P75526 | Guanylate kinase gmk 189 27.0 7.7 Y Y
P75529 | Ribonuclease R mr 726 83.2 5.6 Y Y
P75538 | Uncharacterized lipoprotein MG095 homolog MPN_233| 454 49.8 9.1 - Y
P75539 | Replicative DNA helicase dnaB 473 54.5 5.6 Y Y
P75542 | Single-stranded DNA-binding protein ssb 166 18.4 4.3 = Y
P75544 | Elongation factor G fusA 688 76.5 5.5 Y Y
P75545 30S ribosomal protein S7 psG 155 17.9 10.5 Y Y
P75550 | 50S ribosomal protein L11 oIk 137 14.8 9.7 Y Y
P75551  Oligopeptide transport ATP-binding protein OppF OppF 851 98.6 9.2 Y =
P75556 Uncharacterized protein MGO75 homolog (P116 adhesin) MPN_213| 1030 115.9 5.9 Y Y
P75558 | UvrABC system protein B uvrB 657 75.1 8.5 Y Y
P75559 | Protein translocase subunit SecA secA 808 91.8 7.0 Y -
P75560 @30S ribosomal protein S2 rpsB 294 33.4 9.2 Y Y
P75563 | Phenylalanyl-tRNA synthetase beta chain pheT 805 91.7 8.4 Y Y
P75569 | PTS system glucose-specific EIICBA component ptsG 940 101.6 9.4 Y Y
P75576 | 30S ribosomal protein S19 1psS 87 10.0 10.5 - Y
P75577 | 50S ribosomal protein L2 rplB 287 31.9 10.4 Y Y
P75578 | 50S ribosomal protein L23 oW 237 25.8 10.1 - Y
P75579 | 50S ribosomal protein L4 rplD 212 23.6 10.1 = Y




UniProt Mass

Name Gene Length pI Shave Biotin

# (kDa)
P75580 | 50S ribosomal protein L3 plC 287 31.2 9.9 Y Y
P75581 | 30S ribosomal protein S10 rpsJ 108 12.2 10.0 - Y
P75583 | Uncharacterized lipoprotein MG149 homolog MPN_162 | 320 36.1 6.2 - Y
P75588 | Uncharacterized protein MG144 homolog MPN_157| 402 44.3 10.0 Y Y
P75590 | Translation initiation factor IF-2 infB 617 67.9 8.0 Y =
P75591 | Transcription termination/antitermination protein NusA nusA 540 60.2 5.9 Y Y
P75610 | Uncharacterized lipoprotein MPN_083 MPN_083| 533 59.9 7.7 Y -
P78007 | L-lactate dehydrogenase Idh 312 33.9 8.4 Y Y
P78009 @ Elongation factor Ts tsf 298 33.6 7.7 Y Y
P78010 @ Triosephosphate isomerase tpiA 244 26.9 7.0 Y -
P78012 60 kDa chaperonin groL 543 58.1 5.6 Y Y
P78013 DNA-directed RNA polymerase subunit beta rpoB 1391 155.5 6.1 Y Y
P78017 | Protein grpE grpE 217 24.7 7.8 Y Y
P78018 Phosphoglycerate kinase pgk 409 44.2 7.1 Y Y
P78019 @ Transcription elongation factor greA greA 160 18.1 4.9 Y Y
P78022 | RNA polymerase sigma factor rpoD 499 57.8 8.9 Y Y
P78025 | Lon protease lon 795 90.1 7.6 Y -
P78027 | Ribonucleoside-diphosphate reductase subunit alpha nrdE 721 82.3 6.6 Y Y
P78031  Pyruvate kinase pyk 508 57.2 9.2 Y Y
P78032 | DNA topoisomerase 1 topA 711 81.9 9.3 Y Y
P78035 | 50S ribosomal protein L1 rplA 226 24.3 9.6 Y Y
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Uni;;rot Name Gene Length (I\ngs) pI Shave Biotin
Q50288 | Uncharacterized lipoprotein MPN_200 MPN_200| 798 87.6 9.4 Y Y
Q50289 | Uncharacterized lipoprotein MPN_199 MPN_199 | 760 84.2 9.3 Y Y
Q50293 Energy-coupling factor transporter ATP-binding protein EcfA ocfA2 303 34.3 8.2 Y v
Q50295 | DNA-directed RNA polymerase subunit alpha 1poA 327 36.6 7.0 Y Y
Q50296 | 30S ribosomal protein S11 1psK 121 12.7 10.3 - Y
Q50298 | Translation initiation factor IF-1 infA 78 9.0 9.9 = Y
Q50301 | 30S ribosomal protein S5 1psE 219 24.1 11.0 Y Y
Q50303 | 50S ribosomal protein L6 rolF 184 20.6 9.9 Y Y
Q50313 | DNA polymerase III subunit beta dnah 380 43.8 5.8 Y Y
Q50314  ParA family protein MPN_688 | 270 30.1 7.0 - Y
Q50329 | ATP synthase subunit alpha atpA 518 57.3 6.2 Y Y
Q50331 | ATP synthase subunit beta atpD 475 52.2 5.5 Y Y
Q50335 | Uncharacterized lipoprotein MPN_592 MPN_592 | 521 59.5 7.2 Y -
Q50341 | Mgp-operon protein 3 MPN_142 | 1218 130.4 8.0 Y Y
Q50360 | Cytadherence high molecular weight protein 3 hmw3 672 73.7 4.7 Y Y
Q50365 | Cytadherence high molecular weight protein 1 hmwl 1018 112.1 4.0 Y Y
Q9EXD3 | Uncharacterized protein MPN_377 MPN_377 | 74 9.1 6.4 Y Y
Q9EXDS ?gcmoglgitéen-fpeaﬂc phosphotransferase enzyme IIB UlaB 95 10.3 79 ) v

Y under ‘Shave’ and 'Biotin’ columns indicates that the protein was identified by that methodology. Proteins listed had a minimum
MASCOT protein score of 75 and at least identified twice from six replicates (three from shaving, three from biotinylation).




Appendix 1: Table 2: Bioinformatic predictions of the proteins identified on the surface of M. pneumoniae.

SignalP  SecretomeP TMpred Lolégliizgcé;con Locpzflgg’-cli-on
POCJI81 | Proline-rich P65 protein No Yes 0 Cell membrane CIV»;Z ?ESZ:;C
P11311 Adhesin P1 Yes Yes 6 Cell membrane Unknown
P22447 | DNA gyrase subunit B No No 1 Unknown Cytoplasmic
P23568 | Elongation factor Tu No No 0 Cytoplasm Cytoplasmic
P41204 | 50S ribosomal protein L16 No Yes 0 Unknown Cytoplasmic
P46775 | 30S ribosomal protein S4 No No 0 Unknown Unknown
P53527 | Probable ribose-5-phosphate isomerase B No No 1 Unknown Cytoplasmic
P54125 | Oligoendopeptidase F homolog No Yes 0 Unknown Cytoplasmic
P75033 Héclh :Ora;;;rzli(; ATP-dependent helicase No No 0 Unknown Cytoplasmic
P75044 | Ribose-phosphate pyrophosphokinase No No Cytoplasm Cytoplasmic
P75049 | Protein MG054 homolog No No 0 Unknown Cytoplasmic
P75053 | Purine nucleoside phosphorylase deoD-type No No 1 Unknown Cytoplasmic
P75054 | Signal recognition particle protein No No 0 Unknown CI\ZI,Z C:E:f:;:éc
P75061 | Phosphocarrier protein HPr No No 0 Cytoplasm Cytoplasmic
P75062 | Uncharacterized lipoprotein MG040 homolog Yes Yes 3 Cell membrane Unknown
P75063 | Uncharacterized protein MG039 homolog No No 1 Unknown Cytoplasmic
P75064 | Glycerol kinase No No 1 Unknown Cytoplasmic
P75070 | Thymidine kinase No No 0 Cytoplasm Cytoplasmic
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UniProt

SignalP

SecretomeP TMpred

UniProt

PSORT

id

Localisation

Localisation

P75085 | Elongation factor P No No Cytoplasm Cytoplasmic

P75089 | Fructose-bisphosphate aldolase No No Unknown Cytoplasmic

P75090 Probal?le DNA-directed RNA polymerase No No Unknown Cytoplasmic
subunit delta

P75092 | Putative proline iminopeptidase No No Cytoplasm Cytoplasmic
Uncharacterized ABC transporter permease Cytoplasmic

P75109 MG468 homolog No Yes Cell membrane Membrane

P75114 | Glutamyl-tRNA synthetase No No Cytoplasm Cytoplasmic

) . Cytoplasmic

P75120 | ATP-dependent zinc metalloprotease No No Cell membrane Membrane

P75129 | Peptide methionine sulfoxide reductase No Yes Unknown Unknown

P75131 | 30S ribosomal protein S16 No Yes Unknown Cytoplasmic

P75159 Putat!ve type I restriction enzyme specificity No No Unknown Unknown
protein

P75161 | Ribosome-recycling factor No No Cytoplasm Cytoplasmic

P75167 2,3-bisphosphoglycerate-independent No No Unknown Cytoplasmic
phosphoglycerate mutase

P75168 Phosphoenolpyruvate-protein No No Cytoplasm Cytoplasmic
phosphotransferase

P75170 | Uncharacterized protein MG427 homolog No No Unknown Unknown

P75179 | 30S ribosomal protein S9 No Yes Unknown Cytoplasmic

P75184 | Uncharacterized lipoprotein MG412 homolog Yes Yes Cell membrane Unknown

Cell surface,
P75189 | Enolase No No Cytoplasm, Cytoplasmic
Secreted




UniProt

SignalP  SecretomeP TMpred

UniProt

PSORT

id

Localisation

Localisation

P75205 | 10 kDa chaperonin No Yes 0 Cytoplasm Unknown
P75206 | Probable cytosol aminopeptidase No No Cytoplasm Cytoplasmic
P75223 | Uncharacterized protein MG377 homolog No No 0 Unknown Cytoplasmic
P75231 | Uncharacterized protein MG369 homolog No No 1 Unknown Cytoplasmic
P75237 | 30S ribosomal protein S20 No Yes 0 Unknown Unknown
P75239 | 50S ribosomal protein L7/L12 No No 1 Unknown Cytoplasmic
P75240 | 50S ribosomal protein L10 No No 1 Unknown Cytoplasmic
P75245 | Acetate kinase No No 0 Cytoplasm Cytoplasmic
P75247 | Chaperone protein ClpB No No 1 Cytoplasm Cytoplasmic
P75248 | Uncharacterized protein MG354 homolog No No 1 Unknown Cytoplasmic
P75249 | Uncharacterized protein MG353 homolog No Yes 0 Unknown Cytoplasmic
P75250 | Inorganic pyrophosphatase No No 1 Cytoplasm Cytoplasmic
P75254 | UPF0134 protein MPN_524 No No 0 Unknown Cytoplasmic
P75255 | Uncharacterized lipoprotein MG348 homolog Yes Yes 1 Cell membrane Unknown
P75259 | UPF0134 protein MPN_139 No Yes 0 Unknown Unknown
P75265 | Uncharacterized lipoprotein MG186 homolog No Yes 1 Cell membrane Extracellular
P75269 | Uncharacterized protein MG343 homolog No No 0 Unknown ante (;E)L?-ZTLC
P75271 | DNA-directed RNA polymerase subunit beta No No 0 Unknown Cytoplasmic
P75277 | Uncharacterized protein MPN_509 No No 1 Unknown Unknown
P75280 | Uncharacterized lipoprotein MPN_506 Yes Yes 2 Cell membrane Unknown
P75286 | UPF0134 protein MPN_501 No Yes 0 Unknown Unknown
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SignalP  SecretomeP TMpred

UniProt

PSORT

id

Localisation

Localisation

P75295 | Uncharacterized protein MPN_491 No Yes 1 Cell membrane Unknown
P75296 | Uncharacterized lipoprotein MG338 homolog No Yes 2 Cell membrane Unknown
P75305 | FMN-dependent NADH-azoreductase No Yes 3 Unknown Unknown
P75310 | Uncharacterized protein MG328 homolog No Yes 0 Unknown Cytoplasmic
P75313 | Putative Xaa-Pro aminopeptidase No No 0 Unknown Cytoplasmic
P75327 | Uncharacterized lipoprotein MG321 homolog Yes Yes 4 Cell membrane Unknown
P75329 | Uncharacterized protein MG319 homolog No Yes 2 Cell membrane Chfe C:EE;?;C
P75334 | Uncharacterized lipoprotein MG309 homolog Yes Yes 1 Cell membrane Unknown
P75342 | Uncharacterized lipoprotein MG307 homolog Yes Yes 2 Cell membrane Extracellular
P75344 | Chaperone protein dnakK No No 0 Unknown Cytoplasmic
P75353 | Uncharacterized protein MG202 homolog No Yes 0 Unknown Unknown
P75354 aDCnCaeJS:!gfygfotteei Inn;VI G200 homolog (Top) No Yes 0 Unknown Cytoplasmic
P75358 | Glyceraldehyde-3-phosphate dehydrogenase No No 0 Cytoplasm Cytoplasmic
P75359 | Phosphate acetyltransferase No No 1 Cytoplasm Unknown
P75360 | Uncharacterized protein MPN_427 No Yes 0 Unknown Cytoplasmic
P75374 | UPF0134 protein MPN_410 No Yes 0 Unknown Unknown
P75376 | Uncharacterized lipoprotein MPN_408 Yes Yes 3 Cell membrane Unknown
P75383 | Uncharacterized protein MG281 homolog No Yes 1 Cell membrane Cytoplasmic
P75385 | Uncharacterized protein MG279 homolog Yes Yes 2 Cell membrane Unknown
P75389 | Probable NADH oxidase No No 3 Unknown Cytoplasmic




UniProt

SignalP  SecretomeP TMpred

UniProt

PSORT

# Localisation Localisation
P75390 Pyruve_nte dehydrogenase E1 component No No 1 Unknown Cytoplasmic
subunit alpha
P75391 Pyruve_nte dehydrogenase E1 component No No 2 Unknown Cytoplasmic
subunit beta
Dihydrolipoyllysine-residue acetyltransferase
P75392 | component of pyruvate dehydrogenase No No 2 Unknown Cytoplasmic
complex
P75393 | Dihydrolipoyl dehydrogenase No No 3 Cytoplasm Cytoplasmic
P75394 | Probable lipoate-protein ligase A No No 0 Cytoplasm Cytoplasmic
P75395 | Uncharacterized protein MG269 homolog No Yes 0 Unknown Cytoplasmic
P75396 | Uncharacterized protein MG268 homolog No No 1 Unknown Cytoplasmic
P75399 | Uncharacterized protein MG265 homolog No No 0 Unknown Cytoplasmic
P75405 | Uncharacterized protein MPN_376 Yes Yes 2 Cell membrane Cyloplasmic
Membrane
P75409 | ADP-ribosylating toxin CARDS No Yes 0 Cell membrane  CYtoplasmic
Membrane
P75454 | Trigger factor No No Unknown Cytoplasmic
P75460 @ Protein nrdl No No 0 Unknown Unknown
P75461 Rlbongcle05|de-d|phosphate reductase No No 1 Unknown Cytoplasmic
subunit beta
Ribosomal RNA small subunit .
P75466 methyltransferase H No No 0 Cytoplasm Cytoplasmic
P75467 | Protein MraZ No No 0 Unknown Unknown
P75470 Uncharacterized protgm MG218.1 homolog No Yes 0 Unknown Cytoplasmic
(P41 accessory protein)
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UniProt

SignalP  SecretomeP TMpred

UniProt

PSORT

# Localisation Localisation
P75471 gytadherence high molecular weight protein No No 0 Unknown Cytoplasmic
P75477 | Segregation and condensation protein B No No 1 Cytoplasm Cytoplasmic
P75482 | Uncharacterized protein MG210.1 homolog No Yes 0 Unknown Cytoplasmic
P75489 | Uncharacterized lipoprotein MPN_288 Yes Yes 2 Cell membrane Unknown
P75493 | Uncharacterized lipoprotein MPN_284 Yes Yes 2 Cell membrane Unknown
P75497 | Ribonuclease ] No No 0 Cytoplasm Cytoplasmic
P75504 | Uncharacterized 16.1 kDa HIT-like protein No No 0 Unknown Cytoplasmic
P75509 | Uncharacterized protein MG127 homolog No Yes 0 Unknown Cytoplasmic
P75512 | Thioredoxin No No 0 Unknown Cytoplasmic
P75518 | Uncharacterized protein MG117 homolog No Yes 0 Unknown Unknown
P75526 | Guanylate kinase No No 1 Cytoplasm Cytoplasmic
P75529 | Ribonuclease R No No 3 Unknown Cytoplasmic
P75538 | Uncharacterized lipoprotein MG095 homolog Yes Yes 1 Cell membrane Unknown
P75539 | Replicative DNA helicase No No 0 Unknown Cytoplasmic
P75542 | Single-stranded DNA-binding protein No Yes 0 Unknown Unknown
P75544 | Elongation factor G No No 1 Cytoplasm Cytoplasmic
P75545  30S ribosomal protein S7 No No 0 Unknown Unknown
P75550 | 50S ribosomal protein L11 No No 0 Unknown Cytoplasmic
P75551 8:;%?:peptide transport ATP-binding protein No No 0 Cell membrane Clellte?ﬁll)zizwéc
P75556 tJPnlclh 6a ?;ﬁi;iiz:’)d protein MGO75 homolog Yes Yes 2 Cell membrane Unknown




UniProt

SignalP  SecretomeP TMpred

UniProt

PSORT

id

Localisation

Localisation

P75558 | UvrABC system protein B No No 0 Cytoplasm Cytoplasmic
P75559 | Protein translocase subunit SecA No No 1 gﬂcl)gae:r‘:ﬁ;a;gé Cytoplasmic
P75560 @30S ribosomal protein S2 No No 0 Unknown Cytoplasmic
P75563 | Phenylalanyl-tRNA synthetase beta chain No No 0 Cytoplasm Cytoplasmic
P75569 gr?wsg?]zer?; glucose-specific ELICBA No Yes 10 Cell membrane CI\}IIE Cr’ELar‘ZT;C
P75576 | 30S ribosomal protein S19 No Yes 0 Unknown Cytoplasmic
P75577 | 50S ribosomal protein L2 No No 0 Unknown Unknown
P75578 | 50S ribosomal protein L23 No Yes 0 Unknown Unknown
P75579 | 50S ribosomal protein L4 No Yes 0 Unknown Unknown
P75580 | 50S ribosomal protein L3 No Yes 1 Unknown Cytoplasmic
P75581 | 30S ribosomal protein S10 No No 0 Unknown Cytoplasmic
P75583 | Uncharacterized lipoprotein MG149 homolog Yes Yes 1 Cell membrane Unknown
P75588  Uncharacterized protein MG144 homolog No Yes 3 Cell membrane Clgllte ?EL?,:?;C
P75590 | Translation initiation factor IF-2 No No 1 Cytoplasm Cytoplasmic
P75591 ;:3?;‘;\”55:2 termination/antitermination No Yes 0 Unknown Cytoplasmic
P75610 | Uncharacterized lipoprotein MPN_083 No Yes 2 Cell membrane Unknown
P78007 | L-lactate dehydrogenase No No 1 Cytoplasm Cytoplasmic
P78009 | Elongation factor Ts No No 0 Cytoplasm Cytoplasmic
P78010 | Triosephosphate isomerase No No 1 Cytoplasm Cytoplasmic
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PSORT
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Localisation

Localisation

P78012 | 60 kDa chaperonin No No 2 Cytoplasm Cytoplasmic
P78013 | DNA-directed RNA polymerase subunit beta No No 1 Unknown Cytoplasmic
P78017 | Protein grpE No No 0 Cytoplasm Cytoplasmic
P78018 | Phosphoglycerate kinase No No 2 Cytoplasm Cytoplasmic
P78019 | Transcription elongation factor greA No No 0 Unknown Cytoplasmic
P78022 | RNA polymerase sigma factor No No 0 Unknown Cytoplasmic
P78025 | Lon protease No No 0 Cytoplasm Cytoplasmic
P78027 5&%%1?; Lelgiige-diphosphate reductase No No 1 Unknown Cytoplasmic
P78031 | Pyruvate kinase No No 1 Unknown Unknown

P78032 | DNA topoisomerase 1 No Yes 0 Unknown Cytoplasmic
P78035 | 50S ribosomal protein L1 No No 0 Unknown Cytoplasmic
Q50288 | Uncharacterized lipoprotein MPN_200 Yes Yes 3 Cell membrane Unknown

Q50289 | Uncharacterized lipoprotein MPN_199 Yes Yes 1 Cell membrane Unknown

Qsozs fregvaxplnolecaruengoner AT [ o0 celmentrane  (roRETC
Q50295 | DNA-directed RNA polymerase subunit alpha No No 2 Unknown Cytoplasmic
Q50296 | 30S ribosomal protein S11 Yes Yes 0 Unknown Cytoplasmic
Q50298 | Translation initiation factor IF-1 No No 0 Cytoplasm Cytoplasmic
Q50301 | 30S ribosomal protein S5 No No 1 Unknown Cytoplasmic
Q50303 | 50S ribosomal protein L6 No No 0 Unknown Cytoplasmic
Q50313 | DNA polymerase III subunit beta No No 0 Unknown Cytoplasmic




UniProt UniProt PSORT

SignalP  SecretomeP TMpred

# Localisation Localisation
Q50314 | ParA family protein No No 1 Cytoplasm Unknown
Q50329 | ATP synthase subunit alpha No No 1 Cell membrane Cytoplasmic

. Cytoplasmic

Q50331 | ATP synthase subunit beta No No 0 Cell membrane Membrane
Q50335 | Uncharacterized lipoprotein MPN_592 Yes Yes 1 Cell membrane Unknown
Q50341 Mgp-operon protein 3 Yes Yes 5 Cell membrane Unknown
Q50360 gytadherence high molecular weight protein No Yes 0 Cell membrane Unknown
Q50365 (1:ytadherence high molecular weight protein No Yes 0 Cell membrane Unknown

Q9EXD3 | Uncharacterized protein MPN_377 No Yes 0 Unknown Cytoplasmic
Ascorbate-specific phosphotransferase .

Q9EXDS8 enzyme IIB component No No 0 Cytoplasm Cytoplasmic

The cut off scores for a positive result for the bioinformatics tool used are: 0.450 for SignalP 4.1; 0.5 for SecretomeP 2.0; 500 for TMpred; and
7.5 for PSORTD 3.0.2.
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8.2 Appendix 2: ‘Bait and Prey’ affinity chromatography

Appendix 2: Table 1: M. pneumoniae proteins identified in elutions from ‘Bait and Prey’ affinity chromatography.

Hallel Name Gene Length HEES pIl A549 Act Fet Fn Hep Plg Cleav
# (kDa)
P09924 | Deoxyribose-phosphate aldolase deoC 224 249 8.6 - Y Y Y Y Y -
POCJ81 | Proline-rich P65 protein p65 405 47.0 4.3 - Y Y -
P11311 | Adhesin P1 mgpA 1627 176.2 8.5 Y Y Y Y Y Y Y
P22446 | DNA gyrase subunit A gyrA 839 93.3 8.5 Y Y Y Y Y Y Y
P22447 | DNA gyrase subunit B gyrB 650 73.8 5.7 Y Y Y Y Y Y Y
P23568 | Elongation factor Tu tuf 394 43.1 6.1 Y Y Y Y Y Y Y
P41205 | 30S ribosomal protein S3 rpsC 273 30.6 10.2 = Y = Y Y Y =
P46775 | 30S ribosomal protein S4 rpsD 205 23.8 10.7 | Y Y - Y Y - -
P53527 iF; rg’n‘ﬁ?;ese”gose's'phos"hate miB | 150 167 57| Y - - Y Y - | -
P54125 | Oligoendopeptidase F homolog pepF 611 709 8.8 Y Y - Y Y Y Y
P75033 Eghcch:sr:iﬁe(;”ffg hAOTn':;fgge”de”t MPN_153| 1113 1303 82 | - Y - Y Y Y| -
P75035 | UPF0134 protein MPN_151 MPN_151 | 133 155 5.9 - - - - Y - -
P75038 | Putative 1-phosphofructokinase fruk 300 33.6 5.6 - Y - Y - - -
P75041 Eg;hjgagcierized protein MGO61 MPN.076 564 616 94 - - - - Y - | -
P75044 | Ribose-phosphate pyrophosphokinase prs 328 36.7 8.2 Y Y - Y Y - -
P75046 ﬂgf;;?:::};gg small subunt rsmI | 276 310 69 | - - - - Y - | -




Um;rot Gene  Length '\ng_f pl A549 Act Fet Fn Hep Plg Cleav
Transcription
P75049 | termination/antitermination protein nusG 320 36.1 5.2 Y Y Y Y Y Y Y
NusG
Phosphomannomutase (CpsG ) )
P75050 accessory protein) manB 554 63.2 8.1 Y Y Y Y Y
P75052 | Thymidine phosphorylase deoA 421 46.6 9.0 - Y - - Y Y -
Purine nucleoside phosphorylase )
P75053 DeoD-type deoD 238 26.3 6.7 Y Y Y Y Y Y
P75054 | Signal recognition particle protein fth 450 50.1 9.3 - Y - Y Y - -
Uncharacterized lipoprotein MG045 _ _ _ )
P75056 homolog MPN_058 | 470 55.0 5.2 Y Y Y
Spermidine/putrescine import ATP- ) -
P75059 binding protein PotA POtA 560 65.1 9.1 Y Y
P75061 | Phosphocarrier protein HPr ptsH 88 9.5 8.0 Y = = = Y = =
P75062 Uncharacterized lipoprotein MG040 MPN 052 657 716 93 Y Y Y Y Y Y Y
homolog
Uncharacterized protein MG039 ) ) ) ) )
P75063 homolog MPN_051 | 384 42.7 9.0 Y Y
P75064 | Glycerol kinase glpK 508 56.6 8.7 Y Y Y Y Y Y
P75068 | Aspartate--tRNA ligase asps 557 64.1 8.7 - Y - - - - -
P75069 | Histidine--tRNA ligase hisS 414 47.2 6.6 - - - - Y - Y
P75070 | Thymidine kinase tdk 224 21.5 64 - - - - Y - -
P75078 | Uncharacterized protein MPN_036 MPN_036 | 673 76.6 8.6 - - - Y - - -
P75080 | DNA polymerase III PolC-type polC 1443 165.0 7.0 - - - - Y - Y
P75081 | Uracil phosphoribosyltransferase upp 206 22.7 9.1 - Y - - Y - -
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Act Fet Fn Hep Plg Cleav

id I (kDa) o

P75088 Probable GTP-binding protein MG024 MPN_ 026 366 40.6 6.5 ) NV _
homolog

P75089 | Fructose-bisphosphate aldolase fba 288 310 64 Y Y Y Y -

p75090 | Probable DNA-directed RNA moE | 144 172 43 Y Y Y Y| -
polymerase subunit delta

P75091 | Methionine--tRNA ligase metG 512 59.2 6.6 - - -

P75092 | Putative proline iminopeptidase pip 309 347 7.7 - Y Y - -
Uncharacterized ATP-dependent ) )

P75093 helicase MPN_020 MPN_020 | 1030 119.5 8.4 Y Y Y

P75100 | UPF0134 protein MPN_013 MPN_013 | 257 29.1 54 - - Y - -

P75106 | Thymidylate kinase tmk 210 23.7 6.8 Y = = =

P75107 | Serine--tRNA ligase sers 420 479 8.7 Y Y - Y

p75109 | Uncharacterized ABC transporter MPN 684 1882 209.3 8.2 Y N
permease MG468 homolog

P75113 Ribosomal RNA small subunit rsmA 263 298 95 v AV v
methyltransferase A

P75114 | Glutamate--tRNA ligase gltx 484 55,6 8.6 = Y Y = Y

P75115 Uncharacterized protein MG461 MPN 677 425 506 8.7 ) N )
homolog

P75117 | UPF0134 protein MPN_675 MPN_675 138 119 7.9 - - Y - -

P75118 Uncharacterized protein MG459 MPN 673 169 195 9.2 ) oy oy )
homolog

p75119 | Hypoxanthine-guanine mot | 175 196 6.1 - vy oo - -
phosphoribosyltransferase

P75120 | ATP-dependent zinc metalloprotease ftsH 709 77.7 9.1 Y Y Y Y Y




UniProt
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Mass

A549 Act Fet Fn Hep Plg Cleav

id (kDa) o

P75121 Uncharacterized protein MG456 MPN 670 345 392 9.1 ) Y -y - ) )
homolog

P75122 | Tyrosine--tRNA ligase tyrS 399 46 9.5 = Y = = Y = =

P75123 Orgar_ﬂc _hydroperoxide resistance MPN 668 140 149 6.6 Y Y Y - ) )
protein-like

p75124 | YTP--glucose-1-phosphate galy | 291 321 63| - - - Y - - | -
uridylyltransferase

P75127 DegV domain-containing protein MPN 664 237 6.8 91 _ _ Yy - Y _ Y
MG450 homolog

p75129 | Peptide methionine sulfoxide msrB 151 173 70 ) . Ly )
reductase

P75131 | 30S ribosomal protein S16 rpsP 88 100 10.2| Y - - - Y - -
tRNA (guanine-N(1)-)- _ L ) _

P75132 methyltransferase trmD 231 263 7.0 Y

P75133 | 50S ribosomal protein L19 oIS 119 13.8 10.5| - Y - - Y - -

P75144 Bifunctional oligoribonuclease and PAP |, 324 371 88 ) Y - Yy -y )
phosphatase NrnA

p75159 | Putative type I restriction enzyme MPN_638| 375 426 85 - Y - Y Y - | Y
specificity protein

P75161 | Ribosome-recycling factor frr 185 21.7 7.8 Y Y Y - Y = =

P75165 | Uridylate kinase pyrH 235 254 8.7 - Y - - - -

P75167 2,3-bisphosphoglycerate-independent gpml 508 563 61 | Y . Ly )
phosphoglycerate mutase

P75168 Phosphoenolpyruvate-protein pis] 57 63.9 7.7 ) Y Y Y Y ) )
phosphotransferase

P75170 | Hydroperoxide reductase MPN_625 141 155 6.5 Y - - Y Y Y -
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Um;rot Name Gene Length I\lfl(gzs pI A549 Act Fet Fn Hep Plg Cleav
P75173 | 30S ribosomal protein S15 rpsO 86 99 10.2 - - - - Y - -
p75174 | Uncharacterized protein MG423 MPN.621| 561 633 88| Y Y Y Y Y - | Y

homolog
P75176 | UvrABC system protein A uvrA 948 1054 8.2 = Y = = Y = =
p75177 | DNA polymerase III subunit dnaX | 681 762 69| - Y - Y Y Y| Y
gamma/tau
P75178 | 50S ribosomal protein L13 oM 141 16.8 9.9 = Y = = = = =
P75179 | 30S ribosomal protein S9 rpsl 132 151 105] Y Y - - - - -
P75184 Uncharacterized lipoprotein MG412 MPN 611 385 4.0 9.4 ) Yy Y Y ) v )
homolog
Uncharacterized protein MG409
P75187 homolog MPN_608 | 225 26.8 8.2 Y - -
Peptide methionine sulfoxide
P75188 reductase MsrA msrA 157 18.4 5.6 - - - - Y - -
P75189 | Enolase eno 456 49.2 6.1 Y Y Y Y Y Y Y
P75205 | 10 kDa chaperonin groS 116 126 9.0 Y Y Y Y Y Y =
P75206 | Probable cytosol aminopeptidase PEepA 445 48.8 8.5 Y Y Y Y Y Y =
P75210 | GTPase Era era 291 335 8.9 - Y - - - - -
P75211 | Protein P200 p200 1036 116.8 4.1 - Y - - - - -
Uncharacterized protein MG385
P75212 homolog MPN_566 | 237 27.7 9.2 - Y - - Y - -
P75218 | Arginine deiminase-like protein MPN_560| 438 494 7.8 Y Y Y Y = Y Y
Ribosomal RNA small subunit
P75220 methyltransferase G rsmG 191 221 7.0 - - - - Y - -
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id (kDa) o

tRNA uridine 5-

P75221 | carboxymethylaminomethyl mnmG 612 68.0 9.1 - Y - - Y Y
modification enzyme

P75222 | Arginine--tRNA ligase args 537 62.1 74 Y Y s = Y S

p75223 | Uncharacterized protein MG377 MPN._555| 193 24 56| Y Y Y Y Y Y
homolog

P75224 Uncharacterized protein MG376 MPN 554 104 125 89 ) Y )
homolog

P75225 | Threonine--tRNA ligase thrS 564 649 9.0 Y Y - - - -
Uncharacterized protein MG373

P75227 homolog MPN_551 | 281 325 7.6 Y Y

P75228 | Probable tRNA sulfurtransferase thil 387 43.3 9.3 - - - - Y -
Uncharacterized protein MG371

P75229 homolog MPN_549 | 325 36.7 9.1 - Y - - Y -
Uncharacterized protein MG369 ) )

P75231 homolog MPN_547| 558 62.4 8.4 Y Y Y Y

P75232 | Phosphate acyltransferase plsX 328 36.6 8.7 = Y = Y = Y

P75233 | Ribonuclease 3 rmnc 282 326 9.3 - - - - Y -
Uncharacterized protein MG366

P75234 homolog MPN_544 | 664 76.7 7.5 - - - - Y -
Uncharacterized protein MG364 ) - )

P75236 homolog MPN_542 | 218 25.6 10.1 Y

P75237 | 30S ribosomal protein S20 rpsT 87 10.0 11.6 - - - - Y -

P75239 | 50S ribosomal protein L7/L12 rplL 122 13.1 4.9 Y Y Y Y Y -

P75240 | 50S ribosomal protein L10 rplJ 161 176 9.7 Y - - Y Y -

P75245 | Acetate kinase ackA 390 43.7 8.1 Y = Yoo = Y Y
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P75246 Uncharacterized protein MG356 MPN 532 282 333 8.7 Sy - )
homolog

P75247 | Chaperone protein ClpB clpB 715 81.3 8.1 Y Y Y Y

P75248 Uncharacterized protein MG354 MPN 530 136 156 5.2 VY, Y _
homolog

P75249 Uncharacterized protein MG353 MPN 529 109 124 101 ) ) ) )
homolog

P75250 | Inorganic pyrophosphatase ppa 184 214 55 Y = Y =

P75252 Uncharacterized protein MG350 MPN 526 328 394 8.4 L ) _
homolog

P75254 | UPF0134 protein MPN_524 MPN_524 | 168 20.1 8.8 - Y - Y

75255 Uncharacterized lipoprotein MG348 MPN 523 305 335 92 VR, Y )
homolog

P75258 | Isoleucine--tRNA ligase ileS 861 99.5 9.3 = = Y

P75259 | UPF0134 protein MPN_139 MPN_139 | 163 19.1 9.2 - - -

P75264 Putat!ve ABC transporter ATP-binding MPN_ 134 586 66.4 91 v _ v v
protein MG187 homolog
Uncharacterized protein MG343 L _

P75269 homolog MPN_518| 348 40.7 8.9 Y

P75270 Uncharacterized protein MG342 MPN 517 166 189 7.0 VR v v
homolog

P75271 Eé\ltg-dlrected RNA polymerase subunit rpoC 1290 1448 9.3 Y Y Y v

P75282 | UPF0134 protein MPN_504 MPN_504 | 126 150 9.1 - Y - -

P75293 Probable 3-keto-L-gulonate-6- ulaD 718 241 58 ) ) ) )
phosphate decarboxylase

P75294 Probable L-ribulose-5-phosphate 3- UlaE 292 349 87 oy - v
epimerase




Um;rot Name Gene Length I\lfl(gzs pI A549 Act Fet Fn Hep Plg Cleav
P75295 | Uncharacterized protein MPN_491 MPN_491 | 474 529 9.1 - Y - - Y - Y
p7529g | Uncharacterized lipoprotein MG338 MPN 489 1300 1430 9.1 ) N Y
homolog
P75301 | UPF0134 protein MPN_484 MPN_484 | 125 11.9 9.3 = = = = Y = =
P75303 | Probable GTP-binding protein engB 193 21.8 9.7 - - - - Y - -
P75304 | Valine--tRNA ligase valS 838 95.7 9.6 - Y - - - - -
P75305 | FMN-dependent NADH-azoreductase azoR 197 21.5 8.7 Y Y Y Y Y Y =
Probable transcriptional regulatory _ ) ) ) _
P75306 protein MPN_478 MPN_478 | 235 26.0 5.9 Y Y
P75308 | Cytidylate kinase cmk 217 246 7.9 - Y Y Y Y - -
P75309 | GTPase der 449 50.1 9.7 - Y - - - - -
p75310 | Uncharacterized protein MG328 MPN 474 1140 1180 50 | Y Y Y Y Y Y| Y
homolog
DegV domain-containing protein ) ) ) ) )
P75312 MG326 homolog MPN_472 | 293 328 9.3 Y Y
P75313 | Putative Xaa-Pro aminopeptidase pepP 354 396 8.8 Y Y - Y Y Y -
P75324 | Uncharacterized lipoprotein MPN_459 | MPN_459| 569 63.1 59 Y = = = = = Y
p75327 | Uncharacterized lipoprotein MG321 | \/py 455l 1005 1104 63 | Y Y Y Y Y Y| Y
homolog
p75329 | Incharacterized protein MG319 MPN 454 193 214 102 Y Y Y - Y - | -
omolog
P75330 | P30 adhesin p30 274 29.7 9.8 Y Y Y Y - Y -
P75333 | Putative esterase/lipase 1 MPN_445| 269 309 8.4 - - - - Y - -
P75334 E;‘rcr:jga;terize‘j lipoprotein MG309 | oy 44| 1325 1462 79 Y Y Y Y Y - | Y
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UniProt Mass

Gene Length pI A549 Act Fet Fn Hep Plg Cleav

# (kDa)

p75342 | Uncharacterized lipoprotein MG307 | ppy 4261 1244 1300 91| - Y Y Y Y - | Y
homolog

P75344 | Chaperone protein DnaK dnak 595 65.1 54 Y Y Y Y Y Y Y

P75351 Heat-inducible transcription repressor hrcA 351 404 8.7 _ VA _ ) _
HrcA

P75352 | DNA topoisomerase 4 subunit A parC 789 88.6 9.0 = Y = = = = =

P75353 Uncharacterized protein MG202 MPN 121 121 133 4.9 Y ) ) ) ) ) _
homolog
Dnal-like protein MG200 homolog _ _ )

P75354 (Top] accessory protein) MPN_119 | 910 100.1 4.2 Y Y Y Y
Glyceraldehyde-3-phosphate

P75358 dehydrogenase gapA 337 36.8 8.9 Y Y Y Y Y Y Y

P75359 | Phosphate acetyltransferase pta 320 352 6.9 Y Y Y Y - Y

P75360 | Uncharacterized protein MPN_427 MPN_427 | 290 33.2 6.3 Y Y Y - - -

P75361 | Chromosome partition protein Smc smc 982 110.8 5.9 = Y Y Y = Y =

P75362 I_:,chg\r;al recognition particle receptor sy 348 388 6.9 ) Y Y Y Y v )

P75365 | tRNA-specific 2-thiouridylase mnmA 370 41.7 8.8 - Y - Y Y - -

P75367 Uncharacterized protein MG293 MPN 420 241 84 63 v Y - Yy Yy ) )
homolog

P75368 | Alanine--tRNA ligase alas 900 103.6 6.4 - Y - Y Y -

P75376 | Uncharacterized lipoprotein MPN_408 | MPN_408| 760 83.3 9.2 - Y - - - - Y

P75378 | Acyl carrier protein homolog MPN_406 | 84 9.8 5.0 - - - Y Y - -

P75382 | Proline--tRNA ligase proS 483 55.4 8.7 - - - Y Y Y -
Uncharacterized protein MG281 ) )

P75383 homolog MPN_400 | 582 659 7.1 Y Y Y Y Y




UniProt
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Uncharacterized protein MG280

P75384 homolog MPN_399 | 287 31.8 8.7 Y Y Y
Uncharacterized protein MG279

P75385 homolog MPN_398 | 218 249 9.0 Y -
Uncharacterized protein MG277

P75387 homolog MPN_396 | 971 108.2 9.1 - Y - -

P75388 | Adenine phosphoribosyltransferase apt 177 199 8.6 Y Y = =

P75389 | Probable NADH oxidase nox 479 52.8 6.6 Y Y Y

p75390 | PYruvate dehydrogenase E1 pdhA | 358 406 62 | Y Y Y Y
component subunit alpha
Pyruvate dehydrogenase E1

P75391 component subunit beta pdhB 327 359 6.5 Y Y Y Y
Dihydrolipoyllysine-residue

P75392 | acetyltransferase component of pdhC 402 424 55 Y = Y Y
pyruvate dehydrogenase complex

P75393 | Dihydrolipoyl dehydrogenase pdhD 457 494 84 Y Y

P75394 | Probable lipoate-protein ligase A IplA 339 39.2 6.2 Y Y -
Uncharacterized protein MG269

P75395 homolog MPN_387| 358 42.6 57 Y Y Y Y
Uncharacterized protein MG268 )

P75396 homolog MPN_386 | 229 27.0 8.9 Y Y Y

P75398 | Leucine--tRNA ligase leuSs 793 91.0 8.1 - - Y -

P75399 | Putative phosphatase MPN_383 MPN_383 | 282 31.9 6.0 Y Y Y -
Uncharacterized protein MG263

P75401 homolog MPN_381 | 292 33.8 6.2 - - Y -

P75402 Formamidopyrimidine-DNA utM 277 318 94 ) ) ) Y
glycosylase
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Um;rot Name Gene Length I\lfl(gzs pI A549 Act Fet Fn Hep Plg Cleav

P75403 | 5~-3~ exonuclease PpOIA 291 33.0 7.6 - - - Y Y - -

P75404 | DNA polymerase III subunit alpha dnakE 872 99.2 6.7 - Y - Y Y Y -

P75405 | Uncharacterized protein MPN_376 MPN_376 | 1140 130.3 9.4 - Y - Y Y - Y

P75409 | ADP-ribosylating toxin CARDS MPN_372 | 591 68.0 5.6 Y Y Y Y - Y Y

P75420 | Peptide chain release factor 1 priA 359 40.8 6.1 - Y Y Y Y - -
Uncharacterized tRNA/rRNA _ - ) _

P75424 methyltransferase MG252 homolog MPN_355 | 239 27.8 97 i

P75425 | Glycine--tRNA ligase aly@s 449 52.3 6.9 - - - Y Y Y -

P75429 Uncharacterized protein MG246 MPN 349 281 314 88 _ ..y _
homolog

P75430 Probable 5-formyltetrahydrofolate MPN 348 164 193 66 ) . Ly )
cyclo-ligase

P75442 Uncharacterized protein MG240 MPN 336 349 40.0 98 ) Yy - - ) )
homolog

P75446 Uncharacterized protein MG199 MPN 118 236 %3 94 ) . Ly )
homolog

P75453 | Uncharacterized protein MPN_109 MPN_109 | 165 19.8 5.7 - - - - Y - -

P75454 | Trigger factor tig 444 51.3 6.1 - Y Y Y Y Y Y

P75456 Uncharacterized protein MG236 MPN 329 158 188 9.0 ) v ) ) ) v )
homolog

P75457 | Probable endonuclease 4 nfo 286 319 6.7 - - - - Y - Y

P75459 Uncharacterized protein MG233 MPN 326 100 109 6.4 Y ) vy ) )
homolog

P75460 | Protein NrdI nrdl 153 171 7.8 - Y - Y Y - -

P75461 Ribongcleoside-diphosphate reductase nrdF 339 394 55 ) Y -y Y Y )
subunit beta




UniProt
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Act Fet Fn Hep Plg Cleav

id

P75464

(kDa) pI

Cell division protein FtsZ ftsZ 380 428 7.2 - - Y - Y -
Ribosomal RNA small subunit

P75466 methyltransferase H rsmH 308 352 9.2 Y Y Y - Y -

P75467 | Protein MraZ mraZ 141 16.3 5.9 Y = = Y = =

P75469 Uncharacterlzed_ protein (P24 MPN 312 218 242 59 ) v ) Y ) )
accessory protein)

P75470 Uncharacterized protein MG21§.1 MPN 311 357 406 4.8 Y v Y ) v )
homolog (P41 accessory protein)

p75471 | Cytadnerence high molecular weight |, > 1818 2155 90 | - Y - Y Y| Y
protein 2

P75476 | 6-phosphofructokinase PrkA 328 36.0 7.1 Y - - Y - Y

P75477 ;egregatlon and condensation protein scpB 208 3.7 85 ) v vy v - )

P75481 Uncharacterized protein MG211 MPN 297 149 178 50 v Y VY, ) )
homolog

p754gy | Uncharacterized protein MG210.1 MPN 295 220 257 7.7 | Y Y Y Y Y| Y
homolog

P75483 | Uncharacterized protein MPN_294 MPN_294 | 206 23.2 9.5 - Y - Y - -
Uncharacterized RNA pseudouridine ) ) ) ) )

P75485 synthase MG209 homolog MPN_292 | 309 352 8.7 Y

P75489 | Uncharacterized lipoprotein MPN_288 | MPN_288 | 787 86.8 9.1 - Y Y Y - Y

P75490 | UPF0134 protein MPN_287 MPN_287 | 145 13.4 9.3 - - - Y - -

P75493 | Uncharacterized lipoprotein MPN_284 | MPN_284 | 794 87.1 9.2 Y Y Y Y Y Y

P75497 | Ribonuclease ] MPN_280 | 569 64.0 7.6 Y Y Y Y Y Y

P75498 | Elongation factor 4 lepA 598 68.0 7.6 = - Y Y Y Y
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id

P75500

(kDa) pI

Lysine--tRNA ligase lysS 489 56.0 6.6 Y Y Y Y -

P75502 Uncharacterized protein MG134 MPN._ 275 100 115 4.9 ) Yy v - _
homolog

P75504 Unchgractenzed 16.1 kDa HIT-like MPN 273 144 161 6.6 v VY, ) _
protein

p75507 | Putative phosphotransferase enzyme MPN 268 117 133 10.3 ) VN _
IIB component

P75508 | NAD kinase nadk 259 29.0 8.2 Y Y Y Y Y

P75509 Uncharacterized protein MG127 MPN 266 145 168 9.8 v ) Y ) )
homolog

P75510 | Tryptophan--tRNA ligase troS 345 39.1 9.6 Y Y Y - -

P75511 Uncharacterized protein MG125 MPN 264 281 326 95 v L ) _
homolog

P75512 | Thioredoxin trxA 102 112 7.7 Y Y Y - -

p75516 | FUtative carbohydrate transport ATP- | ) 5ol 577 648 96 Y Y Y - | v
binding protein

P75517 | UDP-glucose 4-epimerase galE 338 38.1 6.8 Y Y = = =
Uncharacterized protein MG117 ) ) )

P75518 homolog MPN_256 | 223 25.7 44 Y Y

p75519 | Uncharacterized protein MG116 MPN_255| 251  29.0 9.0 Y Y Y Y| v
homolog

P75521 | Asparagine--tRNA ligase asns 455 51.9 8.8 - Y Y - -

P75522 Probable ribulose-phosphate 3- rpe 215 248 66 ) Sy - )
epimerase

P75525 | Putative protein phosphatase MPN_247| 259 29.7 8.6 Y Y Y = =

P75526 | Guanylate kinase gmk 189 27.0 7.7 Y Y Y

P75527 | Peptide deformylase def 193 246 6.4 - - Y - -




UniProt

Gene

Length

Mass

A549

Act Fet Fn Hep Plg Cleav
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P75528 Egr‘;hjgag‘:terized protein MG105 MPN 244 202 227 94| - Y - Y Y - | -
P75529 | Ribonuclease R mr 726 83.2 5.6 - Y Y Y - -
P75531 | Thioredoxin reductase trxB 315 345 6.7 = - = = - -
Uncharacterized HTH-type
P75532 | transcriptional regulator MG101 MPN_239 | 222 25.8 9.5 Y Y = = = = =
homolog
prssyy | AP OO | g sas 77 - Y - Y Y-
P75534 Slljltj)tjr?;cy'lo:tRNA(Gln) amidotransferase gatA 478 532 7.7 ) Y - Y Y Y )
P75535 Eg;h;gag‘:te”zed protein MG098 MPN_236| 479 541 96 | - - - - Y - | -
P75538 EQ;“;;ZCte”ZGd lipoprotein MGO95 | wypy 233 454 498 91 - Y Y Y Y - | Y
P75539 | Replicative DNA helicase dnabB 473 545 5.6 Y Y Y Y Y Y Y
P75540 | 50S ribosomal protein L9 roll 149 171 95 - Y - - Y - -
P75541 | 30S ribosomal protein S18 PSR 103 124 10.0 = = = = Y = =
P75542 | Single-stranded DNA-binding protein ssb 166 184 4.3 - - - - Y - -
P75543 | 30S ribosomal protein S6 1psF 215 254 9.8 Y Y Y Y Y Y Y
P75544 | Elongation factor G fusA 688 76,5 55 Y Y Y Y Y - Y
P75545 | 30S ribosomal protein S7 1psG 155 179 105| Y Y Y - Y Y -
P75546 | 30S ribosomal protein S12 rpsL 139 156 110 Y Y - - - - -
P75548 | HPr kinase/phosphorylase hprK 312 35.2 8.9 - - - - Y - -
P75550 | 50S ribosomal protein L11 rolK 137 148 9.7 Y Y - Y Y Y -
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Gene Length pI A549 Act Fet Fn Hep Plg Cleav

# (kDa)
Oligopeptide transport ATP-binding ) ) ) )
P75551 protein OppF oppF 851 98.6 9.2 Y Y Y
Oligopeptide transport ATP-binding ) ) ) ) ) _
P75552 protein OppD oppD 423 47.4 94 Y
Oligopeptide transport system _ )
P75553 permease protein OppC oppC 376 41.2 9.7 Y Y Y Y Y
Uncharacterized protein MG075
P75556 homolog (P116 adhesin) MPN_213| 1030 1159 5.9 Y Y Y Y Y Y Y
P75558 | UvrABC system protein B uvrB 657 75.1 85 - Y - - Y - -
P75559 | Protein translocase subunit SecA secA 808 91.8 7.0 Y Y Y Y = Y
P75560 | 30S ribosomal protein S2 rpsB 294 334 9.2 - Y Y Y Y Y Y
P75563 Pheny!alanlne--tRNA ligase beta pheT 805 917 8.4 Y v -y ) ) )
subunit
P75564 Pheny!alanlne--tRNA ligase alpha phes 341 392 6.6 ) ) .y ) ) )
subunit
P75568 | Uncharacterized protein MPN_101 MPN_101 | 425 469 6.6 - - - - Y - -
PTS system glucose-specific EIICBA
P75569 component ptsG 940 101.6 94 Y Y Y Y Y Y Y
P75571 | Uncharacterized protein MPN_205 MPN_205| 438 479 9.1 - - - - Y - -
P75572 | UPF0134 protein MPN_204 MPN_204 | 148 173 9.3 - - - - Y - -
P75575 | 50S ribosomal protein L22 rolV 159 173 109 | Y Y - Y Y Y -
P75576 | 30S ribosomal protein S19 1psS 87 10.0 105 - - - - Y - -
P75577 | 50S ribosomal protein L2 1plB 287 319 104 = Y = = Y = =
P75578 | 50S ribosomal protein L23 ol 237 25.8 10.1 = Y = = Y = -
P75579 | 50S ribosomal protein L4 rplD 212 23.6 10.1 - T - -
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P75580 | 50S ribosomal protein L3 plC 287 31.2 9.9 Y Y - Y Y Y Y

P75581 | 30S ribosomal protein S10 rpsJ 108 122 100| Y Y - Y Y Y -

p755g3 | Uncharacterized lipoprotein MG149 MPN 162 320 361 6.2 ) . .y Y
homolog

P75584 Uncharacterized protein MG148 MPN 161 445 528 5.9 _ v VIRV ) _
homolog

P75587 Elijl;cgtlve riboflavin biosynthesis protein oy 269 304 9.2 ) v ) ) Y ) )

p755gg | Uncharacterized protein MG144 MPN 157 402 443 100 - .. .y )
homolog

P75589 | Ribosome-binding factor A rbrA 116 134 94 - Y - Y Y - -

P75590 | Translation initiation factor IF-2 infB 617 67.9 8.0 = Y - Y Y = =
Transcription

P75591 | termination/antitermination protein NuUsA 540 60.2 5.9 Y Y Y Y Y Y Y
NusA

P75592 | UPF0134 protein MPN_100 MPN_100| 183 21.0 9.5 - - - - Y - -

P75598 | UPF0134 protein MPN_094 MPN_094 | 140 16.6 9.5 - - - - Y - -

P75611 | Transketolase tkt 648 723 7.1 Y - Y - Y - -

P75612 Putat!ve ABC transporter ATP-binding MPN_ 081 465 535 93 ) v ) ) ) ) )
protein MG065 homolog

P75613 Uncharacterized ABC transporter MPN 080 1386 1548 9.3 _ . .y )
permease MG064 homolog

P78003 | S-adenosylmethionine synthase metK 383 42,5 6.1 - - - - - Y -

P78004 | Chaperone protein Dnal dnal 390 43.1 8.9 - Y - Y - - -

p7g005 | Uncharacterized deoxyribonuclease MPN 009 261 298 8.2 _ L.y )
MGO009 homolog
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Uni;rot Gene  Length '\ngs pl A549 Act Fet Fn Hep Plg Cleav
P78007 | L-lactate dehydrogenase Idh 312 339 84 Y Y Y Y Y Y Y
P78009 | Elongation factor Ts tsf 298 33.6 7.7 Y Y Y Y Y - Y
P78010 | Triosephosphate isomerase tpiA 244 269 7.0 - - Y - Y - -
P78011 | Serine hydroxymethyltransferase glyA 406 45.2 9.1 - Y - - Y Y -
P78012 | 60 kDa chaperonin groL 543 58.1 5.6 Y Y Y Y Y = Y
P78013 Eg‘tg\'d"eaed RNA polymerase subunit |,z | 4391 1555 61| Y Y Y Y Y - | ¥
P78017 | Protein GrpE groE 217 24.7 7.8 Y Y Y Y Y Y Y
P78018 | Phosphoglycerate kinase pgk 409 442 7.1 Y Y Y Y Y Y Y
P78019 | Transcription elongation factor greA greA 160 18.1 4.9 Y Y Y Y Y - -
P78021 | DNA ligase ligA 658 739 8.4 - Y - Y Y - -
P78022 | RNA polymerase sigma factor SigA SIigA 499 57.8 8.9 = Y - Y Y Y Y
P78023 | 50S ribosomal protein L20 plT 127 147 113] Y Y - - Y - -
P78024 | Translation initiation factor IF-3 infC 201 23.1 9.9 = AT = -
P78025 | Lon protease lon 795 90.1 7.6 Y - Y Y Y Y
P78026 | 50S ribosomal protein L21 il 100 116 9.5 Y = = = = =
P78027 Eiitzftcﬁgﬂge'diphosPhate reductase | 721 823 66 Y Y Y Y Y Y| Y
P78028 | Dihydrofolate reductase folA 160 185 8.4 - - - - - Y -
P78029 | Thymidylate synthase thyA 287 33.6 8.6 = = - Y Y = Y
P78030 | Carbamate kinase-like protein MPN_307| 309 32.8 8.7 - - - - Y - -
P78031 | Pyruvate kinase pyk 508 57.2 9.2 Y Y Y Y Y Y Y




Um;rot Name Gene Length I\lfl(gzs pI A549 Act Fet Fn Hep Plg Cleav
P78032 | DNA topoisomerase 1 topA 711 819 93 - Y - - Y - Y
P78033 | Glucose-6-phosphate isomerase pgi 430 48.8 9.1 Y - - - Y - -
P78034 | Peptidyl-tRNA hydrolase pth 188 21.4 9.5 Y - - - Y - -
P78035 | 50S ribosomal protein L1 1plA 226 243 9.6 Y Y Y Y Y - -
Probable cation-transporting P-type _ ) ) ) ) _
P78036 ATPase pacl 872 949 6.4 Y
Q50288 | Uncharacterized lipoprotein MPN_200 | MPN_200| 798 87.6 9.4 - - - Y - - =
Q50291 | tRNA pseudouridine synthase A truA 243 27.7 9.8 - Y - - - = =
Uncharacterized protein MG181
Q50292 homolog MPN_195| 434 49.1 9.9 Y
Energy-coupling factor transporter - _
Q50293 | ATp-binding protein EcfA2 ecAz | 303 343 82 | X
Energy-coupling factor transporter _ )
Q50294 ATP-binding protein EcfA1 ecfAl 274 30.5 9.1 Y Y Y Y Y
Q50295 z[j)llg,:];]dlrected RNA polymerase subunit rpoA 327 366 7.0 Y Y Y Y Y Y )
Q50296 | 30S ribosomal protein S11 rpsK 121 127 103 | Y Y - - Y - -
Q50298 | Translation initiation factor IF-1 infA 78 9.0 9.9 - - - - Y - -
Q50299 | Adenylate kinase adk 213 242 7.1 - Y Y - Y - -
Q50300 | 50S ribosomal protein L15 plo 151 16.7 109 - Y - - - - -
Q50301 | 30S ribosomal protein S5 1pSE 219 24.1 110 Y Y - - - - -
Q50302 | 50S ribosomal protein L18 IR 116 13.0 109 | Y Y - - - - -
Q50303 | 50S ribosomal protein L6 rolF 184 20,6 9.9 - Y - Y Y Y Y
Q50304 | 30S ribosomal protein S8 rpsH 142 159 103 - Y - - Y - -
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Um;rot Gene  Length '\ngs pl A549 Act Fet Fn Hep Plg Cleav
Q50306 | 50S ribosomal protein L5 rolE 180 20.2 9.9 Y Y - Y Y - -
Q50308 | 50S ribosomal protein L14 rpIN 122 134 104 | Y - - - - - -
Q50310 | 50S ribosomal protein L29 romC 111 13.0 100| Y Y - - Y - -
polymerase III subunit beta na . . - -
Q50313 | DNA pol III subunit bet dnal 380 438 5.8 Y Y Y Y Y
Q50314 | ParA family protein MPN_688 | 270 30,1 7.0 Y Y Y Y - Y Y
Q50315 | Uncharacterized protein MPN_687 MPN_687 | 250 28.6 5.7 - - Y Y Y - -
Q50327 | ATP synthase subunit b atpF 207 240 5.6 Y Y Y Y Y Y -
Q50328 | ATP synthase subunit delta atpH 178 20.7 94 - - - - Y - -
Q50329 | ATP synthase subunit alpha atpA 518 573 6.2 Y Y Y Y Y Y Y
Q50330 | ATP synthase gamma chain atpG 279 324 9.0 - - - - - Y Y
Q50331 | ATP synthase subunit beta atpD 475 522 55 Y Y Y Y Y Y Y
Q50332 | ATP synthase epsilon chain atpC 133 15.2 9.7 - Y - Y - Y -
Q50333 Eg;h;gzde”zed protein MG337 MPN 596 569 663 88 | - - - - Y - | -
Q50341 | Mgp-operon protein 3 MPN_142| 1218 130.4 8.0 Y Y Y Y Y Y Y
Q50360 (;Z;?é:li:e;ence high molecular weight hmw3 | 672 737 47 Y Y Y Y Y Y| Y
Q50365 g:g?g:elrence high molecular weight |, ;| 1018 1121 40| Y Y Y Y Y Y| ¥
Q59547 | 50S ribosomal protein L17 pIQ 124 142  10.2 - Y - - - - -
Q59548 | Preprotein translocase subunit secY secY 477 519 9.7 - Y - - - - -
Q59549 g:\or;)eri\;osD%rgzl replication initiator anaA 439 506 8.9 - Y - Y Y Y -




UniProt Gene Length 1955 o7 A549 Act Fet Fn Hep Plg Cleav

# (kDa)
Q9EXC9 | Protein MG115 homolog MPN_254 | 157 169 8.8 Y - - Y Y - -
Q9EXD2 | Uncharacterized protein MPN_272 MPN_272| 93 10.6 9.0 - - - - Y - -
Q9EXD3 | Uncharacterized protein MPN_377 MPN_377| 74 9.1 6.4 - - - - Y - -
QUEXD4 Eg;h;gagde”zed protein MG269.1 MPN_388 128 152 49 | Y - - Y Y Y| -

Affinity chromatography columns were shortened to: A549 for human A549 epithelial cells, Act for actin, Fet for fetuin, Fn for fibronectin, Hep
for heparin, and Plg for plasminogen. Cleav stands for whether or not the same protein was identified at a lower mass on SDS-PAGE from either
of the affinity chromatography experiments. Y under any of these columns in the table indicates whether or not the protein was identified by

the respective methodologies. Proteins listed had a minimum MASCOT protein score of 43.
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8.3 Appendix 3: Potential M. pneumoniae adhesins

Appendix 3: Table 1: M. pneumoniae surface proteins also identified in ‘Bait and Prey’ affinity chromatography.

Secretion Tm A549 Act Fet Fn Hep Plg Cleav

UniProt Mass
# Name Gene Length (kDa)
POCJ81 | Proline-rich P65 protein p65 405 47.0 Non 0
P11311 | Adhesin P1 mgpA 1627 176.2 | Class. >2
P22447 | DNA gyrase subunit B gyrB 650 73.8 = 1
P23568 | Elongation factor Tu tuf 394 43.1 -
P46775 | 30S ribosomal protein S4 rpsD 205 23.8 = 0
p53527 | Probable ribose->- miB | 150  16.7 - 1
phosphate isomerase B
p54125 | Oligoendopeptidase F pepF | 611 709 | Non | O
homolog
Uncharacterized ATP-
P75033 | dependent helicase MG140 | MPN_153| 1113 130.3 - 0
homolog
Ribose-phosphate )
P75044 pyrophosphokinase prs 328 36.7 0
Transcription
P75049 | termination/antitermination nusG 320 36.1 - 0
protein NusG
Purine nucleoside
P75053 phosphorylase DeoD-type deoD 238 26.3 - 1
Signal recognition particle )
P75054 protein fth 450 50.1 0
P75061 | Phosphocarrier protein HPr ptsH 88 9.5 - 0




UniProt Mass

# Name Gene Length (kDa) Secretion Tm A549 Act Fet Fn Hep Plg Cleav

Uncharacterized lipoprotein

P75062 MG040 homolog MPN_052 | 657 71.6 Class. >2

P75063 Uncharacterized protein MPN 051 384 427 ) 1
MG039 homolog - ’

P75064 | Glycerol kinase glpK 508 56.6 - 1

P75070 | Thymidine kinase tdk 224 21.5 = 0

P75089 Fructose-bisphosphate ba 288 31.0 ) 0
aldolase

P75090 Probable DNA-directed RNA rDOE 144 172 ) 0
polymerase subunit delta
Putative proline . i

P75092 iminopeptidase pip 309 34.7 1
Uncharacterized ABC

P75109 | transporter permease MPN_684| 1882 209.3 Non >2
MG468 homolog

P75114 | Glutamate--tRNA ligase gltx 484 55.6 - 0

p75120 | ATP-dependent zinc fstf | 709 77.7 . 2
metalloprotease

p75129 | Peptide methionine msrB | 151 173 | Non | O
sulfoxide reductase

P75131 | 30S ribosomal protein S16 rpsP 88 10.0 Non 0

p75159 | tutativetype Lrestriction 1, /py 530l 375 426 | - 1
enzyme specificity protein

P75161 | Ribosome-recycling factor frr 185 21.7 - 0
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UniProt Mass .
# Name Gene Length (kDa) Secretion Tm A549 Act Fet Fn Hep Plg Cleav
2,3-bisphosphoglycerate-
P75167 | independent gpmlI 508 56.3 - 0
phosphoglycerate mutase
Phosphoenolpyruvate- )
P75168 protein phosphotransferase pist >72 63.9 L
P75170 | Hydroperoxide reductase MPN_625| 141 15.5 = 1
P75179 | 30S ribosomal protein S9 rpsl 132 15.1 Non 0
Uncharacterized lipoprotein
P75184 MG412 homolog MPN_611| 385 41.0 Class 1
P75189 | Enolase eno 456 49.2 - 1
P75205 | 10 kDa chaperonin groS 116 12.6 Non 0
Probable cytosol i
P75206 aminopeptidase PpepA 445 48.8 1
Uncharacterized protein i
P75223 MG377 homolog MPN_555| 193 22.4 0
P75231 Uncharacterized protein MPN 547| 558  62.4 ) 1
MG369 homolog - ’
P75237 | 30S ribosomal protein S20 rpsT 87 10.0 Non 0
50S ribosomal protein i
P75239 L7/L12 rplL 122 13.1 1
P75240 | 50S ribosomal protein L10 ol 161 17.6 - 1
P75245 | Acetate kinase ackA 390 43.7 - 0
P75247 | Chaperone protein ClpB clpB 715 81.3 - 1
Uncharacterized protein )
P75248 MG354 homolog MPN_530| 136 15.6 1




UniProt Mass

# Name Gene Length (kDa) Secretion Tm A549 Act Fet Fn Hep Plg Cleav
Uncharacterized protein
P75249 MG353 homolog MPN_529 | 109 12.4 Non 0
P75250 | Inorganic pyrophosphatase ppa 184 21.4 - 1
P75254 | UPF0134 protein MPN_524 | MPN_524| 168 20.1 - 0
p75255 | Lncharacterized lipoprotein | 475y 552\ 305 335 | Class. | 1

MG348 homolog
P75259 | UPF0134 protein MPN_139 | MPN_139| 163 19.1 Non 0
Uncharacterized protein

P75269 | o timolog MPN 518| 348  40.7 - 0

p75271 | DNA-directed RNA mpoC | 1290 144.8| - 0
polymerase subunit beta
Uncharacterized protein

P75295 | o o1 MPN 491| 474 529 | Non 1

p75296 | Uncharacterized lipoprotein | \\py 400! 1300 143.0| Non | 2
MG338 homolog

p75305 | MN-dependent NADH- azoR | 197 215 | Non |>2
azoreductase

p75310 | Uncharacterized protein MPN 474| 1140 118.0| Non 0

MG328 homolog

p75313 | Futative Xaa-Pro pepP | 354 39.6 - 0
aminopeptidase

Uncharacterized lipoprotein
MG321 homolog

Uncharacterized protein
MG319 homolog

P75327 MPN_456 | 1005 110.4| Class. | >2

P75329 MPN_454| 193 21.4 Non 2

#%| Appendix 3 Page 235 |3



Glrpage 236 Appendix 3 |%

UniProt Mass
# Name Gene Length (kDa)

P75334 MPN_444| 1325 146.2 | Class. 1

Secretion Tm A549 Act Fet Fn Hep Plg Cleav

Uncharacterized lipoprotein
MG309 homolog

Uncharacterized lipoprotein

P75342 MG307 homolog

MPN_436| 1244 139.0 | Class. 2

P75344 | Chaperone protein DnakK dnak 595 65.1 - 0

Uncharacterized protein

P75353 | 46202 homolog

MPN_121| 121 13.3 Non 0

Dnal-like protein MG200
P75354 | homolog (Top] accessory MPN_119| 910 100.1 Non 0

protein)

P75358 Glyceraldehyde-3-phosphate gapA 337 36.8 ) 0
dehydrogenase

P75359 | Phosphate acetyltransferase pta 320 35.2 - 1
Uncharacterized protein

P75360 MPN_427 MPN_427| 290  33.2 Non 0

p75376 | Urcharacterized lipoprotein | /5y 450 760 833 | Class. | >2
MPN_408 - ' :
Uncharacterized protein

P75383 MG281 homolog MPN_400| 582  65.9 Non 1
Uncharacterized protein

P75385 MG279 homolog MPN_398 | 218 24.9 Class. 2

P75389 | Probable NADH oxidase nox 479 52.8 - >2

P75390 Pyruvate dehydrogenase El pahA 358 40.6 ) 1
component subunit alpha

P75391 Pyruvate dehydrogenase E1 pahB 327 35.9 ) )

component subunit beta




UniProt

Mass

# Name Gene Length (kDa) Secretion Tm A549
Dihydrolipoyllysine-residue
p75392 | Ccelyltransferase pdhC | 402 424 | - 2
component of pyruvate
dehydrogenase complex
p75393 | Dihvdrolipoyl pdhD | 457 49.4 N
dehydrogenase
P75394 I?robable lipoate-protein IpiA 339 39.2 ) 0
ligase A
Uncharacterized protein
P75395 MG269 homolog MPN_387| 358  42.6 Non 0
P75396 Uncharacterized protein mev 386! 229 7.0 ) 1
MG268 homolog - '
Putative phosphatase i
P75399 MPN_383 MPN_383| 282  31.9 0
p75405 | Uncharacterized protein | 1y 2251 1140 130.3| Class. | 2
MPN_376 - ) '
ADP-ribosylating toxin
P75409 CARDS MPN_372| 591 68.0 Non 0
P75454 | Trigger factor tig 444 51.3 = 0
P75460 | Protein NrdI nrdl 153 17.1 -
P75461 Ribonucleoside-d_iphosphate nrdF 339 394 ) 1
reductase subunit beta
Ribosomal RNA small
P75466 |  hunit methyltransferase H rsmt 308 352 i L
P75467 | Protein MraZ mraZ 141 16.3 - 0
Uncharacterized protein
P75470 | MG218.1 homolog (P41 MPN_311| 357 40.6 Non 0
accessory protein)

Act Fet Fn Hep Plg Cleav
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Um;rot Name Gene Length (I\lfl(gzs) Secretion Tm A549 Act Fet Fn Hep Plg Cleav
p75471 | Cytadherence high hmw2 | 1818 215.5 : 0

molecular weight protein 2
p75477 | Segregationand spB | 208 237 - 1

condensation protein B

Uncharacterized protein
P75482 | o' homolog MPN 295| 220 257 | Non | O

Uncharacterized lipoprotein
P75489 | o' e MPN 288| 787 86.8 | Class. | 2
p75493 | Uncharacterized lipoprotein | /py 5041 794 871 | Class. | 2

MPN_284 = : :
P75497 | Ribonuclease ] MPN 280| 569  64.0 - 0 \
p75504 | Uncharacterized 16.1kDa | oy 5721 144 161 | - 0

HIT-like protein
p75509 | Uncharacterized protein MPN 266| 145 168 | Non | O

MG127 homolog - '
P75512 | Thioredoxin trxA 102 112 - 0 \
p75518 | Uncharacterized protein MPN 256| 223 257 | Non | O

MG117 homolog
P75526 | Guanylate kinase gmk | 189  27.0 - 1 \
P75529 | Ribonuclease R mr | 726 832 ] >2 \
p7553g | Uncharacterized lipoprotein | . 5251 454 498 | Class. | 1

MGO095 homolog
P75539 | Replicative DNA helicase dnaB 473 54.5 - 0 ‘
p75542 | >ingle-stranded DNA- ssb 166 184 | Non | O

binding protein
P75544 | Elongation factor G fusA | 688  76.5 ] 1 \




UniProt Mass .
# Name Gene Length (kDa) Secretion Tm A549
P75545 | 30S ribosomal protein S7 psG 155 17.9 - 0
P75550 | 50S ribosomal protein L11 rolK 137 14.8 - 0
Oligopeptide transport ATP- )

P75551 binding protein OppF oppF 851 98.6 0
Uncharacterized protein

P75556 | MG075 homolog (P116 MPN_213| 1030 115.9| Class. 2
adhesin)

P75558 | UvrABC system protein B uvrB 657 75.1 = 0

P75559 Protein translocase subunit sech 808 91.8 ) 1
SecA

P75560 | 30S ribosomal protein S2 1psB 294 33.4 - 0
Phenylalanine--tRNA ligase )

P75563 beta subunit pheT 805 91.7 0
PTS system glucose-specific

P75569 EIICBA component ptsG 940 101.6 Non >2

P75576 | 30S ribosomal protein S19 1psS 87 10.0 Non 0

P75577 | 50S ribosomal protein L2 1plB 287 31.9 = 0

P75578 | 50S ribosomal protein L23 oW 237 25.8 Non 0

P75579 | 50S ribosomal protein L4 rplD 212 23.6 Non 0

P75580 | 50S ribosomal protein L3 plC 287 31.2 Non 1

P75581 | 30S ribosomal protein S10 rpsJ 108 12.2 - 0
Uncharacterized lipoprotein

P75583 MG149 homolog MPN_162| 320  36.1 Class. 1
Uncharacterized protein

P75588 MG144 homolog MPN_157| 402 443 Non >2

Act Fet Fn Hep Plg Cleav
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Um;rot Name Gene Length (I\lfl(gzs) Secretion Tm A549 Act Fet Fn Hep Plg Cleav
P75590 'IFFr:'jznsIatlon initiation factor infB 617 67.9 ) 1

Transcription
P75591 | termination/antitermination nusA 540 60.2 Non 0
protein NusA

P78007 | L-lactate dehydrogenase Idh 312 33.9 = 1
P78009 | Elongation factor Ts tsf 298 33.6 - 0
P78010 | Triosephosphate isomerase tpiA 244 26.9 - 1
P78012 | 60 kDa chaperonin groL 543 58.1 = 2
pP78013 mﬁ;‘;ﬁguﬂﬁit eta moB | 1391 1555 | - 1
P78017 | Protein GrpE grpE 217 24.7 = 0
P78018 | Phosphoglycerate kinase pPgk 409 44.2 -
P78019 gftr(‘)srcgrpetf” elongation gred | 160  18.1 ; 0
P78022 ENA polymerase sigma sigh | 499 578 - 0
actor SigA

P78025 | Lon protease lon 795 90.1 - 0
P78027 f;zﬁzfaizossdiiﬁlp;‘;f‘ghate ardf | 721 823 ; 1
P78031 | Pyruvate kinase pyvk 508 57.2 - 1
P78032 | DNA topoisomerase 1 topA 711 81.9 Non 0
P78035 | 50S ribosomal protein L1 rplA 226 24.3 - 0
Q50288 | Uncharacterized lipoprotein | 4py 5551 708 87,6 | Class. | >2

MPN_200




Secretion Tm A549 Act Fet Fn Hep Plg Cleav

UniProt Mass
# Name Gene Length (kDa)
Energy-coupling factor
Q50293 | transporter ATP-binding ecfA2 303 34.3 - 0
protein EcfA2
DNA-directed RNA
Q50295 polymerase subunit alpha /PoA 327 36.6 i 2
Q50296 | 30S ribosomal protein S11 rpskK 121 12.7 Class. 0
Q50298 'II'Fr_alnsIatlon initiation factor infA 78 9.0 ) 0
Q50301 | 30S ribosomal protein S5 rpsE 219 24.1 - 1
Q50303 | 50S ribosomal protein L6 1olF 184 20.6 - 0
Q50313 I[D)é\lt,: polymerase III subunit dnal 380 43.8 ) 0
Q50314 | ParA family protein MPN_688| 270 30.1 - 1
Q50329 | ATP synthase subunit alpha atpA 518 57.3 - 1
Q50331 | ATP synthase subunit beta atpD 475 52.2 - 0
Q50341 | Mgp-operon protein 3 MPN_142| 1218 130.4| Class. >2
Cytadherence high
Q50360 molecular weight protein 3 hmw3 672 73.7 el L
Cytadherence high
Q50365 molecular weight protein 1 hmwl 1018 112.1 Non 0
Q9EXD3 m&haggte”zed protein mMPN. 377\ 74 91 | Non | O

Results in the Secretion column are from a combination of SignalP 4.1 and SecretomeP predictions of classically (Class.), non-classically (Non),

or not (-) secreted proteins. Results in the Tm column are from TMpred predictions where the number listed indicates the number of predicted

transmembrane domains. Affinity chromatography columns were shortened to: A549 for human A549 epithelial cells, Act for actin, Fet for fetuin,
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Fn for fibronectin, Hep for heparin, and Plg for plasminogen. Cleav stands for whether or not the same protein was identified at a lower mass
on SDS-PAGE from either of the affinity chromatography experiments. Y under any of these columns in the table indicates whether or not the

protein was identified by the respective methodologies. Proteins listed had a minimum MASCOT protein score of 43.




Appendix 4|%

8.4 Appendix 4: Excised gel sections from 1D-SDS PAGE experiments
Appendix 4: Table 1: Avidin affinity chromatography of gel sections and the

mass range for each section.

Gel section Mass range (kDa) Gel section Mass range (kDa)

Greater than 250 7 25-37
2 150 - 250 8 20 - 25
3 100 - 150 9 15-20
4 75 - 100 10 10-15
5 50-75 11 Less than 10
6 37 -50

Appendix 4: Table 2: Actin 'Bait and Prey’ affinity chromatography of gel

sections and the mass range for each section.

Gel section Mass range (kDa) Gel section Mass range (kDa)

Greater than 300 7 38 -50
2 150 - 300 8 35-38
3 100 - 150 9 27 =35
4 75 -100 10 20 - 27
5 62 - 75 11 15-20
6 50 - 62 12 Less than 15

Appendix 4: Table 3: Fetuin '‘Bait and Prey’ affinity chromatography of gel
sections and the mass range for each section.

Gel section Mass range (kDa) Gel section Mass range (kDa)

Greater than 300 6 35-45
2 150 - 300 7 20 -35
3 100 - 150 8 15-20
4 62 — 100 9 Less than 15
5 45 - 62
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Appendix 4: Table 4: Fibronectin '‘Bait and Prey’ affinity chromatography of gel
sections and the mass range for each section.

Gel section Mass range (kDa) Gel section Mass range (kDa)

1 25-40 4 Greater than 350

2 15-25 5 250 - 350

3 Less than 15 6 200 - 250
7 150 - 200
8 125 -150
9 100 — 125
10 90 - 100
11 68 — 90
12 62 — 68
13 50 - 62
14 45 - 50
15 40 — 45
16 32-40
17 20-32
18 15-20
19 Less than 15

Sections are from two lanes separated by the different colours. Section 1 — 3 are from the first

elution and section 4 — 19 are from the pooled samples of elution two to four.

Appendix 4: Table 5: Plasminogen ‘Bait and Prey’ affinity chromatography of
gel sections and the mass range for each section.

Gel section Mass range (kDa) Gel section Mass range (kDa)

Greater than 250 7 43 - 58
2 150 - 250 8 35-43
3 112 - 150 9 22 -35
4 84 - 112 10 15-22
5 68 — 84 11 Less than 15
6 58 - 68
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Appendix 4: Table 6: Heparin ‘Bait and Prey’ affinity chromatography of gel

sections and the mass range for each section.

Mass range
1 125 -175 27 20 - 26 52 65 — 90
2 90 - 125 28 17-20 53 45 - 65
3 80 -90 29 12-17 54 37 -45
4 62 - 80 30 Less than 12 55 16 — 37
5 50 - 62 31 95 -125 56 Less than 16
6 42 -50 32 80 — 95 57 37 -45
7 37 - 42 33 70 - 80 58 26 — 37
8 34 -37 34 62— 75 59 20 - 26
9 31-34 35 50 - 62 60 Less than 20
10 28 - 31 36 43 -50
11 25 -28 37 33-43
12 23-25 38 28 - 33
13 20-23 39 25-28
14 17 -20 40 20 - 25
15 14 -17 41 15-20
16 12-14 42 13-15
17 Less than 12 43 Less than 13
18 150 - 300 44 65 - 90
19 80 — 150 45 42 - 65
20 74 - 80 46 37 -42
21 62 — 74 47 31-37
22 53 -62 48 20-31
23 48 — 53 49 16 - 20
24 38 -48 50 13-16
25 31-38 51 Less than 13
26 26 - 31

Sections are from six lanes separated by the different colours. Lanes are separated based on

increasing concentrations of salt.
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Appendix 4: Table 7: A549 surface protein complexes ‘Bait and Prey’ affinity
chromatography of gel sections and the mass range for each section.

Gel section Mass range (kDa) Gel section Mass range (kDa)

1 Greater than 300 12 Greater than 300
2 150 — 300 13 150 — 300
3 100 - 150 14 100 - 150
4 75-100 15 75-100
5 50-75 16 50-75

6 37 -50 17 37 -50

7 25 -37 18 25 -37

8 20 - 25 19 20 - 25

9 15-20 20 15-20
10 10-15 21 10-15
11 Less than 10 22 Less than 10

Sections are from the two different elution fractions separated by the different colours. Section 1

— 11 are from the ‘Urea’ fraction and section 12 — 22 are from the ‘Acid’ fraction.
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8.5 Appendix 5: Chapter 5 Supplementary Materials
8.5.1 Supplementary Figures
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STAA8 SALKALEGDAQYEEKILELMEAVDTY'%®
* K ****. ::* *: :**:***
MYCPN 200 PTPEREVDKPFLLAIEDTMTITGR TGRVE 233
MYCHJ 207IDSPVR 240
STAAS 20071 pTPERDSDKPFMMPVEDVFSITGR 233
* :* *: ****:: :**.::*******‘**:**
MYCPN RGELKVGQEIEIVGLRPI-RKAVVTGIEMFK ELDSAMAGDNAGVLLR 292 E
MYCHJ LNEEVEIVGYREEPK NLQTAMAGDNAGVLLR 300 o
STAAS VGEEVEIIGLHDT-SKTTVTGVEMFRKLLDYAEAGDNIGALLR GQV 292 E
‘k*::*: :*:**:* . *:‘:**:***.* *: * Kk Kk Kk %k *.*‘k*** *::::**** O
MYCPN 299 Qo
MYCHJ 307
STAAS8 LAAPGSI?®®
. * * H *
MYCPN 300 HTGFLNGYRPQFY! " TTDVTGSISLPENTEMVL 352
MYCHJ 308 TTDVIGGIEFEPGR 360 =
STAAS 00T PHTEFKAEVYVLSK HTPFFSNYRPQFYFRTTDVTGVVHLPEGTEMVM 352 E
**‘:*** :*‘*.*:****** *:‘ *:************ : H ***: —
(q0]
MYCPN PGDNTSITVELIAPIACEK 394 E
MYCHJ TVGAGTVTEIIK"02 (@)
STAAS8 PGDNVEMTVELIAPIAIEDGTR TVGSGVVTEIIK®?* ()
****.‘:********* *.*::***********:* ***:::

8.5.1: Figure 1: Peptides that map to Ef-Tu identified from surface biotinylation
and shaving experiments. The sequence alignment for all three pathogens are
shown separated into the three domains of Ef-Tu. Peptides identified from

surface trypsin shaving of whole cells are coloured green where red text
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indicate peptides from biotinylated surface proteins. Peptides that were
identified from both experiments are highlighted as black underlined text.
Yellow boxes indicate transmembrane domains for: M. pneumoniae adapted
from32° and M. hyopneumoniae predicted by TMpred?8,

1

ML AL VL VKTE 109]LV{, VAAL L4 212REMN, DKP217 3I3FKA AlY318 |
2

Legend
| Hep  Hep 1 Hep Coil - Hep Hep Heﬁ Hep Hep |

Disorder
/Basic
Shaved peptides

Protein-protein sites
Whole cell lysate
Biotinylated

PK-15

Fibronectin

Actin

Heparin
Plasminogen

*
»*
) o

| . ¢ Q |

1) MW: 439 kDa, pl:561
Spots: 44 kDa; pl:5.7-6 0, Biotin: 35-45kDa, PK-15: 45-65 kDa, Fibronectin: 37-50 kDa, Actin: 40-50 kDa, He parin: 37-45kDa, Plasminogen: 40-50 kDa

! * h.g I * ; ! Putative protein-protein

i Q (,, | L L L Cr. L O ] interaction regions
Unconserved
amino acids

Mildly conserved
amino acids

Q Conserved

2) MW: 345kDa, pl:557 l

| sioti 2 Da,. N . ) ! amino acids
I iotin: 30-35 kDa, PK-15: 35-45 kDa, Fhimmmn.30-37 kDa, Adin: 30-40 kDa, Heparin: 3|0-40 kDa, Plasminogen : 30-40 kDa | '
I Q'Y Q@ L@ Q A DNAbinding site
|
| Amino acids within
| X putative heparin
| binding motif
|
4) MW: 32.2 kDa, l:508 |
| Fibronectin: 30-37kDa, Actin: 30-40kDa, Heparin:30-40 kDa , Plasmnogen 25-40 kDa |
3) MW: 11.9kDa, pl:7.06 **
Plasminogen : 10-15 kDa | * | * |
1 Q Q 1 C 1] |

*

ot ot [E— S S
G A S

_O________

QQ

5) MW: 207 kDa,p1:8.7 |
Spot: 21 kDa; pl: 8 3, Biotin: 18-20kDa, Fibronectin: 15-30kDa, |
Actin: 18-25kDa, Heparin: 15-25 kDa Plasminogen : 18-25 kDa I

Flbmnecﬁn 0-15 kDa,

Biotin: 1820 kDa Fibronectin: 15-30 kDa, Actin: 18-25 kDa, & Plasminogen : 10-15 kDa
Heparin: 15-25 kDa , Plasminogen : 18-25 kDa

Fibronectin: 0-15 kDa

8.5.1: Figure 2: Cleavage map of Mhpetu. Full length Ef-Tu is represented as
the black bar. Cleavage sites were identified by identifying dimethyl labelled
peptides (blue arrows and broken lines) and by characterising semi-tryptic
peptides generated after trypsin digestion (red arrows and broken lines). Exact
cleavage sites are shown in the amino acid sequences above the black bar.
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Bioinformatic tools such as ScanProsite3'>, TMpred?>8, COILS?*'? and Meta-
Disorder38* were used to predict putative heparin binding motifs (Hep, blue
boxes), transmembrane domains (TmD, yellow box), coiled-coils (Coil, orange
boxes), and disordered regions (purple boxes in grey bars), respectively.
Peptides released from trypsin shaving of cells are shown as the green boxes
in the grey bar (labelled ‘Shaved peptides’). Tryptic peptides identified by mass
spectrometry (black boxes within coloured bars) within Ef-Tu fragments were
obtained from 1D- and 2D-SDS PAGE of bacterial whole cell lysates (grey bars);
avidin affinity chromatography of: biotinylated surface proteins (red bars), PK-
15 surface proteins (orange bars), fibronectin (green bars), actin (teal bars),
and plasminogen (purple bars); and peptides identified from heparin agarose
affinity chromatography (blue bars). Circles and triangles just above fragments
denote amino acid positions that are predicted to be surface exposed and
represent putative protein:protein interaction regions (visual cues can be seen
on the right of the cleavage map, sites listed in Appendix 5: 8.5.2: Table 4).
Those marked with an additional star denote amino acid residues that fall
within predicted putative heparin binding domains. White circles mark
evolutionary unconserved binding regions, whilst yellow circles are mildly
conserved and pink are highly conserved. Amino acid positions marked by grey

triangles depict predicted nucleic acid interaction regions.
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8.5.1: Figure 3: Cleavage map of Ef-Tusa. Full length Ef-Tu is represented as the
black bar. Cleavage sites were identified by identifying dimethyl labelled
peptides (blue arrows and broken lines) and by characterising semi-tryptic
peptides generated after trypsin digestion (red arrows and broken lines). Exact
cleavage sites are shown in the amino acid sequences above the black bar.
Bioinformatic tools such as ScanProsite3!® and Meta-Disorder3®* were used to
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predict putative heparin binding motifs (Hep, blue boxes) and disordered
regions (purple boxes in grey bars), respectively. Peptides released from
trypsin shaving of cells are shown as the green boxes in the grey bar (labelled
‘Shaved peptides’). Tryptic peptides identified by mass spectrometry (black
boxes within coloured bars) within Ef-Tu fragments were obtained from 1D-
and 2D-SDS PAGE of bacterial whole cell lysates (grey bars); avidin affinity
chromatography of biotinylated surface proteins (red bars), and from heparin
agarose affinity chromatography (blue bars). Circles and triangles just above
fragments denote amino acid positions that are predicted to be surface
exposed and represent putative protein:protein interaction regions (visual
cues can be seen on the right of the cleavage map, sites listed in Appendix 5:
8.5.2: Table 5). Those marked with an additional star denote amino acid
residues that fall within predicted putative heparin binding domains. White
circles mark evolutionary unconserved binding regions, whilst yellow circles
are mildly conserved and pink are highly conserved. Amino acid positions
marked by grey triangles depict predicted nucleic acid interaction regions.
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M. hyopneumoniae

S. aureus

8.5.1: Figure 4: Predicted 3D structures of Mhper.ru and Sagr.tu. Images are
reversed sides for each structure. Ef-Tu proteins are represented as black bars
with cleavage sites shown in the ribbon structure. The first amino acid (yellow)
and last amino acid (purple) have been coloured in the 3D structures. Identified
cleavage sites are displayed as arrows (blue, dimethyl labelling and red, semi-
tryptic) with numbers to indicate each distinct cleavage site. Cleavage sites can
also be seen in the ribbon structures as blue and red sections for dimethyl
labelling and semi-tryptic sites, respectively. Structures were predicted by
MODELLER and were based on E. co/i Ef-Tu homologues: PDB: 1DG1_H (M.
hyopneumoniae) and PDB: 1DG1_H (S. aureus).
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1 402

M. hyopneumoniae

S. aureus

8.5.1: Figure 5: Predicted 3D structures of Mhper.tu and Sagr.tu. Images are
reversed sides for each structure. Ef-Tu molecules are represented as black
bars with heparin binding domains shown as blue boxes. The first amino acid
(yellow) and last amino acid (purple) have been coloured in the 3D structures.
All 10 and 7 predicted heparin binding sites are shown in blue regions in the
surface structures for Mhperru and Saerty, respectively. Structures were
predicted by MODELLER and were based on E. co/i Ef-Tu homologues: PDB:
1DG1_H (M. hyopneumoniae) and PDB: 1DG1_H (S. aureus).
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8.5.2 Supplementary Tables

8.5.2: Table 1: Number of binding sites in full length and fragments of Mpngs.tu.

Fragment | Full 1 5 |\, | 5 ¢ | 7 | g | 10| 11| 12| 13
number | length
Range 131 218 244 | 111 | 308 | 111 | 218
(amino PR 5o BV Sl HR [ Soull AR IR IR B R
acid) 394 | 110 394 | 130 | 394 | 217 | 304 | 242 | 394 | 217 | 307
Ex'g?sed 8 |15/ 5 1311017 6 | 12| 9|19/ 11
Buried P:P | 6 5 2175|2536 210
DNA- 0 8| o5l 0|6 03| 2]1]1
binding

Analysis of the Mpnertu for the putative protein:protein (P:P) and protein-nucleic acid interaction

sites using ISIS383,

8.5.2: Table 2: Dimethyl labelled and semi-tryptic peptides identified in Mhpe:.

tuand Sags-tu.

ID

Peptide Sequence

Dimethyl labelled peptides from Mhpgsty

3 S1

Semi-tryptic N-terminal Peptides from Mhperry
M.21>DKPFLMAVEDVFTITGR*.G

Dimethyl labelled peptides from Sagr.t,

N1 M.2AVVKTTGKKDFR!*.S 84 5.70E%
1 N2 A3VVKTTGKKDFR!.S 36 0.021

N3 V.*"VKTTGKKDFR!.S 34 0.019

N4 V.112VAATDGPMPQTR!?3.E 74 1.70E%
4 N5 A3SAIYALKKEEGGR3?’.H 50 3.00E%

68

2.50E%

254

2 N1 D.'GGILVVSAADGPMPQTR!.E 98 2.90E%
N2 G.1ILVVSAADGPMPQTR!’.E 81 1.30E®
N3 L.!%LVVSAADGPMPQTR!Y.E 104  5.90E
N4 L.1VVSAADGPMPQTR!.E 91 1.10E%4
N5 V.19“SAADGPMPQTR!Y".E 69 9.90E®
3 N6 N.'*’KVDMVDDEELLELVEMEVR'>.D 80 3.10E%
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N7 D.'**MVDDEELLELVEMEVR!**.D 78 3.40E%3

4 N8 L.1°!ELMEAVDTYIPTPER%>.D 78 3.60E3

N9 E.'2LMEAVDTYIPTPERZ.D 78 3.20E03

N10 L.1*3MEAVDTYIPTPER?®>.D 72 2.80E3

N11 M.'*EAVDTYIPTPER?%>.D 103 8.40E¢

N12 E.'AVDTYIPTPERZ%.D 77 9.60E%*

7 N13 K.%°LLDYAEAGDNIGALLR?0.G 98 4.10E%

N14 L.2’DYAEAGDNIGALLR?%.G 88 1.80E04

N15 D.28YAEAGDNIGALLRZ8.G 89 2.40E%4

N16 G.?’DNIGALLR?.G 67 1.80E02

9 Ni7 Ei?:};;I:EVTGWH LPEGTEMVMPGDNVEMTVELIAPIAIED 86 2 70E-07

8 S1  V.?LAAPGSITPHTEFK3% A 106 3.20E%>
5 S2  M.2MPVEDVFSITGR?%.G 80 0.010

1 S3  N.PIGTIGHVDHGK?.T 80 1.10E%4

6 S4 F.?3RKLLDYAEAGDNIGALLR?®.G 91 1.20E03

Identified peptides have a Mascot score > 33 and an E-value < 0.05. The exact site of cleavage is
to the left of the amino acid that is bold and underlined for N-terminal cleavage fragments and to
the right of C-terminal cleavage fragments. Amino acid numbers are written at the start and end
of each peptide identified by LC-MS/MS.
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8.5.2: Table 3: Putative heparin binding motifs identified in Mhpes.t,, and Sags-

Tu=

Amino acid range Sequence

Mhper-ru (Uniprot #: Q4A9G1)
4-19: VKTTGKKDFDRSKEHI
25 - 32: GHVDHGKT*
79 — 86: DKRHYAHV*
122 - 131: TREHILLSKQ*
237 — 246: GKVERGQVKL*
255 - 262: YREEPKKT
287 — 298: LRGVDRKDIERG
302 - 315: AKPKTIIPHTKFKA
327 - 337: GRHTPFFKNYKP
381 — 391: TKFSIREGGRT*
Saertu (Uniprot #: Q2GONO)
2-13: AKEKFDRSKEHA
19 - 26: GHVDHGKT*
73 —80: DKRHYAHV*
116 — 125: TREHILLSRN*
230 - 239: GRVERGQIKV*
279 - 290: LRGVAREDVQRG
373 — 383: TRFSIREGGRT™

Mhper-tu, and Saertu was searched for patters x-[HKR]-x(0,2)-[HKR]-x(0,2)-[HKR]-x and x-[HKR]-
x(1,4)-[HKR]-x(1,4)-[HKR]-x using ScanProsite (142). * indicates the motif (dKRHyaH) which is
found in all three pathogens. * indicates the motifs that are highly homologous (up to four non-

basic residues different) in all three pathogens.
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8.5.2: Table 4: Number of binding sites in full length and fragments of Mhpgs.tu.

Fragment number

Full length

Range (amino acid) Full 1-315]112-402 | 215-402 | 1 - 215
Exposed P:P 10 13 9 10 18
Buried P:P 2 3 1 3 4
DNA-binding 0 3 0 0 4

Analysis of the Mhpertu for the putative protein:protein (P:P) and protein-nucleic acid interaction

sites using ISIS38,

8.5.2: Table 5: Number of binding sites in full length and fragments of Sagr.tu.

Fragment
number

Range (amino _ _ 193- | 104- | 214- | 214-
acid) Full ) 1-266|1-192) “3g, 192 394 292
Exposed P:P 10 13 10 7 12 5 10
Buried P:P 6 12 6 5 2 5 1
DNA-binding 0 3 4 0 2 0 1

Analysis of the Saer.tu for the putative protein:protein (P:P) and protein-nucleic acid interaction sites
using ISIS333,

8.5.3 Supplementary Methodology

8.5.3.1 Strains and cultures and reagents

M. hyopneumoniae (J strain) was cultured in modified Friis medium at 37°C with shaking

as described previously*448>,

S. aureus (SH 1000 strain) was cultured in TSB (Oxoid) at 37°C with shaking and
harvested during early stationary phase. Protease inhibitors (Roche Diagnostics®) in PBS
were added to the cells during harvest and washes with PBS. For S. aureus lysis, cell
pellets were freeze-dried overnight before added to pre-cooled metal milling canisters with
12 small metal beads. The canister was cooled in liquid nitrogen and milled at a maximum

frequency of 30 Hz for 1 minute for 15 rounds; cooling in liquid nitrogen between rounds.
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Proteins were than solubilised in 7 M urea, 2 M thiourea, 50 mM LiCl, 50 mM Tris-HCI (pH
8.8), 1% (w/v) C7bZ0 with protease inhibitors followed by sonication at maximum

intensity for 30 seconds for 20 rounds resting on ice in between.

Porcine kidney epithelial (PK-15) cells were cultured in DMEM medium (Invitrogen)
supplemented with 10% heat inactivated fetal bovine serum at 37°C with 5% CO: in tissue

culture flasks.

8.5.3.2 Enrichment of M. hyopneumoniae and S. aureus surface proteins

8.5.3.2.1 Biotinylation

M. hyopneumoniae and S. aureus cells were washed with PBS after centrifugation before
the resuspending in EZ-link sulfo-NHS-biotin (Thermo Fisher Scientific). M.
hyopneumoniae and S. aureus cells were biotinylated for 30 seconds and 1 minute,
respectively. Quenching, lysis (for M. hyopneumoniae), avidin purification and western
blotting were the same as for M. pneumoniae. Lysis for S. aureus cells is described above.

8.5.3.2.2 Triton X-114 phase extraction of biotinylated M. hyopneumoniae
proteins

Triton X-114 phase extraction of proteins was carried as described in!8622>48gnd

biotinylated surface proteins were purified by avidin column chromatography.

8.5.3.2.3 Trypsin shaving

Trypsin shaving of M. pneumoniae cells was carried out as described previously'®” with
modifications. M. hyopneumoniae and S. aureus cells were resuspended in trypsin for 5

minutes at 37°C.

8.5.3.3 Whole cell lysis preparation for one- and two-dimensional gel
electrophoresis

M. hyopneumoniae whole cell lysates were prepared as previously described!®’. Lysis for
S. aureus cells is described above. Proteins were reduced and alkylated with 5mM
tributylphosphine and 20 mM acrylamide monomers for 90 min at room temperature.
Insoluble material was removed by centrifugation and five volumes of acetone added to
precipitate protein. After centrifugation, the protein pellet was solubilized in 7M urea, 2M

thiourea, 1% (w/v) C7BzO for one- and two-dimensional gel electrophoresis.
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8.5.3.4 Heparin affinity chromatography

Affinity purification of M. hyopneumoniae and S. aureus heparin binding proteins
performed as described in?3° with modifications. M. Ayopneumoniae cells were and lysed
in 10 mM sodium phosphate, pH 7 with three 30 second rounds of sonication. S. aureus
cells were lysed as described in section 2.1 except that protein was solubilised in 10 mM
sodium phosphate, pH 7 with protease inhibitors followed by sonication at maximum
intensity for 30 seconds for 4 rounds resting on ice in between. After centrifugation, ~300
Mg of soluble protein from both M. hyopneumoniae and S. aureus lysates were treated

exactly the same as M. pneumoniae.

8.5.3.5 Avidin purification of host binding M. Ayvopneumoniae proteins

Purified fibronectin (Merck Millipore), plasminogen (Sigma) and actin (Sigma) used in this
section are described in '5.6.1 Strains and cultures and reagents’. Avidin purification of
these host binding M. hyopneumoniae proteins was performed as described in??. Avidin
purification of M. hyopneumoniae proteins that bind PK-15 surface proteins was
performed as described in?%*,

8.5.3.6 Extra Peptide search parameters

Files were searched against the MSPnr100 database?! with the following parameters.
Fixed modifications: none. Variable modifications: propionamide, oxidized methionine,
deamidation. Enzyme: semi-trypsin. Number of allowed missed cleavages: 3. Peptide
mass tolerance: 100 ppm. MS/MS mass tolerance: 0.2 Da. Charge state: 2+, 3+ and 4+.
For samples collected from the ‘Avidin purification of PK-15 interacting proteins’, variable
modifications also included NHS-LC-Biotin (K) and NHS-LC-Biotin (N-term). ‘Avidin
purification of PK-15 interacting proteins’ was also searched against sus scrofa entries in
MSPnr100 to identify biotinylated surface PK-15 proteins. S. aureus proteins were also

searched against a S. aureus NCTC 8325 database derived from the published genome.
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8.5.3.7 LC-MS/MS of dimethyl labelled proteins

8.5.3.7.1 LC-MS/MS (Sciex 5600) of dimethyl labelled proteins

Peptides from dimethyl labelled proteins described in section 2.16.1 were separated by
nanoLC using an Ultimate nanoRSLC UPLC and autosampler system (Dionex, Amsterdam,
Netherlands). Samples (2.5 pl) were concentrated and desalted onto a micro C18
precolumn (300 pm x 5 mm, Dionex) with H,O:CHsCN (98:2, 0.1 % TFA) at 15 pl/min.
After a 4 min wash the pre-column was switched (Valco 10 port UPLC valve, Valco,
Houston, TX) into line with a fritless nano column (75u x ~15cm) containing C18AQ media
(1.9, 120 A Dr Maisch, Ammerbuch-Entringen Germany). Peptides were eluted using a
linear gradient of H,O:CHs:CN (98:2, 0.1 % formic acid) to H,O:CHs:CN (64:36, 0.1 %
formic acid) at 200 nl/min over 240 min. High voltage 2000 V was applied to low volume
Titanium union (Valco) with the tip positioned ~ 0.5 cm from the curtain plate (T=150°C)
of a 5600" mass spectrometer (Sciex, Toronto, Canada). Positive ions were generated by

electrospray and the 5600* operated in information dependent acquisition mode (IDA).

A survey scan m/z 350-1750 was acquired (PWHH resolution ~30,000, 0.25 sec acquisition
time) with autocalibration enabled (at ~6 hr intervals). Up to the 10 most abundant ions
(>300 counts) with charge states > +2 and <+5 were sequentially isolated (width m/z
~3) and fragmented by CID with an optimal CE chosen based on m/z (product ion spectra
were acquired at a resolution ~20,000 PWHH in 0.15 sec). M/z ratios selected for MS/MS

were dynamically excluded for 30 or 45 seconds.

Peak lists were generated using Mascot Daemon/Mascot Distiller (Matrix Science, London,
England) or ProteinPilot (Sciex, v4.5) using default parameters, and submitted to the
database search program Mascot (version 2.5.1, Matrix Science). Search parameters
were: Precursor tolerance 10 ppm and product ion tolerances £ 0.05 Da; oxidation (M),
deamidation (NQ), propionamide (C), Dimethyl (K), Dimethyl (N-term) specified as
variable modifications; enzyme specificity was semi-ArgC; 1 missed cleavage was possible

and the non-redundant protein database from NCBI (Jan 2015) searched.
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8.5.3.7.2 LC-MS/MS (Thermo Scientific Q Exactive™) of dimethyl labelled
proteins

Peptides from dimethyl labelled proteins described in section 2.18.1 were separated by
nanoLC using an Ultimate nanoRSLC UPLC and autosampler system (Dionex, Amsterdam,
Netherlands). Samples (2.5 pl) were concentrated and desalted onto a micro C18
precolumn (300 pm x 5 mm, Dionex) with H,O:CH3CN (98:2, 0.1 % TFA) at 15 pl/min.
After a 4 min wash the pre-column was switched (Valco 10 port UPLC valve, Valco,
Houston, TX) into line with a fritless nano column (75u x ~35cm) containing C18AQ media
(1.9, 120 A Dr Maisch, Ammerbuch-Entringen Germany). Peptides were eluted using a
linear gradient of H,O:CHs:CN (98:2, 0.1 % formic acid) to H,O:CHs:CN (64:36, 0.1 %
formic acid) at 200 nl/min over 30 or 240 min. High voltage 2000 V was applied to low
volume Titanium union (Valco) with the column oven heated to 45°C (Sonation, Biberach,
Germany) and the tip positioned ~ 0.5 cm from the heated capillary (T=300°C) of a
QExactive Plus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Positive
ions were generated by electrospray and the QExactive operated in data dependent

acquisition mode (DDA).

A survey scan m/z 350-1750 was acquired (resolution = 70,000 at m/z 200, with an AGC
target value of 10° ions) and lockmass was enabled (m/z 445.12003). Up to the 10 most
abundant ions (>80,000 counts, underfill ratio 10%) with charge states > +2 and <+7
were sequentially isolated (width m/z 2.5) and fragmented by HCD (NCE = 30) with a
AGC target of 10° ions (resolution = 17,500 at m/z 200). M/z ratios selected for MS/MS
were dynamically excluded for 30 or 45 seconds.

Peak lists were generated using Mascot Daemon/Mascot Distiller (Matrix Science, London,
England) or Proteome Discoverer (Thermo, v1.4) using default parameters, and submitted
to the database search program Mascot (version 2.5.1, Matrix Science). Search
parameters were: Precursor tolerance 4 ppm and product ion tolerances £ 0.05 Da;
oxidation (M), deamidation (NQ), propionamide (C), Dimethyl (K), Dimethyl (N-term)
specified as variable modifications; enzyme specificity was semi-ArgC; 1 missed cleavage

was possible and the non-redundant protein database from NCBI (Jan 2015) searched.
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8.5.3.8 Supplementary Bioinformatics: Analysis of conservation of amino acids in
Mpnes.tu, Mhper.ty, and Saes1y

Degree of conservation in Mpne.t, wWas calculated by The ConSurf server®®?, Colours
indicate degree of conservation of the amino acid across species. Red diamond sticks
indicate predicted protein binding sites by ISIS*34%7, Grey, yellow and purple circle sticks
indicate predicted nucleotide, DNA and RNA binding regions, respectively by
SomeNA*7488  Below the sticks are three rows: i) Blue and red bars indicate predicted
beta-strand and helix secondary structures, respectively by REPROFSec3®47  ji) Blue and
yellow bars indicate predicted regions that are exposed and buried to solvent
accessibilities, respectively by PROFAcc38487_jii) Green bars indicate predicted disordered
regions by Meta-Disorder (MD)3#>*¢_ Circled amino acids represent predicted binding sites.

Amino acids indicated by a triangle indicate predicted nucleotide binding sites.

Pleae find the supplementary bioinformatics data for this section on the attached CD.
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