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ABSTRACT

Mycoplasma pneumoniae exhibits a novel form of gliding motility along
solid/liquid interfaces, which may be a virulence factor, necessary for colonization of the
respiratory epithelium of human hosts. Given that genes known to be involved in gliding
in other organisms are absent in the M. pneumoniae genome, random transposon
mutagenesis was employed to generate mutants with gliding-deficient phenotypes.
Transposon insertions in the only annotated ser/thr kinase (prkC; MPN248) and its
cognate phosphatase (prpC; MPN247) in M. pneumoniae resulted in significant and
contrasting effects on gliding frequencies. prkC mutants glided at approximately half the
frequency of wild-type cells, while prpC mutants glided more than twice as frequently as
wild-type cells. The combined application of Western immunoblotting and Pro Q
Diamond phosphoprotein staining identified several proteins as potential targets for PrkC
phosphorylation. These included HMWI1 and HMW2, which localize to the M.

pneumoniae terminal organelle, are essential for the assembly of this structure, and have



been previously shown to contain phosphoserine and phosphothreonine, as well as the
major adhesin protein P1. In order to confirm the correlation between phosphorylation /
dephosphorylation and gliding frequency, the prkC and prpC mutants were
complemented with wild-type copies of their respective disrupted alleles by transposon
delivery. Gliding frequencies and phosphorylation levels returned to the wild-type
standard in the complemented prpC mutant. Surprisingly, the recombinant wild-type
prkC allele dramatically increased gliding frequency in the prkC mutant to a level
approximately three-fold greater than that in wild-type. Experiments in which phosphate
was removed from the gliding medium showed that gliding frequency was reduced in
wild-type cells, but not affected in prpC and prkC mutants, while the replacement of
glucose with glycerol as a carbon source suggested that the regulation of gliding is tied to
the phosphotransferase system. Collectively these data suggest that PrkC and PrpC work

in opposition in M. pneumoniae to influence gliding frequency.
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CHAPTER 1

INTRODUCTION

Mycoplasma pneumoniae is a cell wall-less bacterial pathogen of the human
respiratory tract that causes primary atypical pneumonia and tracheobronchitis (Waites
and Talkington, 2004). M. pneumoniae and related organisms lack major biosynthetic
pathways, classical transcriptional regulators, chemotactic and other two component
systems, and the prototypical prokaryotic cell division apparatus (Himmelreich et al.,
1996). The limited biosynthetic capabilities of mycoplasmas are generally explained by
their evolution as obligate parasites of diverse eukaryotic hosts (Brown, 2002).
Colonization of the host by M. pneumoniae requires gliding motility (Jordan et al., 2007),
which may facilitate access to the respiratory epithelium and perhaps lateral spread as
infections progress.

The gliding mechanism of M. pneumoniae is confined to a polar terminal
structure (Hasselbring and Krause, 2007) that also functions in cell division (Hasselbring
et al.,2006a) and adhesion to host receptors (Hu ef al., 1982). While the adhesin proteins
P1 and P30 localize to the terminal organelle and function in gliding (Hasselbring et al.,
2005 and Seto et al., 2005a), mutant analysis also shows that these proteins are essential
for cytadherence and attachment to surfaces. Accordingly, their distinct functions in
gliding motility are difficult to define by mutagenesis alone. Given that the genome of

M. pneumoniae exhibits no homology to defined gliding mechanisms (Himmelreich et



al., 1996 and Dandekar et al., 2000), including those of other gliding mycoplasmas (Seto
et al.,2005b, Uenoyama et al., 2004 and Uenoyama and Miyata, 2005), it was necessary
to perform saturating transposon mutagenesis in order to identify components specific to
gliding (Hasselbring et al., 2006b). Transposon insertions in the genes encoding the
cytoskeletal proteins P41 and P65 (Regula et al., 2001), which localize to the terminal
structure of M. pneumoniae (Hasselbring et al., 2006a), produced gliding deficient
phenotypes (Hasselbring and Krause, 2007 and manuscript in preparation), but the defect
in each is not clearly associated with an actual gliding motor and suggests little about its
structure and function. Gliding-deficient phenotypes were also found to result from
transposon interruption of genes encoding putative lipoproteins and ABC transporters, as
well as genes with metabolic functions and several hypothetical genes (Dandekar et al.,
2000). One of the most striking gliding mutant phenotypes observed was the “lawn-like”
satellite growth of mutants resulting from transposon interruption of the open reading
frames (ORF) MPN247 and MPN254 (Hasselbring et al., 2006b). These genes encode
PrpC, the sole annotated protein phosphatase in the M. pneumoniae genome and a
component of the phosphotransferase system (PTS) in M. pneumoniae (Dandekar et al.,
2000 and Halbedel et al., 2006) and CinA, a protein implicated in competence induction
in Streptococcus pneumoniae (Lee and Morrison, 1999).

PrpC is a member of a family of serine/threonine phosphatases termed
“eukaryotic-like” (eSTPs) despite a growing recognition of their ubiquity in eubacteria.
PrpC and its homologs are often partnered with cognate kinases belonging to a family of
highly conserved eukaryotic-like serine/threonine kinases (eSTKs). Mutant analysis in B.

subtilis has shown that homologs to these enzymes regulate sporulation and cell wall



development by reversible phosphorylation (Absalon et al., 2009 and Shah et al., 2010).
Similar reversible phosphorylation may occur in M. pneumoniae, in which PrkC and
PrpC are reportedly responsible for the phosphorylation and dephosphorylation,
respectively, of the terminal organelle proteins HMW1, HMW3 and P1 (Schmidl et al.,
2009).

Insertion mapping of transformants from a related study (Hasselbring et al.,
2006a) yielded a serendipitous transposon interruption in MPN248, which encodes
PrpC’s cognate kinase PrkC (Fig. 1). The catalytic region of PrkC in this mutant,
designated 248-377, is intact and should remain functional, but gliding in this mutant
occurred at roughly half the frequency of wild-type. Furthermore, phosphorylation of
HMW1 and HMW?2 as assayed by Pro Q Diamond staining was reduced below wild-type
levels in this mutant. Complementation of the prpC mutant by transposon delivery of the
recombinant wild-type allele restored gliding speed and frequency to the wild-type
standard. However, the recombinant copy of prkC dramatically increased the frequency
of gliding in complemented transformants of the prkC mutant approximately three-fold
above that of wild-type.

The data presented in this dissertation provide evidence that PrpC and PrkC
contribute to the regulation of gliding in M. pneumoniae by the reversible

phosphorylation of terminal organelle proteins.



CHAPTER 2

REVIEW OF THE LITERATURE

Taxonomy and evolutionary history of the Mollicutes

The Mollicutes are best known for their small genomes (0.58 to 2.2 megabases),
which quite possibly approximate a minimal genetic complement necessary to sustain
bacterial life (Glass, 2006), and for their lack of a peptidoglycan cell wall. This latter
characteristic is the primary argument for the removal of the mollicutes from a class
within the Firmicutes to their own phylum (“Tenericutes™), though genomic sequencing
has found that the Mollicutes (both names denote a “soft-skinned” organism) share closer
ancestry with the Clostridia than either group does with the Bacilli or Streptococci (Henz
et al, 2005). The Taxonomic Outline of Bacteria and Archaea and Bergey’s Manual of
Systematic Biology continue to differ on this issue, with Bergey’s recommending the
phyletic distinction (Brown, 2007).

Phylogenetic analysis indicates that the ancestors of the Mollicutes appeared
approximately 600 million years ago (Maniloff, 2002). Given that the first eukaryotic
multicellular life appeared approximately concurrently (Shen, 2008), it is tempting to
speculate that the availability of multicellular hosts spurred the evolution of early
Mollicutes as parasitic organisms, though a recent hypothesis actually speculates that the

mutation and eventual loss of genes associated with cell shape and division, as the



inaugural evolutionary event in the development of mollicutes (Mitchell Balish, personal
communication). Briefly, this process is thought to have begun with the loss of mreB as a
determinant of cell shape, followed by spo0J, diviVa, the min system and most of the fts
genes.

The earliest diverging Mollicutes species probably resembled members of the
modern genus Acholeplasma more closely than other extant genera, given some
metabolic similarities to Streptococci, the lack of a sterol requirement for growth, and the
usage of the opal stop codon (UGA) to code for tryptophan rather than stop (Inamine e?
al., 1990) which is a common trait in the “SEM” branch of Mollicutes
(Spiroplasmataceae, Entoplasmataceae and Mycoplasmataceae), thought to have
diverged later. As mentioned earlier, the Mollicutes are generally parasitic, though some
behave commensally (Taylor-Robinson, 1996) and lack many of the biosynthetic
capabilities (along with the associated genes) common to free-living bacteria, such as the
synthesis of nucleotides and amino acids, two-component regulatory systems and
transcriptional regulators (Fraser et al, 1995 and Himmelreich et al, 1996). The evolution
of the Mollicutes 1s therefore often considered “reductive”, though the complex
adaptations individual species have made to persist in their hosts regularly belie that

assumption.



Initial isolation and classification

The first of the Mollicutes to be isolated was the etiologic agent of contagious
bovine pleuropneumonia (Nocard and Roux, 1896). The cause of this disease was
determined by a clever experiment in which pulmonary fluid from infected animals was
used to successfully inoculate semi-permeable pouches of sterile medium incubated in
the peritoneal cavity of live rabbits. Serial cultures could be grown from inoculated
media and were capable of re-infecting cattle, while heat treatment annulled viability,
establishing the described condition as a biological infection. Further study indicated that
this organism was a bacterium rather than a virus, as it was capable of growing in cell-
free medium (Bordet, 1910), and that it had the unusual property of being able to pass
through a 150 nm filter (Elford, 1929). Similar bacteria, identified as the causative
agents of respiratory disease in domesticated animals and humans, were discovered
afterward and categorized as “pleuropneumonia-like organisms” or PPLOs (Sabin, 1941).

Nocard and Roux’s isolate eventually came to be known as Mycoplasma
mycoides (Edward and Freundt, 1956), due to the fungal appearance of its colonies (from
the Greek “mykes” and “plasma”; “fungus-formed”). “Mycoplasma” was initially a
catch-all term for PPLOs and other filterable bacterial species, though it currently refers
specifically to a single genus within the family Mycoplasmataceae, whose members are
obligate parasites of vertebrates. Mycoplasma pneumoniae is a pathogen of the human
respiratory system and the most thoroughly studied of the mycoplasmas, and indeed of

the Mollicutes.



Early studies of Mycoplasma pneumoniae

M. pneumoniae was identified as an etiologic agent of primary atypical
pneumonia (PAP), colloquially known as “walking pneumonia”, by Eaton and colleagues
(1945), but was thought to be a viral pathogen until experiments established that “Eaton’s
agent” was susceptible to streptomycin and tetracycline (Marmion and Goodburn, 1961).
Shortly thereafter, M. pneumoniae was cultivated in cell-free culture and described as a
PPLO (Chanock et al., 1962). Subsequently, the ability of M. pneumoniae to attach to
the tracheal epithelium of several vertebrate hosts was suggested as a virulence factor in
PAP (Sobeslavsky et al., 1968).

A survey of gliding motility in PPLOs found that M. pneumoniae was one of a
subset of PPLOs that displayed gliding on liquid-solid interfaces (Bredt, 1968). Later
studies showed that M. pneumoniae cells glide in the direction of a polar tip structure
leading a thicker “body” segment and ending in a longer “tail” (Bredt, 1973). This polar
structure was also shown to be the point of contact between individual M. pneumoniae
cells and host epithelium (Collier and Clyde, 1974). The discovery of this convergence
of adherence and gliding function in the tip structure, later referred to as the “attachment
organelle” or “terminal organelle”, remains the single most important finding in the study
of M. pneumoniae cell biology and provided an understanding of how cells infect and

persist in the host epithelium.



Pathogenesis

M. pneumoniae 1is the etiologic agent of 15-20% of community-acquired
pneumonia, though infection most commonly manifests as tracheobronchitis (Waites and
Talkington, 2004). Colonization of the host begins with inhalation of droplets spread as
aerosols (Clyde, 1979) and requires attachment to the respiratory epithelium (Krause e?
al., 1982) implying the necessity of successful transit of the mucociliary layer. While
only three percent of infections result in atypical pneumonia (Clyde, 1993), there is a
significantly increased incidence in older children and in the elderly (Luby, 1991,
Ferwerda et al., 2001). In the event that atypical pneumonia develops, symptoms appear
within 1-3 weeks of inhalation, most commonly sore throat, fever and a non-productive
dry cough, although chills, chest discomfort and headache are not unusual (Ferwerda et
al., 2001 and Talkington et al., 2001). Approximately 20% of infections are
asymptomatic (Clyde, 1993).

M. pneumoniae i1s also implicated as a causative agent in approximately 5% of
cases of Guillain-Barré Syndrome (Jacobs, 2002), an autoimmune disorder of the
peripheral nervous system. Occurrence of the syndrome can manifest in the wake of a
respiratory tract infection by M. pneumoniae (Hodges and Perkins, 1969), a common
gateway for other rare, but serious extrapulmonary manifestations (Waites and
Talkington, 2004). The contribution of M. pneumoniae to asthma via induction of
inflammatory mediators has been documented as well (Sutherland and Martin, 2007 and

Waites and Talkington, ef al., 2004).



The hemolytic activity of M. pneumoniae colonies when overlaid with blood,
attributed to the production of reactive oxygen species (ROS) (Cohen and Somerson,
1967) was long thought to be the primary means by which the symptoms of
tracheobronchitis and eventual pneumonia were generated during colonization of host
epithelia. This hypothesis is supported by the reduced cytotoxicity of mutants lacking the
glycerophosphodiesterase GlpQ, which is implicated in the production of ROS as a
byproduct of phosphatidylcholine metabolism (Schmidl ez al., 2011).

Following annotation of the M. pneumoniae genome, the ORF MPN372 was
identified as having homology to the S1 subunit of the exotoxin produced by Bordetella
pertussis (Dandekar et al., 2000) and investigated for potential cytotoxicity. The
recombinant, synthesized protein product of MPN372 functions in ADP-ribosylation
(Kannan and Baseman, 2006), as does its homologous subunit in the pertussis toxin, and
has been shown to generate an inflammatory response in baboons and mice (Hardy, et al.,
2009). CARDS (Community Acquired Respiratory Disease Syndrome) toxin, as it came
to be known, has also been detected in the damaged airways of M. pneumoniae-infected

mice (Kannan et al., 2011).

M. pneumoniae genetics

The genome of M. pneumoniae is a single chromosome of 816,394 base pairs,
representing approximately 700 protein coding genes (Himmelreich ef al., 1996 and
Dandekar et al., 2000). In addition to the aforementioned absence of genes involved in

cell division, biosynthetic and regulatory pathways, M. pneumoniae also lacks several



genes required for DNA repair in other organisms, among them the mut genes involved in
response to oxidative stress and some SOS genes; this may contribute to the elevated rate
of mutation in M. pneumoniae and its reductive evolution. The lack of a complete copy
of recA in the M. pneumoniae was long considered to be a barrier to site-directed
mutagenesis of specific genes, though recent experiments by Krishakumar and colleagues
(2010) suggest that specific gene knockouts are possible. Random transposon
mutagenesis by the modified Staphylococcus aureus transposon TN4001.2065 and its
derivatives (Knudtsen and Minion, 1993, Hahn er al., 1999 and Zimmerman and
Herrmann, 2005) is the best means for generating mutants and delivering recombinant
DNA constructs to the genome.

An unexpected finding in the genomic analysis of M. pneumoniae does not
concern specific genes but intergenic sequences. While the Pribnow box (the short
sequence approximately 10 bases upstream of transcriptional start sites in Eubacteria) is
present in mycoplasmas, the partner sequence approximately 35 bases upstream of the

transcription site, as well as Shine-Dalgarno ribosome binding sites cannot be identified.

M. pneumoniae biochemistry
A defined medium has recently been established as a minimal medium for cell-
free growth of M. pneumoniae (Yus et al., 2009); this medium includes glucose and
glycerol as carbon sources (glycerol appears to be essential for growth), all nucleobases,
cholesterol, several fatty acids with Bovine Serum Albumin as a carrier molecule, nine
vitamins and co-factors, and all but two amino acids (aspartate and glutamate are

synthesized from asparagine and glutamine), again highlighting the limited biosynthetic

10



capabilities of the organism. M. pneumoniae ferments glucose (and is capable of
fermenting other monosaccharides) by the Embden-Meyerhoff pathway, producing
lactate as an end product. It has been suggested that in the limited nutritional
environment of the host respiratory epithelium, M. pneumoniae cells may derive at least
some of their carbon and energy requirements from the catabolism of
glycerophospholipids sloughed off the host cell membrane. The glycolytic intermediate
glycerol-3-phosphate can be derived from enzymatic degradation of these molecules and

could hypothetically enter directly into glycolysis (Schimdl ez al., 2011).

The M. pneumoniae terminal organelle and its components

The initial studies of M. pneumoniae gliding referenced earlier (Bredt, 1973)
described the cell body of M. pneumoniae as having a leading tip followed by a wider
cell body and a long tail-like segment. Transmission electron microscopy of this terminal
organelle revealed an internal framework with a longitudinally oriented structure at its
center, commonly referred to as the “electron-dense core”. A terminal “button” at the
distal end of the electron-dense core (relative to the cell body) was also observed
(Biberfeld and Biberfeld, 1970 and Wilson and Collier, 1976). Subsequent experiments
identified rods of corresponding length to the electron-dense core in Triton X-100
fractions, suggesting that the core and its accessory components constituted a
cytoskeleton (Gobel et al., 1981). A series of thin filaments extending from the proximal
(to the cell body) end of the electron-dense core through the cell body was also observed

(Meng and Pfister, 1981).
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In recent years, electron cryotomography has presented a much clearer picture of
the terminal structure. The core of the M. pneumoniae terminal organelle was shown to
consist of a pair of angled rods, one longer and thicker than the other, bordered at the
proximal end by a bowl-shaped structure separating the terminal structure from the cell
body (Henderson and Jensen, 2006 and Seybert et al., 2006) (Fig. 14A). At the date of
this writing, the individual components of the M. pneumoniae cytoskeleton are not
identified with specific proteins, though a number of cytoskeletal proteins associated with
the core have been identified, along with their orientation relative to the core (Regula et

al.,2001, Balish et al., 2003, Bose et al., 2009).

P1.B and C: Following the determination that the terminal organelle was involved in

the adhesion of M. pneumoniae cells to the respiratory epithelium of the host,
trypsinization of live mycoplasma cells revealed that an extracellular protein with a
molecular mass of 170 kilodalton (kDa) was responsible for attachment to host receptors,
specifically to sialoglycoconjugates (Powell et al., 1976 and Hu et al., 1977).
Immunoferritin electron microscopy employing antibody to this protein, designated P1,
showed clustering of immunoferritin/antibody/P1 complexes at the terminal organelles of
wild-type cells, but not at the terminal organelles of non-adherent mutants (Baseman, e?
al., 1982, Feldner et al., 1982 and Hu et al., 1982), while antibody inhibition of
adherence to hamster tracheal ring cells, controlling for cytotoxicity effects on M.
pneumoniae cells, demonstrated that P1 was indeed the primary adhesin (Krause and

Baseman, 1983).

12



P1 is encoded by the ORF MPN141, and is co-transcribed with the downstream
ORF MPN142, which encodes two separate proteins of 90 kDa and 40 kDa, respectively
(Inamine et al., 188 and Layh-Schmitt and Herrmann, 1992). These proteins, commonly
referred to as B and C, were shown to localize to the interior of the cell membrane, in the
terminal organelle, and in close proximity to P1 (Layh-Schmitt and Herrmann, 1994),

suggesting a supporting role for P1 function.

In addition to its role in cytadherence, P1 also functions in the gliding motility of
M. pneumoniae. Cells gliding in borosilicate growth chambers ceased gliding and
actually detached from the gliding substrate following the addition of P1 antibody to the
gliding medium, while non-motile cells remained attached, indicating that specific
surface moieties of P1 may be exposed during gliding but not while resting (Seto et al.,
2005a). It has been suggested that P1 works (along with protein B) as a “leg protein” in
gliding motility, functioning comparably to the Gli proteins of Mycoplasma mobile
(Nakane et al., 2011), though currently available data only establishes a linkage between

P1 and B when they are co-isolated from whole cells via gel filtration and native PAGE.

P30 and P65: Protein P30 is also a surface-exposed M. pneumoniae adhesin that
localizes to the terminal organelle but does not appear to attach to surfaces in a sialic
acid- dependent manner (Krause et al., 1982, Baseman et al, 1987 and Chang et al.,
2011). Like P1, P30 has a secondary role in gliding (Hasselbring et al., 2005) and is
associated with an intracellular accessory protein, P65 (Proft et al., 1995 and Jordan et
al.,2001). P30 and P65 are among the last of the terminal organelle proteins to assemble

in a newly formed terminal organelle (Hasselbring et al., 2006a).

13



P41 and P24: P41 is a cytoskeletal protein localizing to the proximal end of the terminal
organelle (Hasselbring et al, 2006a). Transposon disruption of the ORF encoding P41
(MPN311) resulted in mutant strain that attached to erythrocytes and glass at wild-type
levels, but exhibited an aberrant, filamentous satellite growth phenotype, suggesting that
P41 had a function in gliding motility but not attachment. While mutants were altered in
the gliding phenotype (Hasselbring et al., 2006b), these mutants were distinguished by a
striking feature; the terminal organelles of mutant cells were observed to detach from the
cell body and glide independently, establishing that the gliding motor of M. pneumoniae
is located within the terminal organelle (Hasselbring and Krause, 2007). P24 is encoded
by the ORF downstream of MPN311 and partners with P41 in the development of new

terminal organelles (Hasselbring ef al., 2007).

HMW1, HMW?2 and HMW3: The three “High Molecular Weight” (HMW) proteins of

M. pneumoniae are essential for cytadherence (Baseman et al., 1982, Krause et al., 1982,
Hahn et al., 1998 and Willby and Krause, 2002) but do not function as adhesins. Rather,
each of these proteins is required for the assembly of the terminal organelle and the
proper localization of adhesins and their accessory proteins (Krause and Balish, 2004).
HMW1 and HMW?2 are reciprocally dependent and are thought to be required very early
in the assembly of new terminal organelles; in the absence of either, the core of the
terminal organelle cannot form. While HMW3 is not required for the formation of the
core or the stability of HMW1 and HMW?2, mutant analysis indicates that the HMW3 is
essential for proper orientation of the core and for the localization of P30 and P65
(Willby and Krause, 2002). The P1/B/C complex can only properly localize in the

terminal organelle following the precise assembly of the preceding components.

14



HMW1 and HMW?2 are both phosphorylated in an ATP-dependent manner at
serine and threonine residues (Dirksen et al., 1994 and Krebes et al., 1995). While the
specific effect of phosphorylation of these proteins is not known, it seems feasible that in
the absence of traditional transcriptional regulators, post-translational modification may

have an important role in the assembly sequence of new terminal organelles.

Gliding motility in M. pneumoniae

The original studies of M. pneumoniae gliding referenced earlier (Bredt, 1973)
described M. pneumoniae cells gliding at approximately 0.3 pm / second during
observation periods and occasionally reaching speeds of 2.0 um / second for limited
times. Gliding was also noted to cease irregularly for resting periods representing
between 0 and 80% of the observation period (Radestock and Bredt, 1977). Modern
studies of wild-type cells largely concur with these findings and also include the
percentage of cells gliding during observation, or gliding frequency, as approximately

28% (Hasselbring ef al., 2006b).

Studies of gliding in a normal human bronchial epithelium (NHBE) model
indicate that gliding may be a virulence factor for M. pneumoniae. Gliding mutants
lacking protein P200 (MPN567) were clearly deficient in colonization of respiratory
epithelium relative to wild-type, while complementation with P200 returned colonization
to wild-type levels. Significantly, the P200 mutant attached at wild-type levels to A549
cells and erythrocytes but exhibited significantly reduced gliding velocity, suggesting that

failure to colonize NHBE cells was a function of the gliding defect (Jordan et al., 2007).
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NHBE modeling of M. pneumoniae colonization is a robust system and should contribute

significant clarification to this issue in the coming years.

Gliding motility is more definitively associated with cell division in M.
pneumoniae. Shortly after the first experiments quantifying gliding motility in M.
pneumoniae, Bredt (1968) documented the classic pattern of terminal organelle-assisted
cytokinesis, in which a cell ceased gliding and developed a second tip structure adjacent
to the original. One of the tip structures would slowly migrate to the other cell pole
before the daughter cells separated. This phenomenon was investigated in further detail
by experiments in which newly formed terminal organelles appeared to migrate,
presumably under the power of the gliding motor, to an opposite cell pole along with
replicated chromosomes. However, as these experiments required fixation for DAPI
staining and immunofluorescence assays, a continuous sequence of events was not
available for consideration (Seto et al., 2005b). A study of division employing live cells,
in which the location of new terminal organelles was detected by fluorescent protein
fusions to terminal organelle proteins, confirmed the earlier hypothesis and established
that gliding deficient mutants were also impaired in cell division (Hasselbring et al.,
2006a). Additionally, this study showed that, at least during in vitro culture, cell division
regularly involves the formation of several new terminal organelles before cytokinesis is

observed.

While P1 and P30 certainly function in M. pneumoniae gliding, no mechanism
internal to the terminal organelle presents itself as a likely motor for gliding. The
components of better understood gliding mechanisms such as those of Myxococcus

xanthus (Goldman et al., 2006) and Flavobacterium johnsoniae (McBride et al., 2009)
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share no homology with M. pneumoniae. The proposed mechanism of P1-driven phase-
dependent motility (Nakane et al., 2011) cannot be evaluated for the same reason.
Studies of the terminal organelle and its components by cryotomography are continuing,

and may represent the best means to identify the gliding motor.

Reversible Protein Phosphorylation in M. pneumoniae

In the decade following the sequencing of the M. pneumoniae genome, the study
of signal transduction in relation to the regulation of cellular processes in other organisms
expanded rapidly. The Min system of Escherichia coli (Shapiro and Losick, 2000) as
well as quorum sensing, biofilm formation and chemotaxis in multiple bacterial species
(Miller and Bassler, 2001, Karatan and Watnick, 2009 and Cluzel et al., 2000) were not
new subjects, but they experienced tremendous growth in a few years, due largely to the
increase in computational power that made genomic sequencing possible. Annotation of
the M. pneumoniae genome (Dandekar et al., 2000) dissuaded researchers from
investigating similar pathways in mycoplasmas, however, as histidine kinases and other
regulatory enzymes and receptor molecules simply had no homology to established

signaling cascades.

The first indication that a functioning intracellular signaling system might have an
important effect in the development of M. pneumoniae was the identification of altered
satellite growth patterns and deficient gliding motility in association with transposon
interruption of the predicted serine / threonine phosphatase prpC (Hasselbring et al.,
2006b). Shortly thereafter, PrpC was found to exhibit phosphatase activity and to be a

component of the PTS in M. pneumoniae (Halbedel et al., 2006).  Mutation of the
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neighboring kinase gene prkC produced an unusual mutant in which HMW?2, along with
other terminal organelle proteins, were absent or reduced in steady state levels, producing
a non-adhering phenotype. The authors took this to indicate that the stability of terminal
organelle proteins was dependent on serine / threonine phosphorylation (Schmidl et al.,
2009), though they did not complement the mutant and assure that the phenotype was not
the result of a secondary mutation. The phosphoprotein profile of a prpC mutant isolated
in the earlier PTS study showed that HMW?2 and the other terminal organelle proteins
present at reduced levels in the prkC mutant were hyperphosphorylated, suggesting that
reversible phosphorylation by these enzymes was an important regulatory factor in M.

pneumoniae.

A subsequent study identified more phosphoproteins subject to reversible
phosphorylation by prpC and prkC by a combined application of 2-D gel electrophoresis,
fluorescent phosphoprotein staining and mass spectrometry. Profiles indicative of
reversible phosphorylation were detected for the terminal organelle proteins HMW3, P65
and P41, along with the cell surface protein encoded by MPN474 and a handful of
smaller proteins of unknown function (Table 1), including a fragment of Sigma factor 24
(RpoE) not previously known to be functional (Schmidl et al., 2010). An earlier mass
spectrometry study investigating phosphorylation in M. pneumoniae and the closely
related species Mycoplasma genitalium identified a similar set of phosphoproteins along
with the specific serine and threonine residues at which some proteins are phosphorylated

(Su et al.,2007).

A recent study has shown that post-translational modification of proteins in M.

pneumoniae is not limited to serine / threonine phosphorylation. In combination with a
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third survey of phosphoproteins by mass spectrometry, van Voort and colleagues (2012)
also described the acetylation of lysine residues in the proteome of wild-type M.
pneumoniae and in two strains in which acetyltransferases were disrupted by transposon
insertion. Most strikingly, this study found that the serine / threonine phosphorylation
state of a number of M. pneumoniae proteins had a clear, but complex effect on the total
number of neighboring acetylated lysine residues within those proteins, and vice-versa.
For example, thirteen lysine residues were less heavily acetylated in the terminal
organelle protein HMW?2 of a prkC mutant, while similar effects were noted in
acetyltransferases mutants with regard to phosphoserine and phosphothreonine sites. The
authors correctly assert that cross-talk between the two post-translational modification
systems constitutes a much more complex regulatory system than had been previously

thought to function in M. pneumoniae.

Regulatory functions of eSTP / eSTK pairs

Phosphorylation of serine, threonine and tyrosine residues was first encountered
in studies of eukaryotic biochemistry (De Verdier, 1952 and Sutherland et al., 1955) and
was considered to be a function exclusive to eukaryotic metabolic regulation until the
description of an enzyme in E. coli capable of phosphorylating and dephosphorylating
serines and threonines relatively late in the 20" century (Garnak and Reeves, 1979 and
Bakal et al.,2000). The highly conserved enzyme classes described here collectively, for
the purpose of brevity, as eSTKs and eSTPs, were not detected in prokaryotic species for
several more years, (Munoz-Dorado et al., 1991 and Kenelly, 2002). With the advent of

genome sequencing, hundreds of these enzymes have been identified in bacterial and
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archaeal genomes (Galperin et al. 2010), establishing that these enzymes should probably
not be described as “eukaryotic-like”, given their ubiquity and conservation throughout

all domains of life (Fig. 13).

The majority of eSTKs in bacteria are cell membrane and cell envelope-
associated enzymes (Yeats et al., 2002), featuring a cytosolic catalytic domain connected
to one or more extracellular PASTA (penicillin-binding and serine / threonine kinase-
associated) domains by a transmembrane segment. These PASTA domains function in a
manner not unlike the extracellular sensor domains of histidine kinases in traditional two-
component systems, in some cases functioning in a two-step ligand binding /
homodimerization process with a role in catalytic domain activation (Barth et al., 2010).
In B. subtilis, the binding of peptidoglycan fragments by the PASTA domain of the eSTK
PrkC activates a signaling cascade in which phosphorylation of Elongation Factor G (EF-

G) results in the germination of spores (Shah et al., 2008).

Many eSTKSs are partnered with, and in close genomic proximity to, a cognate
phosphatase from one of the recognized eSTP families (Iwanicki et al, 2005). The
function of individual eSTPs is often more difficult to elucidate than those of their
cognate kinases, though in many cases, they are modulators of the autophosphorylation of
these kinases (Obuchowski et al., 2000 and Osaki et al., 2009). In some cases, eSTPs
directly dephosphorylate the phosphoprotein substrates of their cognate eSTKs,
completing a regulatory circuit. The eSTK / eSTP —based regulation of a proteins that
regulate cell shape and cell wall development in B. subtilis is a model system, useful for

identifying comparable regulatory circuits in other organisms (Absalon et al.,2009).
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Table 1. M. pneumoniae phosphoproteins detected by
mass spectrometry. These proteins have been shown to be
phosphorylated and/or dephosphorylated by PrkC/PrpC in
M. pneumoniae or B. subtilis (Su et al, 2007 and Schmidl
etal,2010).

Locus name Protein name | Protein function
MPN024 RpoE Sigma factor 24 fragment
MPN142 Pl Adhesin protein
MPN256 MPN256 Uncharacterized protein
MPN309 P65 Cytoskeletal protein
MPN310 HMW2 Cytoskeletal protein
MPN311 P4l Cytoskeletal protein
MPN447 HMWI Cytoskeletal protein
MPN453 HMW3 Cytoskeletal protein
MPN474 MPN474 Cell surface protein
MPN665 Tuf Elongation factor Tu

21



CHAPTER 3

MATERIALS AND METHODS

Mpycoplasma strains and culture conditions

Wild-type M. pneumoniae strain M129 (Lipman and Clyde, 1969), cytadherence
mutants M6 (Hahn et al, 1998), H9 (Hedryda and Krause, 1995), HMW3- (Willby and
Krause, 2002), IV-22 (Krause et al, 1982), II-3 (Romero-Arroyo, 1999) and the gliding
mutant strains 247-100 and 254-70 (Hasselbring et al, 2006b) were described previously.

The gliding deficient prkC mutant 248-377 was generated serendipitously by
transformation of wild-type M129 with a derivative of the transposon vector pMT85
(Hasselbring et al, 2006a). Following identification of the transposon insertion site in
this strain, the initial transformant stock was filtered, serially diluted and plated on PPLO
agar plates to generate progeny colonies for isolation.

Cultures were grown to mid-log phase in SP-4 medium (Tully et al, 1977) with
the addition of 18 ug/ml gentamicin and 24 ug/ml chloramphenicol where appropriate for
antibiotic selection. Qualitative and quantitative hemadsorption assays followed standard
procedures (Fisseha et al, 1999 and Krause and Baseman, 1982), as did time-lapse
analysis of satellite growth (Hasselbring ef al, 2006b). All reagents used in these studies

were purchased from Sigma Chemical Co., (St. Louis, MO) unless otherwise stated.
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Identification of transposon-disrupted genes

Transposon insertion sites in 247-100, 248-377 and 254-70 were mapped by
sequencing from a site internal to an inverted repeat sequence common to TN4001.2065
and pMTS85, employing the primer 3’LacZ2 (Table 2). Briefly, genomic DNA from each
strain was digested with HindIII, ligated, and used to transform Escherichia coli strain
DH5a. Kanamycin resistant transformants (carrying the transposon’s copy of aacA-
aphD, along with the junction of transposon and M. pneumoniae DNA) were expanded in
liquid culture. Plasmid DNA was collected by Miniprep (Qiagen, Venlo, Netherlands)

and sequenced at the Georgia Genomics Facility (Athens, GA.).

Time-lapse analysis of satellite growth and microcolony development

Satellite growth of M. pneumoniae mutants was evaluated as previously described

(Hasselbring er al, 2005) except that magnification was increased to 100X. We

quantified microcolony areas microscopically, collecting 100 measurements of

microcolony diameter per strain in order to quantify the differences in colony area

between wild-type, mutant and complemented strains.

Western immunoblotting

Samples were analyzed by sodium dodecylsulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) and Western immunoblotting as described previously

23



(Laemmli, 1970 and Towbin et al, 1979) using a monoclonal P30-specific antibody
(1:1000) (Romero-Arroyo et al, 1999) and rabbit antisera to HMW1 (1:10,000) (Stevens
and Krause et al, 1991), HMW?2 / P28 (1:2,000) (Krause et al, 1997), HMW3 (1:10,000)
(Stevens and Krause, 1992), P1 (1:2,000) (Baseman et al, 1982), P200 (1:2,000) (Proft et
al, 1996), TopJ (1:2,000) (Cloward and Krause, 2009), P65 (1:3,000) (Proft and
Herrmann, 1994), B (1:5,000) and C (1:1,000) (Sperker et al, 1991), P41 (1:1,000) and

P24 (1:250) (Krause et al, 1997).

Quantitation of cell gliding

Previous studies described a procedure to measure M. pneumoniae gliding frequency and
velocity (Hasselbring et al, 2005), but a modification to this protocol improved the
precision of these measurements, especially in the more fragile mutant strains. Cultures
were inoculated approximately 24 h prior to the capture of images for analysis and grown
to a cell density of 75-150 cells per field. This technique removed the need for the
destructive thawing and needle passage steps used in the previous protocol. In addition,
10 min prior to the capture of images, we replaced the spent medium in which the
cultures were inoculated with a defined gliding medium (20 mM HEPES, 150 mM NaCl,
1.0 mM sodium phosphate monobasic, 0.8 mM glucose and gelatin [3% w/v], pH 7.2).
This was necessary because gliding measurements in SP-4 with 3% gelatin (Hasselbring
et al, 2005 and Hasselbring et al, 2006b) appeared to vary with the batch of some media
components. Wild-type gliding speed and frequency as measured in the defined gliding

medium were comparable to previously published values (Hasselbring et al, 2005).
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In other gliding experiments a phosphate-free gliding medium (recipe as above,
omitting sodium phosphate monobasic) was used, as well as a gliding medium in which
glucose was replaced with glycerol at a concentration of 0.8 mM. Image capture for
measurement of gliding frequency was made 10 min after replacement of growth

medium, as above, and once more, 2 h after the initial measurement.

Intrinsic *’P incorporation and autoradiography

Wild-type and mutant M. pneumoniae cells were grown in 40 mL of SP-4 in 162
cm’ tissue culture flasks and harvested during exponential growth. Strains that adhere
well to plastic were scraped from the flask surface prior to centrifugation, and all strains
were harvested by centrifugation at 20,000 RPM. Cell pellets were washed three times
with Tris-buffered saline (TBS) and suspended by needle passage in 250 uL of TBS.
Protein concentration of each sample was measured in triplicate by BCA protein assay
and adjusted to a final concentration of 1 ug/ul in phosphate-free, pyruvate-free
Dulbecco’s Modified Eagle’s Medium, 20 mM HEPES containing 10% fetal bovine
serum dialyzed against TBS. Radiolabeled phosphoric acid (H;*PO, at 8,500-9120
Ci/mmol; Perkin Elmer, Waltham, MA) was added to 1 ml of M. pneumoniae suspension
in a 1.5 mL microcentrifuge tube to a final concentration of 90 uCi/mL. Cultures were
incubated at 37° C with agitation for 12 h, after which cells were harvested and washed
with TBS by centrifugation. Pellets were suspended in 1 mL TBS to maintain the
concentration of 1 ug/ul. 30 ng of treated sample was analyzed on 5% polyacrylamide
gels, blotted to nitrocellulose and exposed to Kodak Biomax XAR film (Rochester, NY)

at -80° C in the presence of an intensifier screen for 120 h.
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Phosphoprotein staining

Pro Q Diamond stain (Life Technologies, Carlsbad, CA) was used to identify
phosphoproteins in wild-type, mutant and complemented samples and to compare the
degree of phosphorylation between strains. 7.5% polyacrylamide SDS-PAGE gels
(fortified with Invitrogen Rhinohide Polyacrylamide Gel Strengthener) were stained with
Pro Q Diamond following the manufacturer’s protocol and imaged on a Typhoon Trio
laser scanner (GE Healthcare, Little Chalfont, UK) at 532 nm emission/ 580 nm
excitation wavelengths. To confirm equal protein levels per sample, gels were also
stained with the fluorescent protein stain Sypro Ruby and imaged at 488 nm emission/
610 nm excitation wavelengths. Image] (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/, 1997-2009) was used to
perform background fluorescence subtraction and densitometric analysis of fluorescence-
imaged bands corresponding to HMW1, HMW?2 and P1. Final intensity measurements,

averaged from three experiments, were normalized to those of wild-type.

Reverse transcriptase PCR

Nucleic acids for RT-PCR were extracted from M. pneumoniae cultures at mid-
log phase by a chloroform/ethanol extraction (Invitrogen Easy-DNA kit, Carlsbad, CA)
and treated with the Ambion DNA-free kit (Naugatuck, CT) to remove contaminating
DNA. Primer pairs (Table 2, Fig. 5) were designed to generate multiple PCR products

spanning intra- and intergenic regions within the prpC/prkC gene cluster (Integrated
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DNA Technologies, Coralville, IA). Mycoplasma RNA was reverse transcribed with the
Ambion Retroscript kit to produce cDNA for PCR, which was carried out in Easystart 50
reaction tubes (Molecular Bio-Products, San Diego, CA). RT-PCR products, along with
positive and negative controls, were visualized by ethidium bromide staining following

agarose electrophoresis.

Complementation of 247-100 and 248-377 mutants

MPN247 was amplified from wild-type M129 genomic DNA along with the
upstream ORF MPN246 and its promoter to construct a recombinant allele of prpC for
complementation of 247-100. Forward and reverse primers (246F EcoRV and 247R
EcoRV, Table 2) were designed with EcoRV sites providing blunt ends for ligation into
the Smal site of the chloramphenicol-resistance vector pKV104 (Hahn ez al, 1998). A
comparable strategy was used to complement the prkC mutant 248-377 with forward and
reverse primers flanking MPN248 (248F EcoRV and 249R EcoRV). All PCR products
intended for inclusion in complementation vectors were generated with Expand High
Fidelity Taq Polymerase (Roche, Penzburg, Upper Bavaria, Germany). Transformation of
competent cells by electroporation was described previously (Hedryda et al, 1993).
Transformants were plated on PPLO agar (Lipman et al, 1969) with gentamicin and
chloramphenicol. Colonies were carefully picked and expanded in 1 ml SP-4 medium.
Individual transformants were screened for a restored wild-type satellite growth

phenotype by time-lapse analysis.
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Table 2. Description of primers used for RT-PCR,

complementation and insertion mapping of transformant

strains.

Primer Name

Sequence (engineered restriction sites are underlined)

RT-PCR primers

246F RT 5-CCTTAACATCGTCCAGCACTAGTCATGCTT-3’
247F RT 5-TGTGATGGTTTAGGCGGTTATAAGGGCGGT-3"
247R RT 5'-GAAACGGTAGCAGTGAGGGCTAACAGCTTG-3"
248F RT 5-CGGTTGGTGTTAAAGGTAGTACAACGCA-3’
248F M0O1 5-ATGGCACTAAATTTAAAGATTGGT -3’

248F M26 5-ATGAACTCTTACCTGTTTTTAGCG -3’

248R RT 5'-AGCGTTACGAATAACAGCGGAAGCAATGCC -3°

Primers for complementation (engineered restriction sites are underlined)

246F EcoRV
247R EcoRV
248F EcoRV

249R EcoRV

o

-CGTGGCGATATCCATAACCCTGGTGC-3"

-CAGGTAAGAGGATATCCCGCCTGA-3’

wn

-CGTGGCGATATCCTGTACAACTTCTTGG-3"

wn

5-GCGACAATGACAGATATCTCAAGGG-3’

Insertion mapping

primer

3'LacZ2

5-CACTCCAGCCGCTTTCCGGCACCGCTTCT-3"
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P1 Immunoprecipitation

Prior to immunoprecipitation of protein P1 from M. pneumoniae cell lysates, 500
ul of P1 antibody (Baseman et al, 1982) at production bleed strength was mixed with 25
ul of a Protein G Dynabead (Invitrogen) suspension and incubated with shaking at 4° C
for 1 h. P1 antibody was then recovered from the Dynabeads by magnetic separation (the
beads were discarded). This was necessary to reduce non-specific binding between
Protein G Dynabeads and components of P1 antibody solution. M. pneumoniae cell
suspensions (determined by bicinchoninic acid assay to contain 300 ug of protein) were
collected by centrifugation (X g for 20 minutes) and resuspended in the detergent buffer
TDSET [10 mM Tris-hydrochloride (pH 7.8), 0.2% (wt/vol) sodium deoxycholate, 0.1%
(wt/vol) sodium dodecylsulfate, 10mM tetrasodium EDTA, 1% (vol/vol) Triton X-100]
for 30 min at 37°C to solubilize protein P1 (Leith et al, 1983). Lysates were then
incubated with recovered P1 antibody for 1h at 4° C. Finally, 25 ul of fresh Dynabeads
were added to the lysate/antibody mixture and shaken at 4° C for 1h. Dynabeads were
recovered from the lysate/antibody mixture by magnetic separation and washed twice
with TDSET. Following a 10 min incubation at 68°C in 3X SDS-PAGE sample buffer
and a final magnetic separation, precipitate was loaded on SDS-PAGE gels for further

analysis.
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Antisera to PrkC and PrpC

Peptides reflecting the amino acid sequences of PrpC
(MASALVSEVFTKSFTVFEDF) and PrkC (LRSDVPVSLENIVFKCTA) were
synthesized by Sigma-Genosys (St. Louis, MO), conjugated to Keyhole Limpet
Hemocyanin and used to generate polyclonal antibodies from rabbits (Antibodies

Incorporated, Davis, CA).
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CHAPTER 4

RESULTS

Identification of transposon insertion sites in gliding mutants

A collection of 3,500 transformants was screened for aberrant satellite growth
phenotypes in order to identify possible motility mutants. Several distinct phenotypes
were observed, characterized and separated into four general categories, one of which
featured “lawn-like” growth. In the three transformants that displayed this phenotype,
the microcolonies characteristic of wild-type M. pneumoniae satellite growth did not
develop. Sequencing revealed that two of these transformants were “siblings”, in which
TN4001.2065 had inserted into an identical site in MPN254, while the other
transformant featured an insertion in MPN247 (Hasselbring, 2006b). A separate study
of M. pneumoniae cell division serendipitously identified another transformant in which
a lawn-like growth phenotype was observed (Hasselbring, 2006a); sequencing of this
strain identified an insertion in MPN248 (Fig. 1).

Genome annotation of M. pneumoniae had previously described MPN247 and
MPN248 as homologs of the phosphatase/kinase pair prpC and prkC from B. subtilis
(Obuchowski et al., 2000 and Dandekar et al., 2000). A nucleotide BLAST search
suggested that MPN254 was homologous to the gene cind in S. pneumoniae, which has

a proposed function in the induction of genetic competence (Altschul et al., 1997 and
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Fig. 1. Schematic of prpC / prkC / cinA gene cluster
including ORFs MPN246-MPN254.

Predicted functions are based on the most current

M. pneumoniae genome annotation (Dandekar et al, 2000).

Black arrowheads indicate transposon insertion sites.
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Lee and Morrison, 1999). These mutants were coded 247-100 (prpC), 248-377 (prkC)
and 254-70 (cinA); the first number represents the number of the transposon-interrupted
OREF, followed by the final canonical amino acid in the truncated protein sequence of

each mutant.

General characterization of prpC, cinA and prkC mutants

The prpC and cind mutants 247-100 and 254-70 were previously described
(Hasselbring et al., 2006b) as having a lawn-like satellite growth pattern, where the large
microcolonies and confluent growth characteristic of wild-type cultures do not form
over time (Fig. 2). The pattern observed visually was confirmed here by comparative
analysis of average microcolony area, where mutant microcolonies were approximately
half the size of wild-type microcolonies at 72 and 96 hours post-inoculation (Table 3).
A similar growth pattern was noted for the prkC mutant 248-377, both visually (Fig. 2)
and in average microcolony area (Table 3), although this mutant achieved confluence
more slowly. The observed differences in growth pattern could not be accounted for
strictly on the basis of growth rate, although all mutants grew slightly slower than wild-
type.

Spontaneous mutations affecting terminal organelle function can arise at a high
frequency (Krause and Balish, 2004). Therefore, to explore whether the mutant gliding
phenotypes here described were potentially accompanied by secondary mutations, we
employed Western immunoblotting to assess steady state levels of proteins known to
contribute to cytadherence and/or motility (HMW1, HMW2, HMW3, P1, B, C, P200,
Topl, P65, P41, P24 and P30) revealing that all were present at wild type levels in both

the prpC mutant 247-100 and the prkC mutant 248-377 (Fig. 3).
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Fig. 2. Microcolony satellite growth for prpC (247-100),
prkC (248-377) and cinA mutants.

Cultures were incubated in chamber slides for 144 h with

images captured at 24-h intervals. Scale bars, 15 um.
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Table 3. Analysis of satellite growth for wild-type M.
pneumoniae, prpC (247-100), prkC (248-377) and cinA
mutants (254-70) and a complemented prpC mutant

(247-100 CT1).

Strain Mean microcolony area® Mean microcolony area®
at 72 hours at 96 hours
Wild-type 80.65 = 11.1 116.1 + 15.6
prpC- 42.56 + 748 49.34 £ 6.54
prpC-Cl 82.78 +22.3 1342 +41.8
prkC- 32.26 + 6.54 38.69 = 7.21
cinA- 41.89 +3.56 60.25 + 498

“um? + 95% confidence interval
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Fig. 3. Western immunoblot analysis of prpC and prkC
mutants.

20 g of protein was loaded per lane on a 3-10%
polyacrylamide gradient gel. Antisera are indicated to the

left.
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Fig. 4. Hemadsorption assays.

A. Qualitative hemadsorption analysis of prpC (247-100)
and prkC (248-377) mutants, with wild-type M.
pneumoniae and IV-22 (Krause e al, 1982) as positive
and negative controls, respectively. Scale bars, 65 um.
Insets reflect an approximate threefold magnification.

B. Quantitative hemadsorption analysis, with percent of
cells retained normalized to wild-type. Mutant II-3
(Romero-Arroyo, 1999) was used as a negative control.

Error bars reflect a 95% confidence interval.
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Moreover, qualitative hemadsorption assays confirmed that the transposon
disruption of MPN247 or MPN248 did not severely impact cytadherence (Fig. 4A),
although the prpC mutant attached to erythrocytes at a level approximately 70% of
wild-type (Fig. 4B). The protein profile and hemadsorption phenotype of the cind

mutant 254-70 were also comparable to wild-type M. pneumoniae (data not shown).

Transcription of the prpC / prkC gene cluster

Reverse transcriptase PCR was employed to identify the most likely locations of
promoters in the gene cluster and thereby instruct the strategy for the complementation of
mutants 247-100 and 248-377. Two pairs of primers (247F RT / 247R RT and 248F RT
/ 248R RT, Fig. 5B) were used to amplify intragenic targets of 400 base pairs within
MPN247 and MPN248, confirming the presence of transcript from both genes in wild-
type M. pneumoniae RNA (Fig. 5A, lanes 1 and ii). A second set of primer pairs (246F
RT / 247R RT and 247F RT / 248R RT, Fig. 5B) was used to amplify intergenic targets
of 1100 base pairs, the first spanning MPN246 and MPN247, the second spanning
MPN247 and MPN248; the transcript spanning MPN246 and MPN247 was amplified
following reverse transcription from RNA, but not a transcript spanning MPN247 and
MPN248 (Fig 5A, lanes iii and iv). This suggested that a predicted promoter upstream of
MPN246 was responsible for transcription of MPN246 and MPN247, while MPN248
was transcribed from a separate sequence within the upstream gene MPN247 (Fig. 5B).
However, a possible promoter sequence upstream of a methionine codon 78 nucleotides

downstream from the currently annotated start site of MPN248 (Himmelreich et al.,
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1996) raised the possibility that MPN247 and MPN248 do not overlap but are separated
by an intergenic space of approximately 70 nucleotides.

Analysis of transcription within this region employed three forward primers
(248F MO1, 248F M26 and 248F RT) and one reverse primer (248R RT), producing
amplicons of three sizes (Fig. 5D), one identical to the internal prkC transcript referenced
above (Fig. 5C, lane vii), one corresponding to the currently annotated transcription start
site (Fig. 5C, lane ix), and one to the possible upstream start site (Fig. 5C, lane xi).
While RT-PCR products were detected for both the currently annotated and hypothetical
start sites, the latter produced a much brighter band, which may indicate that the
hypothetical start site is the more common site of initiation of transcription for prkC (Fig.

5D).

Analysis of gliding motility

Microcinematographic analysis initially determined the gliding frequencies and
velocities of mutants 247-100 and 254-70 to be significantly reduced relative to wild-type
(Fig. 6). The subsequently isolated strain 248-377 was found to have an even lower
gliding frequency (less than 1% of cells gliding per field) than 247-100 and 245-70,
precluding analysis of gliding velocity due to a lack of individual gliding cells for
measurement. These measurements were based on assays of gliding motility designed
for high throughput analysis, utilizing a pre-frozen motility stock and a rapid thaw and
syringe passage, which was useful for the purpose of assaying the gliding phenotypes of
several dozen mutants given the limits of time and availabilty of personnel. During

studies of mutants lacking the cytoskeleton protein P65, a modified protocol for gliding
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Fig. 5. RT-PCR analysis of the prpCiprkC gene cluster.
A. RT-PCR products of reactions using primers 247F RT
and 247R RT (1), 248F RT and 248R RT (i), 246F RT and
247R RT (ii1), and 247F RT and 248R RT (iv). An RT-
PCR positive control was loaded in the final lane (v).

B. Schematic detailing the predicted locations of
promoters in the prpC/prkC gene cluster along with the
annealing sites of relevant primers.

C. Products of reactions using primers 248F RT and
248R RT (vi and vii), 248F MO1 and 248R RT (viii and ix)
and 248F M26 and 248R RT (x and xi). Even-numbered
lanes represent positive DNA controls, while odd-
numbered lanes are the products of RT-PCR.

D. Schematic detailing MPN248 and its two possible
transcription start sites, based on Fig. 5B, along with the

annealing sites of relevant primers.
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Fig. 6. Cell gliding frequency and velocity for
wild-type M. pneumoniae, prpC, prkC and cinA

mutants and complemented transformants

A. Mean gliding frequency is a measurement of the number of cells
gliding in one observational field divided by the total number of cells
in that field. An earlier method of gliding motility analysis
(Hasselbring et al, 2006b) yielded a mean cell gliding frequency of
2.9% for the prpC mutant, less than 1% for the prkC mutant and 11%
for the cind mutant. One way ANOVA indicated that the differences
observed in gliding frequency for the prpC and prkC mutants, as well
as the complimented transformants of the prkC mutant, were
statistically significant at an o of 0.01. Error bars represent 95%

confidence intervals.

B. Mean gliding velocity is measured in um/s. An earlier method of
gliding motility analysis (Hasselbring et al, 2006b) yielded a mean
gliding velocities of 0.134 um/s and 0.144 um/s for the prpC and
cinA mutants respectively. One way ANOVA indicated that the
gliding velocity of the prpC mutant was significantly greater than that

of wild-type.

46



A Mean cell gliding frequency

10 _I_

0 T T T T T T T

Wild-type  prpC- prpC- C1 prpC- C2 prkC-  prkC- C1 prkC- C2  cind

B Mean cell gliding velocity

0.45
0.4
0.35

0.3

0.25 1 1 I
0.2 1

0.15

0.1

0.05 -

Wild-type prpC- prpC- C1 prpC-C2 prkC- prkC-C1 prkC- C2  cind

47



analysis (discussed in Chapter 3) revealed that while the gliding frequencies and
velocities of wild-type cells were essentially equivalent for both rapid and longer-term
culture methods, both gliding frequency and velocity in the mutant strains were
significantly elevated with the latter method, perhaps due to the destructive effects of
thawing and multiple syringe passages.

When gliding was re-evaluated in the prpC mutant 247-100 by the longer-term
culture method, cells were found to be faster and to glide more than twice as frequently
as wild-type cells. In contrast, quantitative motility studies with the prkC mutant 248-
377 established a gliding frequency approximately half that of wild-type cells, but with
comparable gliding speeds, while cind mutant cells were found to glide roughly as
frequently and at speeds comparable to wild-type (Fig. 6). The increases in gliding
frequency and velocity detected in the prpC mutant and the decrease in gliding frequency

in the prkC mutant were determined to be statistically significant by one-way ANOVA.

Protein phosphorylation in prkC and prpC mutants

The contrasting gliding phenotypes of mutants 247-100 and 248-377 suggested a
role for reversible phosphorylation in M. pneumoniae gliding. To study the protein
phosphorylation profiles of these mutants we employed H3**PO, incorporation and
autoradiography, as well as Pro Q Diamond phosphoprotein staining.

Radiolabeling of phosphoproteins produced somewhat confounding results. The
wild-type phosphorylation profile was comparable to profiles observed in earlier

experiments (Dirksen et al., 1994 and Krebes et al. 1995), and the profile of the prkC
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mutant 248-377 reflected apparently lower phosphorylation levels relative to wild-type.
However, the profile of the prpC mutant 247-100 did not feature the
hyperphosphorylation characteristic of other phosphatase mutants (Absalon, 2009),
though a band migrating at the size of protein P1 (Fig. 7, box) was more intense in
mutant 247-100. Furthermore, in mutant M6, which lacks HMW1 and produces a
truncated P30 (Hahn et al., 1998), this putative P1 band likewise appeared to be
dramatically hyperphosphorylated relative to wild-type (Fig. 7).

In contrast to the results from **P incorporation, Pro Q Diamond staining detected
hyperphosphorylated bands corresponding to HMW 1 and P1 in the prpC mutant 247-100,
in addition to a modest increase in the intensity of HMW?2 relative to wild-type. By
comparison, HMW1 and HMW?2 bands in the prkC mutant 248-377 were consistently
less intense than in wild-type, whereas P1 appeared to be phosphorylated at wild-type
levels (Fig. 8B). Band intensities were analyzed in triplicate for Pro Q Diamond
fluorescence intensity (Fig. 8A), confirming the results noted visually. Sypro Ruby
imaging of Pro Q Diamond-stained gels (Fig. 8A) revealed that total protein profiles of
the prpC (247-100) and prkC (248-377) mutants were indistinguishable from wild-type,
consistent with Western immunoblotting data (Fig. 3).

We also examined phosphoprotein profiles of the terminal organelle mutant
strains M6, H9, HMW3- and IV-22 by Pro Q Diamond staining. The absence of
phosphorylated HMW1 or HMW?2 in mutants M6 and H9, respectively (Fig. 8B, ovals),
was consistent with our previous findings (Dirksen et al., 1994). Interestingly, a band
corresponding to truncated HMW?2 in mutant H9 (Bose ef al., 2009) was also apparent by

Pro Q Diamond staining (Fig. 8B, arrowhead). The absence of a phosphorylated band
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Fig. 7. Phosphorylation profiles in prpC, prkC, HMW1
and HMW2 mutants, assayed by autoradiography.

30 pg of protein, labeled with H,*?PO,, was loaded per
lane on a 5% polyacrylamide gel and western blotted.
Protein P1 in the 247-100 band is indicated by an inset

box.
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Fig. 8. Phosphorylation profiles in prpC, prkC,
terminal organelle protein mutants, and
complemented transformants assayed by fluorescent
phosphoprotein staining.

A. 30 ug of protein was loaded per lane on a 7.5%
polyacrylamide gel and stained with Sypro Ruby
following electrophoresis to provide total protein profiles.

B. A Pro Q Diamond stain of the same gel.

The 200 kDa protein standard is indicated by arrows,
while proteins of interest are indicated by arrowheads.
Circles, absence of HMW 1 and HMW?2 in mutants M6
and H9, respectively; dashed circle, absence of P1 in
mutant IV-22; solid arrowhead, likely truncated HMW2

protein in mutant HY.
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Fig. 9. Relative fluorescence intensity of Pro Q
Diamond phosphoprotein staining of bands
representing HMW2, HMW]1, and P1.

A. Band intensity was determined by densitometric
analysis in ImageJ and normalized to wild-type.

B. Bands represent P1 from wild-type and the HMW 1
mutant M6, calculated similarly.

All error bars reflect the standard error of the mean, based

on three independent experiments.
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corresponding to P1 in mutant IV-22 (Fig. 8B, dashed oval) was likewise consistent with
its identification as a phosphoprotein. Hyperphosphorylation of P1 in mutant M6
detected by radiolabeling was also observed by Pro Q Diamond staining (Fig. 8B, open
arrowhead and Fig. 9B). We did not detect a difference in band intensity between wild-
type and phosphorylation mutants in protein bands resolving at the size of the
cytoskeletal protein HMW3, which is described as a phosphoprotein in numerous studies

(Suetal., 2007, Schmidl et al., 2009, and Schmidl et al., 2010).

Detection of phosphorylated P1 by immunoprecipitation

To confirm that the hyperphosphorylated band observed in mutant M6 in analysis
of protein phosphorylation (Fig. 7 and Fig. 8B) represented the adhesin P1 and not the
co-migrating surface protein MPN474, immunoprecipitated P1 from wild-type M.
pneumoniae and mutant M6 was also stained with Pro Q Diamond (Fig. 10). The
immunoprecipitated P1 recovered from M6 also appeared to be hyperphosphorylated

relative to wild-type.

Detection of MPN247 and MPN248 gene products

We prepared antisera to peptides corresponding to predicted immunogenic
regions of PrpC and PrkC. Antisera to each reacted with the corresponding peptides in
dot blots but failed to identify a protein band of the expected size in wild-type profiles but
absent in corresponding mutant profiles by Western immunoblotting (data not shown).

Attempts at detection following subcellular enrichment were likewise unsuccessful.
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Fig. 10. Phosphoprotein staining of
immunoprecipitated P1 from wild-type M. pneumoniae
and HMWI1 mutant M6.

Concentrated immunoprecipitate of P1 was loaded on a
7.5% polyacrylamide gel and stained with Pro Q
Diamond. Lane #1 is a broad range molecular weight

standard.
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Complementation of prpC and prkC mutants

Complemented transformants of prpC and prkC mutants (247-100 CT1/2 and
248-100 CT1/2) were evaluated for restored gliding and phosphorylation phenotypes by
microcinematographic analysis and by phosphoprotein staining. The gliding speeds and
frequencies of complemented transformants of the prpC mutant 247-100 returned to the
wild-type standard (Fig. 6). Additionally, the increased phosphorylation of HMW2 and
P1 observed in mutant 247-100 was ameliorated by complementation with the wild-type
MPN247 allele, (Fig. 8B and Fig. 9A) though phosphorylation of these bands was
reduced relative to wild-type (Fig. 9A). Finally, complementation of mutant 247-100
resulted in wild-type satellite growth and an increase in average microcolony area (Table
3). In contrast, complementation data for the prkC mutant 248-377 were somewhat
confounding, where the delivery of the recombinant wild-type allele resulted in
hyperphosphorylation of P1 (Fig. 8B and 9A) and in an increase in gliding frequency to a

level even greater than that observed in wild-type and the prpC mutant 247-100.

Additional gliding motility experiments
The prpC and prkC mutants presented an opportunity to explore some aspects of
the nutrient requirements and energetics of M. pneumoniae gliding. The important role
of protein phosphorylation by PrkC in gliding suggested that a gliding medium lacking
phosphate might result in a gliding phenotype similar to that of 248-377 in wild-type
cells. This was indeed the case, as wild-type cells in phosphate-free media glided at a
reduced frequency relative to cells in standard media, while 247-100 and 248-377 glided

at comparable rates in both medias (Fig. 11).
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Fig. 11. Analysis of wild-type, prpC and prkC mutant
gliding frequencies in phosphate-free gliding media.

Error bars represent a 95% confidence interval.
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The identification of PrpC as an important component of the M. pneumoniae
phosphotransferase system (PTS), specifically involved in the induction of glycerol
metabolism (Halbedel ef al., 2006) introduced the possibility that the replacement of
glucose with glycerol as a carbon source might have detectable effects on gliding in the
prpC mutant. Both wild-type and the prpC mutant exhibited reduced gliding frequencies
following replacement of SP-4 growth media with a glycerol gliding media, with wild-
type gliding frequency reduced by approximately half that observed in standard gliding
media, and 247-100 gliding frequencies reduced by two-thirds. The decrease in prpC
mutant gliding frequency recovered after 2 hours of incubation, increasing to a level
comparable to 247-100 cells in standard gliding media at the same time-point (Fig. 12).

Given the sharp increase in gliding frequency in complemented transformants of
248-377, it seemed likely that increased expression of prkC in wild-type might result in a
comparable increase in gliding frequency. Transformation of wild-type M. pneumoniae
with a vector carrying a recombinant copy of MPN248 (the same recombinant transposon
was used to complement the prkC mutant) resulted in an increase in gliding frequency

comparable to the increase detected in the prpC mutant (Fig. 13).
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Fig. 12. Analysis of wild-type and prpC mutant gliding
frequencies in glycerol gliding media.

Error bars represent a 95% confidence interval.
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Fig. 13. Analysis of gliding motility in wild-type with
increased expression of prkC.

Error bars represent a 95% confidence interval.
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CHAPTER 5

DISCUSSION

The terminal organelle of M. pneumoniae is essential for attachment to the host
epithelium (Hu ez al., 1982), gliding motility (Hasselbring et al., 2007a) and cell division
(Hasselbring et al., 2006a). These factors are themselves dependent on a group of
proteins, most significantly the primary and accessory adhesins P1 and P30 (Krause et
al., 1982 and Baseman et al., 1987), the cytoskeletal protein P41, which secures the
terminal organelle to the cell body (Hasselbring, 2007a), and along with its accessory
protein P24, is required for proper development of new terminal organelles (Hasselbring
et al.,2007b). The supporting architecture for the localization of these proteins includes
the cytoskeletal proteins HMW1, HMW2, HMW3, P200, B, C, and P65, among others,
and assembles in a co-dependent process (Krause and Balish, 2004), assisted by the
chaperone protein TopJ (Cloward and Krause, 2009). While cytadherence is a
constitutive cellular process in M. pneumoniae during colonization of host epithelia, and
the association between the initiation and cessation of gliding and cell division is well
understood, the means by which gliding motility is regulated was not directly studied
prior to the isolation of mutants in which the ORFs MPN247, MPN248 and MPN254
were disrupted by transposon insertion.

These mutants were recognized as altered in gliding due to a common aberrant

satellite growth phenotype, in which the microcolonies that are commonly observed in
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the growth of wild-type M. pneumoniae cultures in monolayer developed slowly, never
reaching the size of wild-type microcolonies (Fig. 2, Table 3). Additionally, the mutants
247-100 and 254-70 were noted for “constant spreading” of cells away from centers of
higher cell density. This satellite growth phenotype, described as “lawn-like”, was
initially considered to be reflective of reduced gliding frequency and velocity in each
mutant (Hasselbring et al., 2006b).

The improved gliding assay described in Chapter 3 contradicted this presumption,
given that mutant 247-100 actually glides more than twice as frequently as wild-type and
at a significantly increased velocity, while 248-377 glides approximately half as
frequently as wild-type, and the gliding phenotype of 254-70 is indistinguishable from
that of wild-type' (Fig. 6). Discrepant gliding phenotypes in mutants with similar colony
morphologies are actually not without precedent; Hunnicutt and McBride (2000) found
that a majority of transformants with altered satellite growth in F. johnsoniae did not
exhibit reduced gliding when individual cells were quantitatively evaluated. This
suggests that factors leading to altered colony morphology might be only tangentially
related to gliding or may result from more subtle phenotypic effects. Additionally, the
genomic proximity of MPN247, MPN248 and MPN254 introduces the possibility that all
three genes contribute to wild-type microcolony development. This possibility is further
suggested by the homology of MPN247 and MPN248 to eSTPs and eSTKs (Dandekar et
al., 2000, Pereira et al., 2011 and Fig. 14) and of MPN254 to a gene implicated in genetic

competence induction (CinA) in S. pneumoniae (Lee and Morrison, 1999). The potential

I Following the finding that cinA (MPN254) mutants did not have altered gliding
frequencies or velocities, studies were discontinued to focus on the phenotypes of 247-
100 and 248-377.
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role of each of these gene products in intra- and extracellular signaling outlined a
hypothesis worthy of more study.

The contrasting gliding phenotypes of mutants 247-100 and 248-377 strongly
suggested a connection between protein phosphorylation and gliding motility in M.
pneumoniae and furthermore suggested an up- / down-regulation of gliding by PrkC and
PrpC, respectively. The effect of phosphorylation on gliding was most clearly seen in the
frequency at which cells glide, though an increase in gliding speed was also observed in
the PrpC mutant 247-100. This increase in speed was somewhat suspect, given that the
PrkC mutant 248-377 was not subject to an attendant decrease in speed along with its
decrease in gliding frequency. The possibility exists that the higher proportion of non-
motile cells in a wild-type field relative to a field of prpC mutant cells created more
obstacles for gliding cells, which could result in slower cumulative speeds. Therefore,
these data suggest that phosphorylation has a role in the activation of the gliding motor,
but not the speed at which the gliding motor propels the cell.

A series of additional experiments that investigated more subtle aspects of gliding
motility was attempted following initial characterization of gliding in 247-100 and 248-
377. The replacement of standard gliding medium with a phosphate-free gliding medium
provided further evidence that PrkC functions in the up-regulation of gliding. In the
absence of a phosphate source, wild-type cells glided at a frequency comparable to 248-
377. There was no detectable effect on gliding in either mutant, however. This may be

due to the inability of 248-377 to deliver phosphates to proteins involved in the
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Fig. 14. Clustal alignment of the amino acid sequence
of the M. pneumoniae PrkC catalytic domain with the
catalytic domain of PkA, a homologous kinase from
Mus musculus (Larkin et al, 2007).

Secondary structure notation is based on crystal structure
analysis (Zheng et al, 1993) in the case of PkA and in
silico prediction in the case of PrkC (Rost ef al, 2003).
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initiation of gliding and conversely, the inability of 247-100 to dephosphorylate these
proteins (Fig. 11).

A similar experiment was suggested by a study identifying PrpC as a component
of the PTS of M. pneumoniae, functioning in metabolic adjustment to new carbon
sources, glycerol in particular (Halbedel ef al., 2006). The replacement of glucose with
glycerol in gliding media resulted in an immediate decrease in gliding frequency for both
wild-type and 247-100, though the mutant strain experienced a sharper decrease
proportionally. The gliding frequency of wild-type cells remained constant over a two-
hour incubation period, while the gliding frequency of 247-100 increased over the same
interval, eventually matching the gliding frequency of 247-100 cells in standard gliding
medium (Fig. 12). While these findings are difficult to interpret, it does seem likely that
the function of PrpC in the regulation of gliding and in carbon metabolism are integrated.

Finally, the delivery of a second copy of MPN248 via a recombinant transposon
designed to complement 248-377 resulted in an increase in gliding frequency comparable
to that detected in 247-100. This experiment provided further evidence that
phosphorylation by PrkC is an important factor in the initiation and/or the continuation of
gliding (Fig. 13).

The reduced attachment detected in quantitative hemadsorption experiments may
be attributable to the increased gliding frequency of 247-100 (Fig. 4). In gliding
inhibition experiments, the addition of a P1-specific monoclonal antibody to gliding cells
resulted in the cessation of gliding, as well as detachment of gliding cells from the
chamber slide, while non-motile cells remained attached, suggesting that displacement of

P1 was an important factor in gliding (Seto et al., 2005a). Similarly, the higher total
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number of gliding cells resulting from disruption of MPN247 may have contributed to a
lower percent retention.

The finding that 247-100 and 248-377 featured contrasting gliding phenotypes
was particularly intriguing in light of the contrasting biochemical functions of the eSTP
PrpC and eSTK PrkC in B. subtilis, in which these enzymes are known to reversibly
phosphorylate elongation factor Tu (EF-Tu) and the ribosome-associated GTPase CpgA.
These enzymes and their substrates constitute part of a larger regulatory network that also
includes the PrkC-phosphorylated EF-G, and functions in the coordination of cell wall
expansion and growth and the germination of B. subtilis spores (Absalon et al., 2009 and
Shah et al.,2008). Two methods were used to assess the phosphorylation profiles of 247-
100 and 248-377 and thereby identify possible phosphoprotein targets of PrpC and PrkC
in M. pneumoniae: incorporation of radiolabeled phosphate during growth, followed by
electrophoresis, blotting and autoradiography, and Pro Q Diamond staining of protein
profiles following electrophoresis.

Pro Q Diamond staining experiments reflected the protein phosphorylation
profiles described in B. subtilis prpC and prkC mutants, in which the phosphorylation
profiles of a prpC mutant featured evident hyperphosphorylation, while those of a prkC
mutant showed reduced levels of phosphorylation. The terminal organelle proteins
HMW 1 and HMW?2, previously established as phosphoproteins by H;**PO, incorporation
during growth and by cell-free extract experiments (Dirksen et al., 1994 and Krebes et
al., 1995) were among the phosphoproteins that appeared to be subject to
phosphorylation and dephosphorylation by PrpC and PrkC in M. pneumoniae (Figs. 8B

and 9A). The adhesin P1 was also hyperphosphorylated in 247-100, though it was
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phosphorylated at wild-type levels in 248-377 (Figs. 8B and 9A). This may be
attributable to several factors, such as P1 autophosphorylation or phosphorylation by an
unknown protein kinase. Alternatively, PrkC truncation in 248-377 may limit the activity
of PrkC or the accessibility of PrkC to HMW1 and HMW?2 but not P1. The question of
phosphorylation/dephosphorylation of P1 by PrkC and PrpC is further complicated by the
fact that the N-terminus and midsection of P1 (the amino acid sequences of which contain
the majority of predicted phosphoserine and phosphothreonine resides), are predicted to
localize to the cell surface, while PrpC and the catalytic domain of PrkC are predicted to
be cytoplasmic (Fig. 15). Collectively, these data suggest a positive correlation between
phosphorylation of terminal organelle proteins and gliding frequency in M. pneumoniae,
albeit by an unknown

While H;*PO, incorporation experiments did not confirm these phenotypes (Fig.
7), we anticipate that radiolabeled phosphoprotein profiles similar to those detected by
Pro-Q Diamond staining would be observed by culturing strains with H;*P0, in the
initial growth medium, ensuring more time for incorporation, but the necessary phosphate
limitation step is problematic with longer incubations (unpublished data).

An especially interesting and unexpected finding here was the detection of
hyperphosphorylation of P1 in the HMW1 mutant M6 (Figs. 7 and 8B), which suggests
that P1 may be intermediate in the PrkC-dependent phosphorylation of HMW1 and/or
HMW?2. However, if this were the case Pl might also be expected to be
hyperphosphorylated in mutant H9, where HMW?2 is absent and HMW1 is present at

greatly reduced levels, but this was not the case. Furthermore, the absence of P1 in
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Fig. 15. Schematic detailing possible localization of
PrkC and adhesin P1.

A. Asimplified diagram of the M. pneumoniae terminal
organelle emphasizing the cell membrane, core and bowl
structure and proteins PrkC and P1.

B. Predicted localization of PrkC and P1, based on
transmembrane domain prediction (Hofmann and Stoffel,
1993, Czerso et al, 1997), sequence alignment (Larkin et
al, 2007) and phospho-amino acid prediction (Rost et al,

2003).
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mutant IV-22 (Fig. 8B) did not affect HMW1 or HMW?2 phosphorylation levels. An
alternate explanation for P1 hyperphosphorylation is suggested by the improper cellular
localization of P1 in M6 mutant cells (Hahn ez al., 1998); where PrkC may simply have
more access to P1 when it is not localized to the terminal organelle, but again if this were
the case then P1 should also be hyperphosphorylated in mutant H9. The M6 mutant also
has a truncated terminal organelle protein P30 (Layh-Schmitt ez al., 1995), which might
also account for P1 hyperphosphorylation in this mutant. This possibility is testable by
examining P1 phosphorylation in mutant II-7, which has a similarly truncated P30
protein, as well as in mutant M6 complemented with recombinant wild-type alleles for
P30 and HMW1.

Complementation of 247-100 and 248-377 confirmed that the mutant gliding
phenotypes and phosphorylation profiles observed in these mutants were indeed the result
of transposon insertions in MPN247 and MPN248. The increased gliding frequency and
velocity of 247-100 was restored to the wild-type standard in complemented
transformants, while phosphoprotein bands hyperphosphorylated in the mutant strain
(HMWI1, HMW?2 and P1) were reduced in intensity relative to wild-type (Fig. 6, 8B and
9A). Wild-type satellite growth also returned in complemented transformants of 247-100
(Fig. 2, Table 3). Gliding frequency was increased well above the wild-type standard in
complemented transformants of 248-377, while phosphoprotein bands of reduced
intensity in the mutant strain were hyperphosphorylated following complementation (Fig.
6, 8B and 9A). Wild-type satellite growth was not detected in complemented

transformants of 248-377.
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The hyperphosphorylation and increased gliding frequency detected in 248-377
CT1 and 248-377 CT2 may be attributable to the phosphorylation by truncated PrkC in
these strains, combined with the catalytic activity of transposon-delivered, recombinant
wild-type prkC. The entire predicted catalytic domain of PrkC is present in the mutant
248-377 (Fig.1, Fig. 14), along with all but 12 amino acids of the C-terminus of the
enzyme, which are predicted to localize extracelluarly (Fig. 15). In other eSTKs,
extracellular domains are required for the activation of the catalytic domain, in which
ligand binding by these domains is followed by homodimerization of kinase molecules
and autophosphorylation (Ortiz-Lombardia e? al., 2003 and Young et al., 2003). If this is
also the case in M. pneumoniae, the addition of wild-type PrkC may result in some
recovery of function for truncated PrkC molecules, leading to hyperphosphorylation of
terminal organelle proteins and an increase in gliding frequency.

In their analysis of similar mutants, Schmidl and colleagues (2009) described
some variances in mutant phenotypes. Most significantly, the prkC mutant prkC:Tn
exhibits reduced steady state levels of several proteins involved in attachment and
cytadherence, including HMW1 and HMW?2, the latter of which was completely absent
when assessed by Western immunoblotting. The authors attribute this to a role for PrkC
phosphorylation in the stability of these proteins. The wild-type levels of the same
proteins in mutant 248-377 would seem to contradict this result, though the copy of PrkC
in mutant 248-377 does not lack the predicted catalytic domain as does prkC:Tn. Mutant
248-377 may be capable of phosphorylating HMW?2 and other target phosphoproteins to
a degree sufficient to maintain their stability at wild-type levels. It is also possible that

the “haystack mutagenesis” method of Schmidl and colleagues is more likely than simple
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transposon mutagenesis to yield spontaneous secondary mutations given its reliance on
multiple passages to select for particular mutants. The reduced steady state levels of
HMW1, HMW3, P65, P41 and P28 seen in the prkC:Tn mutant are consistent with the
protein profiles of the HMW?2 mutants [-2 and H9 (Fisseha et al., 1999, Hedreyda and
Krause, 1995). Finally, the hyperphosphorylation of HMW?2 detected in the prpC mutant
247-100 is not seen in mutant prpC:Tn. This may simply be attributable to differences in
biologically available phosphate in the SP-4 medium used here as compared to the
Hayflick’s broth used by Schmidl and colleagues.

While reversible protein phosphorylation of terminal organelle proteins by the
kinase/phosphatase pair of PrkC and PrpC is clearly associated with gliding motility in
M. pneumoniae, this dissertation does not identify specific phosphoproteins as
components of the gliding motor or assert that protein phosphorylation by PrkC drives
the gliding motor. Rather, we suggest that PrpC and PrkC constitute part of a regulatory
circuit comparable to the system in B. subtilis described by Absalon and colleagues,
wherein phosphorylation of elongation factor Tu and other phosphoproteins influences
aspects of sporulation and cell wall biosynthesis. Regulation of swarming in Myxococcus
xanthus, cell division in Mycobacterium tuberculosis and virulence factor expression in
Yersinia pseudotuberculosis by homologous eSTKs and eSTPs have been previously
reported (Pereira et al., 2011), indicating that reversible phosphorylation is coupled to a
multiple functions in bacteria. Gliding motility in M. pneumoniae is a strong candidate
for inclusion in the growing category of cellular processes controlled in part by reversible

serine / threonine phosphorylation.
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