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ABSTRACT
Streptococcus pneumoniae (the pneumococcus) is a Gram-positive bacterium that
asymptomatically colonizes the human nasopharynx and is also a causative agent of
several invasive diseases. Pneumolysin (Ply) is a conserved virulence factor belonging to
the cholesterol-dependent cytolysin family of pore-forming toxins that is necessary for
both commensal and pathogenic lifestyles of this organism. Unlike all Gram-positive
cholesterol-dependent cytolysins characterized to date, Ply lacks a canonical Secdependent signal sequence for export from the bacterial cell. Despite this, Ply localizes to
the cell wall compartment during growth, a feat that is conserved upon expression in the
heterologous host Bacillus subtilis, suggesting the existence of an uncharacterized export
pathway for leaderless extracellular proteins in Gram-positive organisms.
A genetic screen was performed to identify factors involved in Ply export in B.
subtilis. The results suggested an association between Ply export and cell wall
metabolism, which is the primary focus of my thesis. Working in the pneumococcus, I
have used a combination of subcellular fractionation, Western blot analysis and
hemolysis assays, to show that Ply release from the cell is inhibited by native
peptidoglycan (PG) structure. Mutation of the murMN operon responsible for branched
stem peptide synthesis revealed an inverse correlation between the abundance of this
feature of PG and Ply release. This relationship could partly be attributed to surfaceassociated choline-binding proteins, which contribute to Ply release but appear to be
sensitive to the incorporation of branched stem peptides. Intriguingly, loss of branched
stem peptides decreased virulence in a murine model of pneumonia in a Ply-dependent
manner suggesting that increased Ply release during infection can be detrimental.
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Finally, as further support for the association between PG and Ply release, I have
characterized SP0107, previously of unknown function, as a putative PG lysin.
Truncation and point mutation analysis has revealed that SP0107 is a secreted protein
capable of binding PG and, upon overexpression, causes increased Ply release in a
manner dependent on its putative PG degradative activity. SP0107 expression and
activity are also associated with increased sensitivity to penicillin- and vancomycininduced cell death, further supporting a role for this protein in modifying the PG layer.
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CHAPTER 1: INTRODUCTION
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1.1 STREPTOCOCCUS PNEUMONIAE
1.1.1 A resident of the human nasopharynx
Streptococcus pneumoniae (the pneumococcus) is a Gram-positive diplococcus
commonly associated with the human upper respiratory tract, a niche that becomes
colonized with a consortium of microbes within days of birth. Colonization is dependent
upon specific interactions between the pneumococcus and the naso-oropharyngeal
mucosa, leading to growth of the bacterium at this site (Fig. 1.1). Nasal carriage is largely
an asymptomatic event for the human host and represents a commensal relationship
between the two organisms. The prevalence of nasopharyngeal colonization amongst
populations is dependent on a number of factors, of which age and immune status are
major determinants. Carriage frequency is highest during the first few years of life,
ranging from 30-55% in otherwise healthy populations, with the peak incidence occurring
around three years of age. With increasing age however, the frequency declines to
approximately 8-10%, remaining relatively constant throughout adulthood. This agerelated decline in nasal colonization is thought to reflect the maturation of an effective
immune response contributing to bacterial clearance from this niche and limiting future
colonization events (Bogaert, De Groot et al. 2004).
A colonization event is shaped not only through interactions with the host
immune response but also by interspecies interactions with other members of the nasal
microbiota. The pneumococcus is horizontally transmitted between susceptible
individuals primarily via airborne droplets; although, recent evidence suggests that
fomites may also represent a source of transmission as the pneumococcus can be
recovered from inanimate objects and exhibits desiccation tolerance on abiotic surfaces
2

(Walsh and Camilli 2011, Marks, Reddinger et al. 2014). Colonization begins with the
introduction and invasion of a given cell into the mucosal layer, a process often limited
by the pre-existing microbial community. Following traversal through the mucus layer,
adhesion to the epithelial cell surface and subsequent replication, the pneumococcus
establishes itself as aggregates of cells known as biofilms (Fig. 1.1) (Marks,
Parameswaran et al. 2012). Maintenance of this niche requires competition with other
bacteria for space and nutrient availability. One common mechanism employed by the
pneumococcus to fend off its competitors is through the production of hydrogen
peroxide, a toxic byproduct of aerobic metabolism. Indeed, co-culture of the
pneumococcus with diverse bacteria, including Haemophilus influenzae, in vitro results
in hydrogen peroxide-induced death of the competing species while pneumococcal
viability remains unaffected (Pericone, Overweg et al. 2000). These interactions are
multifaceted however; a subsequent study demonstrated that H. influenzae contributes to
clearance of the pneumococcus during co-colonization in vivo. This effect was dependent
on both H. influenzae and the host innate immune response, resulting in the enhanced
recruitment of neutrophils and subsequent killing of the pneumococcus by
opsonophagocytosis (Lysenko, Ratner et al. 2005). From this, it follows that the
nasopharynx provides a multitude of selective pressures that likely shape pneumococcal
evolution.
A major contributing factor to the adaptive capacity of the pneumococcus in this
niche is due to the horizontal exchange of genetic material. This process is facilitated by
the capacity of this organism to become competent for natural transformation, which
involves a complex genetic program ultimately resulting in the uptake and incorporation
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of environmental DNA into the genome (Martin, Prudhomme et al. 2000). Indeed, the
first description of this phenomenon and its impact on the pneumococcus in vivo was the
subject of Griffith’s landmark study in 1928 (Griffith 1928), which paved the way for the
development of modern molecular biology. Notably, a recent report has built on this
initial discovery, demonstrating that gene exchange occurs during colonization and is
promoted by the formation of biofilms on the nasal epithelium (Marks, Reddinger et al.
2012). Thus, in the decades since Griffith’s seminal study, an extensive amount of
research has contributed to our understanding of the pneumococcus and the central role
that nasopharyngeal colonization plays in shaping the biology of this bacterium.

4

Figure 1.1 – Pneumococcal colonization of the nasopharynx and routes of infection
Diagram of the human upper respiratory tract highlighting the nasopharynx, which is the
site of pneumococcal colonization. Growth on the epithelial layer results in the formation
of biofilms, which is a complex mixture of cells and various extracellular polymers
(matrix). Nasal carriage provides a reservoir of pneumococci that can invade other tissues
leading to disease. Routes of infection, the tissues affected and disease states are
indicated. There is some evidence that the pneumococcus can directly translocate into the
bloodstream from the nasopharynx, a phenomenon known as occult bacteremia (dashed
line) (Bogaert, De Groot et al. 2004). Scanning electron micrograph adapted from Marks,
L.R. et al (2012). Infect Immun 80(8): 2744-2760 with permission. Image adapted from
Shak, J.R. et al (2013). Trends Microbiol 21(3): 129-135 with permission.
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1.1.2 Location, location, location: a commensal turns pathogenic
Despite its commensal association with the human host during nasal colonization,
dissemination of the pneumococcus from this niche into typically sterile anatomical sites
results in the development of disease. Thus, colonization is thought to be a necessary
prerequisite for the establishment of invasive diseases. Disease symptoms and severity
depends on the precise site invaded, which can include the middle ear, sinuses, lungs,
blood and brain (Fig. 1.1) (Bogaert, De Groot et al. 2004). Collectively, invasive
pneumococcal disease (IPD) is a significant cause of morbidity and mortality worldwide;
every year, over one million children less than five years old die as a result of
pneumococcal infection (O'Brien, Wolfson et al. 2009). Given the relationship between
nasal carriage and IPD, it follows that the most at-risk groups for IPD are those most
frequently associated with colonization, including children, the elderly and
immunocompromised populations.
From the nasopharynx, the pneumococcus is capable of translocating into the
sinus cavities or through the Eustachian tube into the middle ear resulting in sinusitis or
otitis media, respectively. Although less severe, these diseases are common, especially
among children, and therefore constitute a significant public health burden. Respiratory
infection occurs upon aspiration of the pneumococcus into the lungs. The pneumococcus
is the most common bacterium associated with community-acquired pneumonia, resulting
in over 850,000 cases in the United States alone in 2004 (Huang, Johnson et al. 2011).
From the lungs, the pneumococcus can pass into the bloodstream and cause bacteremia.
Blood infection can progress further to meningitis if the organism breaches the bloodbrain barrier. Although less frequent, these latter diseases are associated with high
6

mortality rates and debilitating sequelae in survivors (Bogaert, De Groot et al. 2004).
Recent evidence has also demonstrated that bacteremia can lead to invasion of and
damage to the heart tissue (Brown, Mann et al. 2014). Importantly, all of these diseases
are vaccine-preventable although the efficacy of current vaccine strategies is hampered
for a variety of reasons that will be discussed elsewhere in this chapter. Additionally,
antibiotic therapy is typically effective but is complicated by the spread of resistance
against certain classes of compounds (Hanage, Huang et al. 2007).
Accordingly, there is significant interest in understanding the basic mechanisms
of pneumococcal disease in order to inform more effective therapeutic strategies for
disease prevention and treatment. To this end, the development of animal models that
recapitulate certain key aspects of pneumococcal colonization and IPD have contributed
greatly to our understanding of these processes. In this regard, mouse models have
proven to be of the utmost utility, leading to the identification of numerous virulence
determinants and their contributions to infection (Kadioglu, Weiser et al. 2008). Thus,
research on the pathogenesis of pneumococcal infections has significantly furthered our
understanding of disease and the host-pathogen interface. Coupled with its role as a
model Gram-positive organism and its historical significance to the development of
modern microbiology, the importance of the pneumococcus to biomedical and basic
research cannot be overstated.

1.2 COMPONENTS OF THE PNEUMOCOCCAL CELL ENVELOPE
Through the use of simple stains and microscopic observation over 130 years ago,
Hans Christian Gram simultaneously developed a widely applicable technique and
ushered in a major classification scheme for bacteria, both of which underlie the field of
7

bacteriology. The distinction between Gram-positive and Gram-negative is based on the
ability to retain the primary crystal violet stain and reflects major differences between the
cell envelope structures found in the bacteria that constitute each category. The cell
envelope of a bacterium refers to the cytoplasmic membrane and all associated
extracellular molecules that interact with the external environment. The most striking
difference between the Gram-positive and Gram-negative cell envelope is the presence of
a second, outer membrane surrounding the cell in the latter that is absent from the former.
In addition to the cytoplasmic membrane, the Gram-positive cell envelope is
predominantly composed of the cell wall, which is a heterogeneous mixture of
peptidoglycan, teichoic acids and protein, and may include accessory factors such as
capsular polysaccharides (Silhavy, Kahne et al. 2010). As the pneumococcus is an
extracellular pathogen, the cell surface lies at the interface between this mucosal
bacterium and its human host and, as expected, many of these molecules are involved in
colonization and virulence (Kadioglu, Weiser et al. 2008). Each component comprising
the pneumococcal cell envelope is depicted in Fig. 1.2 and will be individually discussed
in detail below.
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Figure 1.2 – Diagram of the pneumococcal cell envelope
See text for details on each molecule. Surface-associated proteins lacking an apparent
attachment motif have been omitted for simplicity. CBP = choline-binding protein, P-Cho
= phosphorylcholine, WTA = wall teichoic acid, LTA = lipoteichoic acid, PG =
peptidoglycan.

9

1.2.1 Peptidoglycan
Peptidoglycan (PG) is the major constituent of the cell wall and is uniquely
present in nearly all bacteria. This large heteropolymer encases the cell and serves to
protect the underlying membrane from lysis due to fluctuations in osmotic pressure and
other external insults that could compromise cellular integrity (Vollmer, Blanot et al.
2008). Given its rigid properties, PG is also responsible for conferring cell shape; indeed,
isolated PG tends to retain the characteristic shape of the bacterium from which it was
derived (de Pedro, Quintela et al. 1997, Yao, Jericho et al. 1999, Turner, Ratcliffe et al.
2010, Beeby, Gumbart et al. 2013). Though considered essential in most instances, recent
evidence has demonstrated that diverse bacteria can not only lose their PG but also stably
propagate in the absence of this structure. As expected, these “L-forms” must be
maintained in the presence of osmoprotectants, thus demonstrating the fragility of the
membrane and supporting the proposed role of PG in its protection (Leaver, DominguezCuevas et al. 2009, Errington 2013, Mercier, Kawai et al. 2014). In addition to its stressbearing role, PG acts as a scaffold to which numerous secreted molecules destined for the
cell surface are attached including teichoic acids, capsular polysaccharides and proteins
(Navarre and Schneewind 1999).

1.2.1.1 Synthesis and assembly
The basic structure of PG is conserved and consists of a carbohydrate backbone of
alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)
residues connected via β-1à4 linkages. Attached to each MurNAc residue is a stem
peptide composed of various amino acids. Individual glycan strands are situated
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perpendicularly to the long-axis of the cell and are covalently linked to one another
through the attached stem peptide moieties to create a continuous, mesh-like sac that
defines the circumference of the cell (Typas, Banzhaf et al. 2012). There is considerable
diversity in the amino acid composition of stem peptides and crosslink types found in
different bacterial species. In fact, the structural differences of PG were the subject of a
taxonomic classification system proposed by Schleifer and Kandler over 40 years ago
(Schleifer and Kandler 1972).
The biosynthetic pathway leading to the formation of PG precursor molecules and
eventually the mature PG network is largely conserved amongst all bacteria with minor
species-specific deviations (Vollmer, Blanot et al. 2008), and is outlined in Fig. 1.3. This
process begins in the cytoplasm with a series of biosynthetic reactions eventually
resulting in formation of the two primary constituents of PG: uridine diphosphateGlcNAc (UDP-GlcNAc) and UDP-MurNAc-L-alanine-D-iso-glutamate-L-lysine-Dalanine-D-alanine (UDP-MurNAc-pentapeptide, Park’s nucleotide) (Park 1952, Navarre
and Schneewind 1999). L-lysine is the third position amino acid of pneumococcal stem
peptides although other bacteria (both Gram-positive and –negative) harbor a mesodiaminopimelic acid residue at this position (Vollmer, Blanot et al. 2008). Park’s
nucleotide is subsequently transferred to an undecaprenyl pyrophosphate carrier molecule
embedded in the membrane to generate lipid I, which is further modified by the addition
of GlcNAc onto the MurNAc moiety, generating lipid II (Navarre and Schneewind 1999).
As is common in Gram-positive bacteria, the second position D-iso-glutamate of
pneumococcal lipid II is amidated by MurT/GatD, creating D-iso-glutamine. This
alteration is required for the activity of downstream enzymes involved in the assembly of
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the mature PG layer (Zapun, Philippe et al. 2013). Moreover, MurM and MurN further
modify lipid II in the pneumococcus by sequentially catalyzing the tRNA-dependent
addition of two amino acids (L-serine-L-alanine or L-alanine-L-alanine) on the lysine
residue of the stem peptide, creating a heterogeneous mixture of branched and
unbranched lipid II molecules (Filipe, Severina et al. 2001, De Pascale, Lloyd et al. 2008,
Lloyd, Gilbey et al. 2008). Lipid II and its modified derivatives are subsequently
translocated through the cytoplasmic membrane into the extracellular space by a flippase
that has yet to be identified in the pneumococcus. Notably, recent work has revealed that
MurJ acts as the lipid II transporter in E. coli (Sham, Butler et al. 2014) and its
homologue in B. subtilis has also been characterized and its activity was shown to be
redundant with a second, novel flippase named Amj (Meeske, Sham et al. 2015).
Extracellular lipid II serves as the substrate for a family of enzymes collectively
referred to as penicillin-binding proteins (PBPs) that are responsible for the synthesis of
the mature PG layer. PBPs polymerize PG precursors via a transglycosylation (TG)
reaction between the carbohydrate moieties and these nascent glycan strands are then
incorporated into the existing network by a transpeptidation (TP) reaction that covalently
crosslinks adjacent stem peptides together (Nakagawa, Tamaki et al. 1984). The
pneumococcus encodes six PBPs, five of which are involved in biosynthesis. These
include three redundant class A enzymes capable of both TG and TP activities (PBP1a,
PBP1b and PBP2a) and two essential TP-specific class B enzymes (PBP2x and PBP2b)
(Morlot, Zapun et al. 2003). The sixth PBP (PBP3, aka DacA) is a D,D-carboxypeptidase
responsible for cleaving the terminal, fifth position D-alanine from the stem peptides of
recently incorporated PG precursors (Barendt, Sham et al. 2011). Due to functional
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redundancy, it is unclear what the specific contribution of each of the three class A
enzymes is to pneumococcal growth and division. However, PBP1a and PBP2a appear to
constitute a synthetically lethal pair suggesting that at least one is required for growth,
presumably to provide TG activity (Paik, Kern et al. 1999).
In contrast, PBP2x and PBP2b have been implicated in the synthesis of septal and
peripheral PG, respectively (Berg, Stamsas et al. 2013, Peters, Schweizer et al. 2014,
Tsui, Boersma et al. 2014). These disparate roles are supported by the striking
morphological changes exhibited by cells depleted for each enzyme. While wildtype
pneumococcus appears as diplococci composed of prolate ellipsoid-shaped cells,
depletion of PBP2x results in the formation of lemon-shaped cells containing an
elongated, bulbous central region flanked on either side by pointed ends. PBP2b
depletion on the other hand, results in the formation of long chains of cells that have lost
their elongated shape and instead appear as oblate spheres, reminiscent of nonpneumococcal streptococci (Berg, Stamsas et al. 2013). Thus, although it has been
appreciated for some time that pneumococcal growth and division is the result of two
distinct modes of PG synthesis, these phenotypes demonstrate that each mode is the
functional consequence of separable enzymes. Recently, this hypothesis has been
supported by spatial localization studies of PBP2x and PBP2b throughout the cell cycle
using super-resolution microscopy and labeling with fluorescent probes. The data clearly
demonstrate that when septal PG synthesis is apparent during growth, PBP2b and PBP2x
occupy distinct locations within the cell that are maintained throughout the cell cycle
(Tsui, Boersma et al. 2014).
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As implied by their name, PBPs are the target of β-lactam antibiotics such as
penicillin, which covalently bind to and inactivate the TPase active site of these enzymes.
This interaction prevents further crosslink formation and catalyzes a series of events that
eventually lead to cell death and lysis (Tipper and Strominger 1965). As further support
for this interaction, penicillin resistance in the pneumococcus is conferred by the
expression of low-affinity PBPs that exhibit a reduced binding capacity for this antibiotic
(Hakenbeck, Tarpay et al. 1980, Zighelboim and Tomasz 1980). Mutations in PBP1a,
PBP2b and PBP2x are most commonly found in penicillin resistant (PenR) isolates
suggesting that these are likely to be responsible for the majority of crosslinking in the
cell and are also the primary targets of penicillin-induced death (Martin, Sibold et al.
1992, Grebe and Hakenbeck 1996). While it is apparent that, in the case of PBP2b and
PBP2x, inhibition of essential targets can lead to cell death, it is perhaps less obvious
how this could be the case for inhibition of the non-essential PBP1a. A recent study in E.
coli has shed light on this question by demonstrating that β-lactam antibiotics can
actually produce a dominant toxic effect by corrupting their nonessential target that
ultimately depletes key precursor molecules resulting in cell death (Cho, Uehara et al.
2014).
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Figure 1.3 – Schematic of the PG biosynthesis pathway in the pneumococcus
Key aspects of the pathway are discussed in detail within the text. Following
translocation of lipid II precursors through the membrane, penicillin-binding proteins
perform two distinct enzymatic functions: transglycosylation (TG) to create the sugar
backbone and transpeptidation (TP) to crosslink adjacent stem peptides. The terminal Dalanine is cleaved from the donor stem peptide during crosslink formation. Alternatively,
the DacA D,D-carboxypeptidase can cleave the terminal D-alanine leaving the fourth
position D-alanine, which is susceptible to removal by the DacB L,D-carboxypeptidase
(Barendt, Sham et al. 2011). Both unbranched and branched precursors are incorporated
into the PG layer although the relative proportions of each can vary (Garcia-Bustos and
Tomasz 1990).
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1.2.1.2 Branched stem peptides and their role in pneumococcal biology
Although crosslink formation is dependent on PBP activity, the precise nature of
the crosslink varies depending on whether the PG precursor molecule involved carries the
murMN-dependent dipeptide branch or not. Branched stem peptides result in the
formation of a crossbridge linking the dipeptide branch structure to the D-alanine of an
adjacent stem peptide (Fig. 1.3) (Garcia-Bustos, Chait et al. 1987). Regarding this
activity, both murM and murN are homologous to the essential fmhB of S. aureus, which
encodes a glycyl transferase responsible for the addition of the primary glycine moiety of
the pentaglycine crossbridge characteristic of S. aureus PG (Filipe and Tomasz 2000).
Two additional proteins, FemA and FemB, complete the formation of the pentaglycine
bridge by incorporating glycine residues 2/3 and 4/5, respectively (Rohrer and BergerBachi 2003). In this regard, MurM and MurN are functionally homologous to FmhB and
FemA/FemB, respectively. However, the importance of each enzyme and thus, the
peptide crossbridge, to the physiology of each bacterium differs. The murMN operon is
nonessential during in vitro growth and mutants lacking murMN or murM alone exhibit
wildtype growth rates and cellular morphologies although inactivation of murN alone
causes a 40% increase in generation time (Filipe, Pinho et al. 2000). By contrast, S.
aureus fmhB is essential and mutants lacking femA, femB or femAB display growth
defects and are characterized by aberrant septum formation and anomalous cell shapes
(Henze, Sidow et al. 1993, Rohrer and Berger-Bachi 2003). It was also determined that a
femAB mutant likely harbors an unknown second-site suppressor mutation indicating that
specific loss of these genes may not be tolerated (Ling and Berger-Bachi 1998).
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The composition and proportion of branched stem peptides, and thus crossbridges,
is variable between pneumococcal strains and is dependent on the expression of mosaic
murM alleles (Filipe, Pinho et al. 2000, Filipe, Severina et al. 2000, Filipe, Severina et al.
2001). The first position of the branch can be either L-serine or L-alanine, the specificity
of which has been narrowed down to a 30 amino acid region on MurM through the use of
allele swaps and chimeric proteins (Filipe, Severina et al. 2001). Interestingly, these
mosaic alleles are also associated with the expression of penicillin resistance (PenR)
(Filipe, Severina et al. 2000, Filipe, Severina et al. 2001, Smith and Klugman 2001), as
PG isolated from PenR isolates contains a higher proportion of branched stem peptides
relative to their penicillin sensitive (PenS) counterparts (Garcia-Bustos and Tomasz
1990). Variant murM alleles harbor numerous substitutions resulting in missense
mutations in the encoded protein with at least some contributing to increased catalytic
activity (Lloyd, Gilbey et al. 2008). While the substrate specificity of MurM has been
localized on the protein sequence, it is still unclear what mutation(s) are necessary for
increased activity. To this end, a structure-function analysis of MurM would be highly
informative.
Furthermore, branched stem peptides are necessary, but not sufficient, for the
expression of PenR (Filipe, Severina et al. 2002). A strain (Pen6) expressing low-affinity
PBPs but deleted for murM exhibits a near 100-fold decrease in the minimal inhibitory
concentration (MIC) of penicillin compared to its otherwise isogenic parent strain. In
fact, the MIC of Pen6 ΔmurM is similar to that of the R36A laboratory strain, which
lacks low-affinity PBPs (PenS), indicating a complete reversal in susceptibility to this
antibiotic. Importantly, loss of PenR in the Pen6 ΔmurM strain can be complemented in
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trans by the introduction on a plasmid of mosaic murM alleles derived from other PenR
strains. Interestingly, complementation with murMR36A, which lacks the mutations
associated with hyperactivity (Filipe, Severina et al. 2000), on the chromosome of Pen6
ΔmurM also restores PenR, albeit not to the same level as with plasmid-borne mosaic
murM alleles. It is unclear whether this discrepancy is due to differences in activity of the
encoded protein or expression levels of each allele as the plasmid system results in higher
levels of expression than the native murMN promoter (Filipe, Severina et al. 2001). Of
note, despite a drastic increase in branched stem peptide abundance, overexpression of
murMR36A in the R36A background does not confer PenR, indicating the requirement for
low-affinity PBPs (Filipe, Severina et al. 2001, Filipe, Severina et al. 2002). Interestingly,
the stem peptide composition of Pen6 ΔmurM expressing murMR36A is more similar to
that of R36A than Pen6 (Filipe, Pinho et al. 2000). Therefore, although branched stem
peptides are required for PenR, the high levels found in PG associated with murM
overexpression or mosaic murM variants seems to not be strictly necessary.
In addition to increased penicillin susceptibility, mutants lacking branched stem
peptides also demonstrate hypersensitivity to a variety of cell wall-targeting antibiotics
and detergents leading to pronounced lysis phenotypes (Filipe, Severina et al. 2002). This
sensitivity phenotype and the requirement for β-lactam resistance mirrors that of femAB
mutants in S. aureus (Ling and Berger-Bachi 1998), suggesting a common requirement
for branched stem peptides in maintaining PG integrity during stress. The mechanisms
underlying antibiotic hypersensitivity and the apparent increase in branched stem peptide
abundance in the context of PenR are currently unknown. It has been proposed that
branched stem peptides provide a more suitable substrate for the low-affinity PBPs that
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confer PenR (Garcia-Bustos and Tomasz 1990). Regarding this hypothesis, a recent study
demonstrated that depletion of PBP2b is accompanied by an increase in the abundance of
branched stem peptides (Berg, Stamsas et al. 2013). One possible explanation for this
result could be that PBP2b preferentially incorporates linear (unbranched) stem peptides
and, upon depletion of this enzyme, one or more PBPs favoring branched stem peptide
substrates dominate. Alternatively, PBP2b depletion could elicit a stress response
pathway resulting in the synthesis of PG enriched in branched stem peptides, which may
be an adaptive compensatory mechanism. With respect to the latter hypothesis, murMN
overexpression in a PenS background protected this strain from lysis upon treatment with
penicillin and other cell wall inhibitors (Filipe, Severina et al. 2002). Therefore, branched
stem peptides may play a pivotal role in maintaining PG homeostasis in the
pneumococcus.

1.2.1.3 Lytic enzymes and their role in PG homeostasis
PG assembly is highly dynamic due to the coupled processes of synthesis and
degradation that act to maintain a consistent and remarkably uniform layer throughout
cell growth and division. Not only must existing PG be cleaved to allow for the diverse
morphological changes that occur throughout the cell cycle but PG digestion also
contributes to various physiological processes (Vollmer, Joris et al. 2008). The
pneumococcus encodes a suite of enzymes that are known or predicted to be able to
cleave distinct bonds within the PG layer (Barendt, Sham et al. 2011). Collectively, these
enzymes are typically referred to as (auto)lysins due to their ability to compromise
cellular integrity if not properly controlled. A classic example of this phenomenon is
stationary phase-induced autolysis, which is dependent on the LytA amidase that
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separates stem peptides from the glycan backbone of PG (Howard and Gooder 1974,
Ronda, Garcia et al. 1987). LytA also contributes to β-lactam-induced lysis (i.e. penicillin
treatment) (Moreillon, Markiewicz et al. 1990). It is unclear how LytA is activated to
induce autolysis under these conditions; however, recent evidence has revealed that
exponentially growing cells are protected from LytA digestion and that growth inhibition
induced by distinct perturbations results in sensitization in a manner dependent on the
levels of extracellular LytA (Mellroth, Daniels et al. 2012). LytA has also been
implicated in daughter cell separation (Ronda, Garcia et al. 1987), fratricidal lysis during
competence development (Guiral, Mitchell et al. 2005) and virulence (Orihuela, Gao et
al. 2004).
Other lysins include the LytB endo-β-N-acetylglucosaminidase (De Las Rivas,
Garcia et al. 2002), the LytC lysozyme (Garcia, Paz Gonzalez et al. 1999) and the CbpD
endopeptidase (Eldholm, Johnsborg et al. 2010). These enzymes are at least partially
functionally redundant with LytA as LytB contributes to daughter cell separation (Garcia,
Gonzalez et al. 1999), LytC and CbpD are involved in fratricide (Guiral, Mitchell et al.
2005) and both LytB and LytC are necessary for virulence (Ramos-Sevillano, Moscoso et
al. 2011). The pneumococcus also encodes lysins with known roles in cell division,
including DacA, DacB and the essential factor PcsB (Morlot, Noirclerc-Savoye et al.
2004, Ng, Kazmierczak et al. 2004, Barendt, Sham et al. 2011, Bartual, Straume et al.
2014). Recently, PcsB has been shown to interact with and be regulated by the cell
division-specific, ABC-transporter-like FtsEX complex, providing a link between PG
cleavage and proper septal resolution during cytokinesis (Sham, Barendt et al. 2011,
Sham, Jensen et al. 2013). Intriguingly, this regulatory mechanism appears to be highly
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conserved as the FtsEX complex was shown to regulate an activator of PG hydrolases in
E. coli (Yang, Peters et al. 2011) and a PG hydrolase in B. subtilis (Meisner, Montero
Llopis et al. 2013).
Yet another class of enzymes includes the resuscitation-promoting factors (Rpfs)
that have been identified in a variety of Gram-positive species and have been primarily
characterized in high G+C actinobacteria. The first Rpf protein was characterized in
Micrococcus luteus, where it was shown to possess growth-stimulating properties on both
dormant (non-culturable) and actively growing cells. As such, Rpf was initially referred
to as a “bacterial cytokine” that could promote growth when provided in trans, even at
picomolar concentrations (Mukamolova, Kaprelyants et al. 1998). Subsequent studies
revealed that Mycobacterium tuberculosis encodes five Rpf homologues and that the
tertiary structure of these proteins shows homology to the lysozyme-family of
muramidases that cleave within the glycan backbone of PG (Cohen-Gonsaud, Barthe et
al. 2005). In support of this, M. luteus Rpf is capable of cleaving purified cell wall in a
zymogram assay and this activity was linked to its resuscitation function using point
mutants incapable of PG hydrolysis. It is currently unclear how PG hydrolysis leads to
growth promotion of dormant cells although it has been hypothesized that muropeptides
released by Rpf-induced cleavage may act as signaling molecules (Mukamolova, Murzin
et al. 2006).

1.2.2 Teichoic acids
Teichoic acids (TAs) are a unique feature of the Gram-positive cell envelope and
can either be covalently attached to PG (wall teichoic acid, WTA) or embedded in the
membrane (lipoteichoic acid, LTA) (Mosser and Tomasz 1970, Briles and Tomasz 1973).
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TAs are phosphate-containing glycopolymers generally composed of variable repeating
sugar subunits and further modifications that vary in a species-dependent manner. Since
they are integral components of the cell envelope, TAs are implicated in a variety of
physiological processes and their precise functions within the cell are incompletely
understood. Due to their highly negative charge, TAs are thought to confer an
electrostatic barrier function to the cell wall, which helps maintain homeostasis and
protect against external molecules that can damage the cell (Weidenmaier and Peschel
2008).
The structure of the repeating units of pneumococcal WTA and LTA are identical
with the primary difference between these two molecules being that the former is linked
to the MurNAc of PG while the latter is bound to a diacylglycerol-containing lipid carrier
embedded in the membrane (Gisch, Kohler et al. 2013). The repeating unit of each
molecule is composed of one molecule each of 2-acetamido-4-amino-2,4,6trideoxygalactose, glucose, ribitol phosphate and two molecules of Nacetylgalactosamine. This structure is further decorated by the addition of
phosphorylcholine (P-Cho), which is added to each one of the N-acetylgalactosamine
residues. The pneumococcus is auxotrophic for choline and relies on the activities of the
lic gene products (LicA, LicB, LicC, LicD1 and LicD2) to transport exogenous choline
into the cell where it is converted to phosphorylcholine and deposited exclusively onto
TAs (Denapaite, Bruckner et al. 2012).
Choline-containing TAs are the attachment site for the choline-binding proteins
(CBPs), which all harbor a common motif that allows for noncovalent binding to P-Cho.
In addition to the conserved choline-binding domain (CBD), CBPs harbor an array of
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discrete functional domains including, but not limited to, those capable of PG cleavage
(LytA, LytB, LytC and CbpD as mentioned above), adhesion to host cells (CbpA) and
protection from the host innate immune response (PspA) (Gosink, Mann et al. 2000)
(Rosenow, Ryan et al. 1997, Tu, Fulgham et al. 1999). Thus, P-Cho is indirectly involved
in virulence by virtue of its ability to anchor CBPs that are necessary during colonization
and invasive disease. Additionally, P-Cho itself directly promotes adhesion to host cells
through its ability to bind the receptor for platelet-activating factor (Cundell, Gerard et al.
1995). However, surface-associated P-Cho can also promote complement deposition on
the cell surface by binding to human C-reactive protein, leading to host cell-mediated
clearance (Szalai, Briles et al. 1995). Given that the interaction between the CBD and its
P-Cho substrate is non-covalent, CBPs can be eluted from the cell surface under in vitro
conditions by adding high concentrations of exogenous choline to the medium (Briles,
King et al. 1996).
In addition to P-Cho, TAs are routinely decorated with positively charged Dalanine residues, conferring zwitterionic properties to the mature polymer (Weidenmaier
and Peschel 2008). D-alanylation of TAs is dependent on the proteins encoded by the
dltABCD operon, which is conserved in all low G+C bacteria. Although early studies of
the laboratory-adapted R6 strain suggested that the pneumococcus lacked this
modification, a more thorough analysis revealed this to be an artifact of this particular
strain background, which turned out to be a dltA mutant. Indeed, the virulent D39
wildtype strain expresses a functional dlt operon and its TAs are D-alanylated (Kovacs,
Halfmann et al. 2006). D-alanylation provides resistance against cationic antimicrobial
peptides as well as neutrophil extracellular traps (Kovacs, Halfmann et al. 2006, Wartha,
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Beiter et al. 2007) and, accordingly, dlt mutants are attenuated in a mouse model of lung
infection (Hava and Camilli 2002, van Opijnen and Camilli 2012).

1.2.3 Capsular polysaccharides
The presence of a polysaccharide capsule on the pneumococcal cell surface is a
hallmark of this bacterium that played a key role in the classic experiments demonstrating
natural transformation and affirming DNA as the hereditary material (Griffith 1928,
Avery, Macleod et al. 1944). Like WTA, capsule is covalently linked to the PG layer
though the nature of the bond and attachment site remain unresolved (Sorensen,
Henrichsen et al. 1990). Unlike WTA however, capsule structures are highly diverse and
can incorporate a range of different types of sugars in a variety of combinations.
Altogether, there are 93 distinct types (serotypes) known to date, which are differentiated
by a combination of chemical, serological and genetic techniques. Synthesis of the
capsule is dependent on expression of the cps operon, which encodes four proteins
common to all serotypes and a host of serotype-specific proteins necessary for the
polymerization, transport and assembly of each of the 93 specific capsule structures on
the cell surface (Yother 2011).
Capsule is a primary virulence determinant that protects the cell from immunemediated clearance by preventing complement deposition on the cell surface and
inhibiting opsonophagocytosis (Hyams, Camberlein et al. 2010). Indeed, mutants lacking
capsule are often attenuated in mouse models of colonization and invasive disease
(Magee and Yother 2001, Hava and Camilli 2002, van Opijnen and Camilli 2012).
However, recent evidence has emerged demonstrating that the capsule is dispensable
during ocular infections and the majority of isolates causing conjunctivitis often harbor
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null mutations within the cps operon or lack this locus altogether (Valentino, McGuire et
al. 2014, Shainheit, Valentino et al. 2015). Furthermore, levels of capsule can be
strikingly different depending on the anatomical site in which the pneumococcus resides.
It has long been appreciated that the capsule is subject to phase variation resulting in the
formation of two distinct subpopulations – transparent and opaque.
Transparent variants are characterized by reduced levels of surface-associated
capsule, which is concomitant with increased exposure of other cell wall-associated
factors, conferring a selective advantage during nasal colonization. By contrast, opaque
variants are highly encapsulated and thus are more resistant to opsonophagocytosis than
their transparent counterparts (Weiser, Austrian et al. 1994, Kim, Romero-Steiner et al.
1999). Additionally, capsule has been shown to be antagonistic to biofilm formation,
which is necessary for nasal colonization, supporting the phenotypes associated with
transparent variants mentioned above (Munoz-Elias, Marcano et al. 2008). Capsule also
affects cell morphology and daughter cell separation (Barendt, Land et al. 2009),
demonstrating the pleiotropic nature of this surface-associated polymer. Collectively,
these data demonstrate that both the presence and quantity of capsule required are nichespecific and suggest that production of this surface molecule is tightly controlled to
achieve optimal levels during infection. As predicted by this hypothesis, the regulation of
capsule is complex, including both transcriptional and post-translational mechanisms
(Yother 2011, Shainheit, Mule et al. 2014).
Given that capsule is immunogenic and protective, it has served as the basis of
several different vaccine strategies. Since protection is largely serotype-specific, vaccine
formulations consist of combinations of distinct capsule types and typically include the
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most prevalent circulating serotypes associated with disease. Currently, no single vaccine
can protect against all known serotypes (Bogaert, De Groot et al. 2004). A 23-valent
vaccine, introduced in 1983, provides protection against 23 of the most prevalent
serotypes responsible for disease, but has proven to be largely ineffective in children less
than two years old owing to the inability of members of this population to elicit a robust
antibody-mediated immune response to pure polysaccharides. Introduction of the 7-valent
pediatric conjugate vaccine (PCV7) in 2000 and its most recent advancement, PCV13, in
2010 has alleviated this issue by inclusion of a protein covalently linked to the capsular
polysaccharides, which aids in the development of a protective immune response in both
young children and older populations by eliciting T cell-dependent antibody production
(Whitney, Farley et al. 2003, Paradiso 2011). Although effective, these vaccines are not
ideal as protection is serotype-specific and only covers a fraction of serotypes in
circulation, which varies with geographic location (Bogaert, De Groot et al. 2004). This
specificity also selects for serotype replacement, a phenomenon whereby serotypes not
covered by a particular vaccine formulation can colonize the newly cleared niche and
cause disease (Dagan 2009). Therefore, it is clear there is a need for a universal, serotypeindependent vaccine. To this end, protein-based therapeutic approaches have gained
interest due to an increased likelihood for conservation and combinations of proteins have
been shown to be protective against IPD in mice (Ogunniyi, Folland et al. 2000, Briles,
Hollingshead et al. 2003).

1.2.4 Surface-associated proteins
In addition to CBPs mentioned above, the cell envelope is also adorned with
numerous proteins that can be inserted into the cytoplasmic membrane, bound to the PG
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layer, or otherwise associated with the cell surface by some indirect means. Surfacedisplayed proteins can be secreted through the membrane by a variety of mechanisms that
will be described in detail below. Typically, proteins that fall within most of these
categories have a characteristic motif responsible for their attachment but not all surfaceassociated proteins harbor such a signal. Thus, although approximately 80 surface
proteins are predicted in the pneumococcal genome, upwards of 200-300 proteins can be
identified depending on the particular technique used (Perez-Dorado, Galan-Bartual et al.
2012, Pribyl, Moche et al. 2014).
Lipoproteins represent a class of secreted proteins that are anchored to the
cytoplasmic membrane by virtue of an encoded lipobox sequence,
(LVI)(ASTVI)(GAS)C. Lipoprotein diacylglyceryl transferase (Lgt) is the enzyme
responsible for catalyzing the covalent linkage between the conserved cysteine residue
within the lipobox to a diacylglycerol molecule within the membrane. Following further
processing to remove the signal peptide by the type II signal peptidase Lsp, the mature
lipoprotein is released into the outer leaflet of the membrane where it extends into the
extracellular milieu (Kovacs-Simon, Titball et al. 2011). Perhaps surprisingly given its
central role in this process, an lgt mutant is viable and demonstrates wildtype growth
rates following an extended lag phase during cultivation in rich media. As predicted by
its function, the lgt mutant is characterized by a decrease in membrane-associated
lipoproteins, which is concomitant with an increase in the abundance of these proteins in
the culture supernatant. However, this mutant is highly attenuated in mouse models of
nasal colonization, pneumonia and bacteremia demonstrating that proper localization of
lipoproteins is critical to virulence (Chimalapati, Cohen et al. 2012). Although this
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mutation is likely pleiotropic, it is worth noting that many Lgt substrates are necessary
during infection, including: the manganese transporter, PsaA; peptidyl-prolyl cis-trans
isomerase, SlrA; and the putative protease maturation protein, PpmA (aka PrsA) (van
Opijnen and Camilli 2012).
Another subset of classically secreted proteins includes those that are covalently
linked to PG through the action of the highly conserved sortase A enzyme. All members
of this family encode an LPXTG sorting signal, typically found at the C-terminal end of
the protein. By a transpeptidation reaction, sortase A generates an amide bond between
the threonine residue of the protein substrate and the stem peptide portion of lipid II
(Schneewind and Missiakas 2012). In S. aureus, the attachment point within lipid II is the
pentaglycine crossbridge whereas in L. monocytogenes, which lacks this crossbridge, the
attachment site is the third position meso-diaminopimelic acid residue of the stem peptide
(Dhar, Faull et al. 2000, Perry, Ton-That et al. 2002). The precise nature of the
attachment site for sortase-mediated substrates in the pneumococcus has not yet been
identified. Sortase-mediated substrates include three exoglycosidases, BgaA, NanA and
StrH that collectively prevent complement deposition on the cell surface and protect
against neutrophil-mediated killing (Dalia, Standish et al. 2010). Also included among
the LPXTG proteins are an array of adhesins that facilitate binding to host cells and thus
likely promote colonization and invasive disease (Perez-Dorado, Galan-Bartual et al.
2012). In addition to the housekeeping sortase A, the pneumococcus also harbors a strainspecific pathogenicity island encoding accessory sortase enzymes that contribute to the
assembly of a multisubunit pilus (LeMieux, Woody et al. 2008).
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Another module associated with PG binding is the lysin motif (LysM). Unlike the
LPXTG sorting signal however, this domain does not require posttranslational processing
and mediates non-covalent binding to the carbohydrate portion of PG. The LysM motif is
comprised of a relatively degenerate consensus sequence of approximately 50 amino
acids and can be found among both prokaryotic and eukaryotic proteins. In addition to
PG, LysM domain-containing proteins are also capable of binding to the GlcNAc
polymer chitin, arguing that this sugar represents the minimal recognition site required
for LysM interactions. Similarly to the CBPs, LysM domain-containing proteins are
usually multimodular and can possess effector domains capable of diverse activities
although PG cleavage domains are relatively common amongst prokaryotes (Buist, Steen
et al. 2008). A common property of LysM domains is that their ability to interact with
native PG on the cell surface is inhibited by other surface-associated molecules, including
TAs, leading to highly localized binding patterns (Steen, Buist et al. 2003). Furthermore,
a recent biochemical analysis of the interaction between E. faecalis AtlA, a LysM
domain-containing autolysin, and various PG fragments revealed slightly weaker binding
affinities with substrates harboring a stem peptide on the MurNAc residue compared to
unsubstituted molecules (Mesnage, Dellarole et al. 2014). Collectively, these data suggest
that LysM domains may demonstrate preferential binding to “naked” glycan strands
lacking WTA substitutions and this binding may be enhanced by the enzymatic removal
of stem peptides by amidases. The pneumococcal genome encodes two uncharacterized
LysM domain-containing proteins, SP0107 and SP2063, the former of which is the
subject of Chapter 5.
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Yet another attachment motif is the SPOR domain, which binds to the glycan
backbone of PG. The SPOR domain is approximately 75 amino acids long and appears to
be widespread in bacteria although studies of SPOR domain-containing proteins have
primarily focused on those produced by E. coli, of which there are four. All four proteins
have been implicated in cell division, a point that is further supported by the preferential
targeting of each protein to active sites of division. Septal localization is dependent on a
functional SPOR domain, which appears to be a common property of this motif and
establishes a link between its PG-binding activity and spatial localization within the cell
(Gerding, Liu et al. 2009, Arends, Williams et al. 2010). Interestingly, the essential
SPOR-containing protein FtsN from E. coli demonstrated better binding to PG from wt
cells compared to PG derived from a mutant lacking three amidases. Furthermore, the
SPOR-containing portion of FtsN bound to PG treated with amidase to remove stem
peptides but not to PG treated with muramidase, which cleaves within the glycan
backbone (Ursinus, van den Ent et al. 2004). Collectively, these results suggest that the
SPOR domain exhibits substrate specificity that, given the activity of amidases, is likely
unsubstituted or “naked” glycan strands that accumulate at the septum during cytokinesis.
Presently, no SPOR domain-containing proteins have been identified in the
pneumococcal genome.
In addition to the well-characterized cell wall sorting signals described above,
there are a number of proteins that apparently lack such motifs but are nevertheless found
on the cell surface. Included among this subset is the family of pneumococcal
polyhistidine triad proteins PhtA, PhtB, PhtD and PhtE. A recent study has demonstrated
that the ability of these proteins to localize to the cell wall is dependent on a small, three
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amino acid region, (LRQ)(HY)(QR), within each protein that may represent a novel
attachment motif (Plumptre, Ogunniyi et al. 2013). The cell wall hydrolase PcsB is
anchored on the cell surface by protein-protein interactions with FtsX, which itself is an
integral membrane protein (Sham, Barendt et al. 2011). The glycolytic enzymes, αenolase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), are known to be
surface-associated in addition to having a cytoplasmic pool and recent evidence suggests
that the latter protein is capable of directly binding to PG (Bergmann, Rohde et al. 2001,
Terrasse, Amoroso et al. 2015). Finally, the protein toxin pneumolysin (Ply), the subject
of this thesis, localizes to the cell wall despite the absence of any known sorting signal or
detectable binding partner (Price and Camilli 2009, Price 2011).

1.3 PROTEIN SECRETION
Protein secretion represents a multifaceted, stepwise process that typically, but not
always, involves active protein-mediated trafficking of substrates from the cytoplasm
through the membrane and into the extracellular space. Secreted proteins can then be
tethered to a component of the cell envelope, as described above, or released into the
surrounding environment. The major secretion systems and export mechanisms found in
Gram-positive bacteria will be discussed below.

1.3.1 The Sec system
The principal secretory pathway for both integral membrane and extracellular
proteins relies on the Sec system, which is highly conserved amongst all three domains of
life. Based on this conservation and its predominant role in secretion, use of the Sec
machinery is commonly referred to as the general secretory pathway. This largely co31

translational secretion process begins in the cytoplasm as the nascent exported
polypeptide emerges from the ribosome. The N-terminal portion of this preprotein is
referred to as a signal sequence (aka signal peptide), which consists of approximately 25
amino acids and is characterized by a positively charged N-terminus followed by a
stretch of hydrophobic residues ending with a polar region (Yuan, Zweers et al. 2010).
The signal sequence is necessary and sufficient for protein export only if attached to a
protein that is compatible with the Sec machinery. Indeed, the use of translational fusions
between the signal sequence-containing portion of a secreted protein and the Secincompatible LacZ provided a powerful genetic system leading to the identification and
characterization of the Sec machinery in E. coli (Bassford, Silhavy et al. 1979).
Once exposed in the cytoplasm, the signal sequence is bound by signal
recognition particle (SRP), which delivers the preprotein-ribosome complex to the
membrane where SRP interacts with its receptor protein, FtsY (Yuan, Zweers et al.
2010). In Gram-negative bacteria, a second pathway relying on the protein chaperone
SecB is responsible for targeting pre-folded substrates to the Sec machinery (Kumamoto
1989). However, SecB homologues are not present in Gram-positive bacteria. At the
membrane, the preprotein associates with the Sec translocase, which is composed of three
major proteins, SecYEG, as well as accessory factors, including SecA, YidC, SecDF and
YajC. SecYEG forms a channel and is thus the conduit for transit through the membrane.
SecA is an ATPase that resides at the inner leaflet of the membrane and is responsible for
promoting export of the unfolded polypeptide chain through the SecYEG pore using
cycles of ATP hydrolysis as the driving force. YidC is an integral membrane protein that
recognizes hydrophobic sequences in nascent proteins during translocation through
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SecYEG and facilitates their insertion into the membrane and is therefore critical for the
biogenesis of other integral membrane proteins. SecDF and YajC form a complex that,
although dispensable, contributes to the secretion process by an unresolved mechanism.
Finally, upon reaching its final destination, either the membrane or extracellular space,
the signal sequence is cleaved by signal peptidases and the mature protein can adopt its
final conformation (Yuan, Zweers et al. 2010). As is the case in most other bacteria,
many of the components of the Sec machinery in the pneumococcus are essential (van
Opijnen and Camilli 2012).
In addition to the primary Sec machinery, many Gram-positive bacteria harbor
accessory Sec components including SecA2 and, occasionally, SecY2. In pathogenic
bacteria, accessory Sec components are implicated in the export of virulence factors. The
export of accessory Sec-dependent substrates is not strictly dependent on a canonical
signal sequence; in fact, these sequences can be atypical if present at all (Yuan, Zweers et
al. 2010). The secA2 and secY2 genes are not present in all pneumococcal genomes
sequenced to date, implicating the accessory Sec system in strain-specific functions
(Obert, Sublett et al. 2006). As expected from this hypothesis, when these genes are
present in the genome they are not essential, unlike the primary Sec factors (van Opijnen
and Camilli 2012).

1.3.2 ATP-binding cassette transporters
Unlike the Sec pathway, ATP-binding cassette (ABC) transporters represent an
incredibly diverse family of transport systems minimally characterized by their use of
ATP hydrolysis to power movement of dedicated substrates through the membrane (Kos
and Ford 2009). In Gram-negative bacteria, the use of ABC transporters in protein
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secretion can be coupled with additional factors that facilitate direct movement of
substrates from the cytoplasm through the inner and outer membranes in a single step in a
process referred to as type 1 secretion (T1S). Thus, by definition, T1S is not present in
Gram-positive bacteria (Desvaux, Hebraud et al. 2009). ABC transporters exhibit
substrate specificity and are capable of either import or export of molecules ranging from
small solutes to carbohydrates and polypeptides (Kos and Ford 2009). Notably, the
pneumococcal genome encodes ABC transporters involved in the secretion of small
peptides. One example is the ComA/ComB system responsible for secretion of
competence-stimulating peptide required for the development of competence for natural
transformation (Havarstein, Coomaraswamy et al. 1995). Another example includes the
secretion of small antimicrobial peptides known as bacteriocins, which contribute to
intra- and interspecies competition (Dawid, Roche et al. 2007).

1.3.3 Alternative secretion systems
Several alternative secretion systems exist, which vary in their conservation
across bacteria and are responsible for transporting dedicated cargo distinct from the
substrates exported by Sec. One such system that can be found in both Gram-positive and
–negative bacteria is the twin-arginine translocation (Tat) pathway responsible for the
secretion of pre-folded proteins. As suggested by its name, Tat-dependent substrates
harbor a characteristic double arginine motif that is analogous to the Sec-dependent
signal sequence (Dilks, Rose et al. 2003). A second system found only in Gram-positive
bacteria, known as the WXG-100 secretion system (Wss, aka ESX-1), was first identified
in M. tuberculosis where it is responsible for exporting several small proteins that
contribute to the virulence of this organism (Desvaux, Hebraud et al. 2009). The
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pneumococcal genome lacks the necessary components for both of these alternative
secretion systems (Tettelin, Nelson et al. 2001).

1.3.4 Leaderless extracellular proteins
Although these well-characterized secretion systems can account for a fraction of
the secreted proteins of a given bacterium, there is a second class of leaderless
extracellular proteins whose export is unexplained and is commonly referred to as nonclassical protein secretion (Wang, Chen et al. 2013). These proteins, which lack a
canonical Sec-dependent signal sequence, typically also lack a motif known to associate
with the cell envelope (described above) and are thus predicted to be cytoplasmic.
Nevertheless, several cytoplasmic proteins have been shown to localize to the cell surface
in a variety of bacteria, including the pneumococcus. Classic examples of such proteins
include the glycolytic enzymes α-enolase, aldolase and GAPDH (Pancholi and Fischetti
1992, Pancholi and Fischetti 1998, Bergmann, Rohde et al. 2001, Bergmann, Rohde et al.
2004, Blau, Portnoi et al. 2007).
A common explanation for the extracellular localization of these proteins is that
they are released upon lysis of a fraction of the cells in a given population and, in some
cases, are capable of associating with the cell surface (Wang, Chen et al. 2013). An
argument against this hypothesis is that there appears to be some selectivity in what
cytoplasmic proteins are released from cells and that some highly abundant cytoplasmic
proteins are absent from the repertoire of extracellular proteins, which is unexpected if
release is purely lysis-dependent (Pasztor, Ziebandt et al. 2010). An alternative argument
against lytic release is usually proposed through the use of mutant strains or culture
conditions that are predicted to limit the effects of autolysis (Yang, Ewis et al. 2011,
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Mellroth, Daniels et al. 2012). However, these approaches are all characterized by the
same pitfall; that is, negative results are often difficult to interpret and not as informative.
Notably, a recent report has demonstrated that release of pneumococcal GAPDH is
mediated by lysis (Terrasse, Amoroso et al. 2015). Thus, there could be proteindependent and, possibly, species-dependent export mechanisms responsible.
Recent work by the Götz laboratory has focused on the release of cytoplasmic
proteins in S. aureus, a phenomenon they term excretion of cytoplasmic proteins (ECP).
Using aldolase and enolase as model substrates of ECP, they demonstrate that both
proteins are released maximally during exponential growth albeit with different kinetics.
The authors then attempt to localize each protein by making fusion constructs of each to a
PG-binding LysM domain and reasoned that the LysM motif will “trap” each fusion
protein in the PG layer and allow them to determine the putative export site for these
proteins. Both LysM-fusion proteins, but not a non-ECP control fusion, localized to the
septum and cross wall of incompletely separated daughter cells leading to the conclusion
that export may occur specifically at the septum (Ebner, Prax et al. 2015). It is worth
noting that the localization patterns of two distinct LysM domain-containing
staphylococcal lysins, LytN and Sle1, are identical to those observed for each fusion
protein. Furthermore, the exogenous addition of purified LytN or Sle1, but not the LysM
domains alone, recapitulated this septal localization suggesting that PG degradation by
each protein is required to allow for reassociation with the cell surface (Frankel and
Schneewind 2012). Since neither aldolase nor enolase are capable of PG degradation, it
seems plausible to suggest that their septal localization represents bona fide export and
not reassociation following excretion elsewhere in the cell or by lysis. In a previous
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report, a mutant lacking the Atl autolysin responsible for splitting the septal PG layer,
thus contributing to daughter cell separation, was characterized by a decrease in ECP
(Pasztor, Ziebandt et al. 2010). Taken together, these results led the authors to conclude
that ECP occurs specifically at the septum where these proteins are transiently trapped in
the PG network and subsequently released into the surrounding medium following septal
PG hydrolysis (Ebner, Prax et al. 2015).
A second, non-mutually exclusive hypothesis accounting for the export of
leaderless proteins is that they are incorporated into vesicles that bleb from the
cytoplasmic membrane into the extracellular space. It has long been appreciated that
Gram-negative bacteria release outer membrane vesicles (OMVs) consisting of
periplasmic contents surrounded by outer membrane. Although lacking an outer
membrane, Gram-positive bacteria have been shown to release vesicles derived from the
cytoplasmic membrane, which are analogous to OMVs and consist of cytoplasmic
proteins and lipoproteins. Similar to OMVs, research on membrane vesicles (MVs) has
primarily focused on their role in host-pathogen interactions as delivery systems for toxic
compounds. Additionally, as they harbor numerous immunostimulatory molecules, both
OMVs and MVs have been shown to be protective against infection against the pathogen
from which they are derived as is the case for Vibrio cholerae and Bacillus anthracis
(Schild, Nelson et al. 2008, Rivera, Cordero et al. 2010). Despite extensive research on
their functions, comparatively little is known about how MVs are formed and whether
production represents an active process or not. Additionally, it is unclear how MVs
released from the cytoplasmic membrane traverse through the cell wall. With respect to
this latter point, MVs have recently been described in the pneumococcus and have been
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shown to form proximal to the septum as visualized by electron microscopy (OlayaAbril, Prados-Rosales et al. 2014). This localization led the authors to speculate that MVs
may be preferentially released at the site of active division as this is where the cell wall is
undergoing active remodeling. Although an intriguing hypothesis, these qualitative
observations have yet to be rigorously tested experimentally.
It is worth mentioning that leaderless extracellular proteins are not exclusively
composed of cytoplasmic proteins and can also include known surface-associated
proteins. One such example is the pneumococcal LytA amidase, which is a member of
the CBPs. Despite the presence of a CBD, LytA lacks a canonical Sec-dependent signal
sequence. A recent study demonstrated that LytA is predominantly intracellular during
exponential and early stationary phase growth and is only appreciably found
extracellularly after extended stationary phase growth. Despite this, a minor fraction of
LytA could be detected extracellularly at all stages of growth, the levels of which were
decreased if CBPs were removed from the cell surface by cultivation in a rich medium
supplemented with choline. Thus, the authors suggest that extracellular LytA is the
passive result of low level lysis catalyzed by CBP PG hydrolases (LytA, LytB, LytC and
CbpD) and not due to active export (Mellroth, Daniels et al. 2012).
As mentioned above, Ply lacks any cell wall sorting signal and yet can be detected
on the cell surface. Ply also does not harbor a signal sequence, thus placing it in the everexpanding category of leaderless extracellular proteins.

1.4 THE CELL WALL AS A BARRIER TO PROTEIN SECRETION
Following translocation through the membrane, secreted proteins not destined for
cell surface attachment are subsequently confronted with the challenge of trafficking
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through the cell wall and its associated molecules. Comparatively less is known about
how proteins navigate through this restrictive environment. Based on its mesh-like
structure and associated physicochemical properties, it has long been hypothesized that
the cell wall acts as a permeability barrier to the release of proteins into the surrounding
milieu (Dijkstra and Keck 1996). Early theoretical and experimental evidence using
purified cell wall (i.e. sacculi) and fluorescently labeled dextran molecules of differing
size estimated that the effective pore size could allow diffusion of globular proteins in the
range of 25-50 kDa (Demchick and Koch 1996). As these values were determined for
isolated cell wall, they likely reflect a static portrait of the permeability of this
macromolecule. Indeed, these experiments do not account for the dynamic nature of the
cell wall during growth and also may not accurately reflect the elasticity of this molecule
upon changing environmental conditions that lead to expansion and contraction (Ou and
Marquis 1970, Koch and Woeste 1992, Typas, Banzhaf et al. 2012). Furthermore, these
measurements presumably represent an average value and may not account for
fluctuations and localized differences that may occur as a result of PG remodeling
(Huang, Mukhopadhyay et al. 2008).
In support of the different properties of purified cell wall and cells, osmotically
shocked E. coli cells were shown to release a subset of proteins that was similar in global
composition to that of a filtrate from a lysate passed through a 100-kDa cutoff filter
(Vazquez-Laslop, Lee et al. 2001). This finding suggests that upon membrane disruption,
the sieve-like properties of the cell wall may accommodate the passage of natively folded
proteins up to 100 kDa in mass. It is worth noting though that osmotic shock is also likely
to affect the properties of the cell wall (Rojas, Theriot et al. 2014), which may alter its
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permeability characteristics. Also, the PG layer of Gram-negatives is much thinner than
that found in Gram-positive bacteria and it is unclear how this may affect protein
movement through the cell wall (Silhavy, Kahne et al. 2010).
One hypothesis to address the translocation of proteins through the cell wall is
that there are “privileged” sites or channels within this layer that allow for the
unrestricted movement of proteins and perhaps other molecules. In support of this model,
disparate supramolecular structures that span the cell envelope are often associated with
PG hydrolases thought to provide regulated and highly localized degradation of the cell
wall to allow for assembly (Nambu, Minamino et al. 1999, Garcia-Gomez, Espinosa et al.
2011, Rodrigues, Marquis et al. 2013). With respect to protein secretion, co-localization
of Sec components and secreted substrates was found to be restricted to a single focus
(the ExPortal) per cell within S. pyogenes and E. faecalis (Rosch and Caparon 2004,
Kline, Kau et al. 2009). Intriguingly, in E. faecalis it was shown that the ExPortal also
co-localizes with sortase enzymes suggesting that secretion and attachment to the cell
wall are spatially coordinated processes (Kline, Kau et al. 2009). It seems plausible to
suggest that localization of the Sec machinery may also indicate sites within the cell wall
that are more conducive to the diffusion of proteins into the surrounding medium.
However, it should be noted that the existence of the ExPortal is controversial as a
subsequent study in S. pyogenes demonstrated dynamic distribution of SecA throughout
the membrane (Carlsson, Stalhammar-Carlemalm et al. 2006), which has also been
observed in B. subtilis (Campo, Tjalsma et al. 2004) and the pneumococcus (Tsui, Keen
et al. 2011).
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Further support for a barrier function of the cell wall comes from early
observations of α-amylase secretion in B. amyloliquefaciens. Washed cells of this
organism continued to release this protein into the surrounding medium over time even in
the presence of a translational inhibitor, although at reduced levels. These data suggest
that release of pre-formed α-amylase upon secretion through the membrane is inhibited
by the cell wall (Gould, May et al. 1975). Interestingly, it has been proposed through
subcellular fractionation and electron microscopy studies that Gram-positive bacteria
may possess a distinct space occupying the region between the outer leaflet of the
membrane and the cell wall matrix that is analogous to the Gram-negative periplasm
(Merchante, Pooley et al. 1995, Matias and Beveridge 2005, Matias and Beveridge 2006).
Using protoplasts of B. subtilis, it was shown that this putative periplasm-like
compartment consisted primarily of LTA (Matias and Beveridge 2008). Whether or not
secreted proteins transiently accumulate in this periplasm-like space due to their
restricted movement across the cell wall is not known.

1.5 PNEUMOLYSIN
1.5.1 A multifunctional virulence factor
In addition to the capsule, the pneumococcus elaborates a multitude of protein
virulence factors, many of which have been described above. Included among these is the
pore-forming toxin, pneumolysin (Ply). Ply is highly conserved among clinical isolates
and has been shown to contribute in some capacity to nasal colonization (Matthias, Roche
et al. 2008), pneumonia, bacteremia and meningitis (Orihuela, Gao et al. 2004). Ply is a
member of the cholesterol-dependent cytolysin (CDC) family of pore-forming toxins. In
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addition to its cytolytic properties, Ply has been shown to harbor a wide variety of
activities at sublytic concentrations. Thus, it is clear that Ply is a multifunctional
virulence factor whose versatility is likely exploited during infection.
The cytotoxic properties of Ply have been appreciated for over 100 years. Indeed,
a 1914 study described a “hemolytic substance” derived from pneumococcal lysates
(Cole 1914). Although not named at the time, the description of the substance identified
is consistent with a protein hemolysin with properties identical to that of Ply. One such
key characteristic is the ability to inhibit the pore-forming ability of this toxin with
cholesterol, which is a hallmark of all CDCs (Dunstone and Tweten 2012). Besides Ply,
numerous CDCs have been characterized from a variety of Gram-positive pathogens
including perfringolysin O from Clostridium perfringens and listeriolysin O from Listeria
monocytogenes. Notably, a recent report described the identification of the first two
CDCs encoded by Gram-negative bacteria, arguing that this family of proteins might be
widely distributed in bacteria (Hotze, Le et al. 2013). In addition to their roles in hostpathogen interactions, the CDCs have been extensively studied as model membranedisrupting toxins and, as such, the molecular mechanism leading to pore formation by
this family of proteins has been well characterized.
The process of pore formation can be broken down into several key steps (Fig.
1.4). First, soluble monomers structurally composed of four distinct domains are released
from the bacterial cell and encounter a cholesterol-containing membrane (e.g. eukaryotic
host cell). A conserved, surface-exposed threonine-leucine motif within domain 4
mediates initial contact by binding to cholesterol ultimately resulting in stable insertion of
the monomer into the target membrane. Cholesterol binding induces a series of
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conformational changes in domain 3 that trigger the oligomerization of 38-44 monomers
into a cylindrical structure on the surface of the membrane referred to as the prepore
complex. Domain 3 then undergoes significant structural rearrangements leading to the
formation of two amphipathic β-hairpins. The prepore state is finally resolved through the
vertical collapse of domain 2 leading to the insertion of both β-hairpins per monomer into
the membrane where they span the length of the lipid bilayer to form a pore that is
approximately 400 Å in diameter. (Tilley, Orlova et al. 2005, Dunstone and Tweten
2012).
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Figure 1.4 – An illustration of pore formation by cholesterol-dependent cytolysins
Pore formation can be mechanistically divided into three basic stages: recognition,
prepore assembly and pore formation. Each monomer (based on the structure of
perfringolysin O) consists of four domains: domains 1 and 2 (yellow), domain 3 (blue
and red ribbons) and domain 4 (green). Shown above the middle and right panels are
electron density maps of the prepore and pore complex. LB = lipid bilayer. See text for
details. Figure modified from Dunstone, M.A. and Tweten, R.K. (2012). Curr Opin Struct
Biol 22(3): 342-349 with permission.
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Numerous studies have demonstrated that Ply acts as a general cytotoxin although
its potency is dependent on cell type and the environmental conditions used. One study
noted that while diverse epithelial cell lines exhibited comparable levels of sensitivity,
they were all more sensitive to lysis compared to a monocyte cell line, which, in turn,
was rendered more resistant following interferon-γ treatment (Hirst, Yesilkaya et al.
2002). The basis for this spectrum of sensitivity is unknown; however, it is worth noting
that recent evidence has demonstrated that domain 4 of Ply is capable of binding diverse
carbohydrate molecules, which affects its pore-forming activity (Lim, Park et al. 2013,
Shewell, Harvey et al. 2014). Thus, other molecules besides cholesterol may act as
specificity determinants that dictate the susceptibility to this toxin. The cytolytic ability
of Ply is also required in vivo. Mice infected intraperitoneally with mutants carrying
defined point mutations that significantly reduce cytolytic activity showed increased
survival compared to infection with the wildtype, indicating that cytolysis is required
during bacteremia (Berry, Alexander et al. 1995). However, our understanding of the role
that cytolysis plays during infection is incomplete as some clinical isolates from diverse
strain backgrounds have been shown to produce non-hemolytic variants of Ply (Jefferies,
Johnston et al. 2007). Furthermore, in an otherwise isogenic background, infection with a
mutant strain producing a nonhemolytic variant of Ply led to mild attenuation during
bacteremia despite conferring a growth advantage compared to hemolytic-competent
versions immediately following infection (Harvey, Ogunniyi et al. 2011).
In addition to its cytotoxic effects, Ply exhibits diverse immunostimulatory
activities. It is capable of directly activating the complement pathway of the innate
immune system likely by virtue of the structural homology between domain 4 and the Fc
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portion of antibodies (Paton, Rowan-Kelly et al. 1984, Rossjohn, Gilbert et al. 1998). The
importance of Ply-induced complement activation is niche-specific as infections with
point mutants lacking this ability remained virulent in the blood but were attenuated
during lung infection (Berry, Alexander et al. 1995, Rubins, Charboneau et al. 1995). Ply
has also been shown to elicit a diverse array of cytokine responses depending on the cell
type affected (Shoma, Tsuchiya et al. 2008, Witzenrath, Pache et al. 2011). Ply has also
been implicated in the recruitment of neutrophils during lung infection as a ply mutant
showed a kinetic delay and an overall decrease in the accumulation of this cell type
compared to the wildtype within lungs of infected mice (Kadioglu, Gingles et al. 2000).
Interestingly, a mutant carrying a deletion of the majority of ply was significantly more
attenuated than a strain carrying point mutations specifically affecting cytolysis and
complement activation during bacteremia (Berry, Ogunniyi et al. 1999). Therefore, it is
clear that one of the other functions mentioned, or an undiscovered activity, is also
required during infection.

1.5.2 Subcellular localization and export
Intriguingly, the fitness defect associated with loss of ply during bacteremia or
lung infection can be alleviated by co-infection with the wildtype strain or
supplementation with purified Ply, respectively (Benton, Everson et al. 1995, Rubins,
Charboneau et al. 1995). Furthermore, purified Ply alone was shown to recapitulate much
of the lung histopathology associated with pneumococcal infection in a dose-dependent
manner (Feldman, Munro et al. 1991). These findings clearly indicate that a ply mutant
can be complemented in trans and strongly suggest that Ply is released from the bacterial
cell in vivo. However, the mechanism of Ply release from the cell is not understood and
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has been a controversial topic for many years. Compared to all CDCs from other Grampositive species, Ply is unique in its lack of a canonical N-terminal signal sequence for
Sec-mediated secretion (Walker, Allen et al. 1987). This observation suggested that Ply
resides within the cytoplasm, which led to the model that its release from the cell was
mediated solely through autolysis.
Early studies of the pneumococcus seemed to support this model. The 1914 report
regarding the “hemolytic substance” of the pneumococcus mentioned above
demonstrated that hemolysis was only apparent upon disruption of cellular integrity
through enzymatic or mechanical means (Cole 1914). Subsequently, crude subcellular
fractionation revealed the majority of hemolytic activity to reside within the cytoplasmic
fraction (Johnson 1977). Furthermore, the D39 strain failed to release any detectable Ply
into the culture fluid during growth in vitro until well into stationary phase, which is
typically when LytA-dependent autolysis occurs (Benton, Paton et al. 1997). However,
this phenotype appeared to be strain-dependent as extracellular Ply could be detected
during mid-exponential phase growth of the WU2 strain. A follow-up study extended this
finding further by demonstrating that Ply release from this strain was LytA-independent
and was unaffected by exogenous choline, suggesting that CBP lysins (including LytA)
do not contribute to extracellular Ply (Balachandran, Hollingshead et al. 2001).
Therefore, it is clear that the mechanisms of Ply release require further investigation.
Building on these observations, a former graduate student in the Camilli laboratory
demonstrated that Ply localizes to the cell wall compartment during exponential growth
in vitro (Price and Camilli 2009). This localization was shown to occur in the absence of
LytA, supporting the hypothesis that LytA-mediated autolysis is not required for
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extracellular Ply. Curiously, the majority of Ply was distributed amongst the cell wall and
protoplast fractions with little to no signal in the supernatant. Thus, although
extracellular, Ply primarily remains cell-associated by an unresolved mechanism.
Regarding this surface association, the only condition capable of removing Ply from the
cell wall was treatment of cells with sodium dodecyl sulfate (SDS) (Price and Camilli
2009), which could indicate a non-covalent and/or hydrophobic interaction with a
component of the cell wall or membrane. However, it remains unclear if Ply can be
actively released from the cell surface and what factors contribute to both its retention
and release from this compartment.
The presence of Ply on the cell wall raises numerous questions, not least of which
is whether this localization represents active secretion from the cell. In support of this
proposal, Ply released via autolysis cannot reassociate with the cell surface, suggesting
that the ability to localize to the cell wall is directional. Interestingly, Ply appears to be
incompatible with the Sec system, as a fusion protein carrying a canonical N-terminal
signal sequence could not be detected despite being expressed normally. Despite this,
expression of the signal sequence-containing Ply fusion in Bacillus subtilis resulted in
production of a functional, secreted protein (Price, Greene et al. 2012), a finding that was
actually reported over 25 years ago (Taira, Jalonen et al. 1989). Moreover, expression of
the native ply gene in B. subtilis recapitulated the cell wall localization phenotype of the
pneumococcus. Therefore, these results suggest that Ply might be specifically
incompatible with the pneumococcal Sec machinery and that the hypothetical export
pathway responsible for cell wall localization of this protein appears to be conserved in
B. subtilis (Price, Greene et al. 2012).
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It is clear that there are numerous unanswered questions regarding extracellular
Ply. First, the molecular mechanisms driving Ply export from the bacterial cell and into
the cell wall compartment are unknown. Research on this topic has been limited in scope
due to the early suggestion that Ply is strictly a cytoplasmic protein. This premise
underlies the implicit bias towards an autolytic release mechanism, which has been
pervasive in the field despite a lack of strong experimental evidence supporting it.
Therefore, Chapter 2 of this thesis describes an unbiased genetic screen to identify genes
involved in Ply export from the bacterial cell using B. subtilis as a surrogate host.
Following export from the cell, Ply accumulates in the cell wall compartment leading to a
surface-associated reservoir of this protein. How Ply associates with the cell wall and
whether this affects its function is not known. Furthermore, it is unclear how Ply is
released from the cell surface and what factors contribute to this process. These questions
serve as the basis for the remainder of the thesis. Chapter 3 addresses the association
between cell wall and Ply release revealing a role for PG stem peptide composition in this
process. The link between PG and Ply release is further expanded upon in Chapter 4,
which contains the characterization of a novel, PG-binding protein putatively involved in
PG remodeling.
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CHAPTER 2: GENETIC SCREEN TO IDENTIFY FACTORS
CONTRIBUTING TO PLY EXPORT
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2.1 BACKGROUND
Expression of ply in the heterologous host B. subtilis results in production of a
functional protein capable of localizing to the cell wall compartment, suggesting a
conserved ability for Ply to traffic through the cytoplasmic membrane (Price, Greene et
al. 2012). Several distinct, non-mutually exclusive mechanisms could explain Ply export
to the cell surface in the pneumococcus and B. subtilis. First, Ply may possess autosecretory properties allowing it to interact with and transit through the membrane in the
absence of any additional proteins. In a similar manner, Ply could interact with the
membrane in such a way as to be packaged into MVs that deliver this protein into the
extracellular space. Notably, a recent report described MV formation in the
pneumococcus and Ply was one of many proteins found within these vesicles (OlayaAbril, Prados-Rosales et al. 2014). However, this study lacked key controls to support the
conclusion that MV formation was an active process and the evidence demonstrating the
presence of Ply in vesicles was based on equivocal electron micrographs. Furthermore,
Ply could not be detected in MVs from numerous different strain backgrounds and, when
detected, was present at levels barely above background. Thus, it is unclear what role, if
any, MVs play in Ply export. Interestingly, extracellular vesicle formation has been
described for B. subtilis and B. anthracis (Rivera, Cordero et al. 2010, Brown, Kessler et
al. 2014), with the CDC anthrolysin O found within vesicles derived from the latter
bacterium (Rivera, Cordero et al. 2010).
An alternative hypothesis to explain Ply export to the cell surface could be that
there is a novel, dedicated system responsible for secreting Ply and perhaps other
leaderless extracellular proteins, through the membrane. This hypothetical export
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machine would be analogous to the Sec system in that it contains membrane-associated
proteins comprising a pore that would mediate movement of leaderless proteins through
the membrane. Furthermore, there may be other factors that contribute to various aspects
of this process including, but not limited to, substrate recognition, protein folding and
energy supply. In an effort to discern between the mechanisms proposed above and better
understand the requirements for Ply export, an unbiased screen was performed to identify
genetic factors contributing to this process using B. subtilis expressing ply.
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2.2 RESULTS
2.2.1 Development of a chemical mutagenesis screen to identify genetic
factors contributing to Ply export
To identify genetic factors contributing to Ply export, we chose to perform
chemical mutagenesis on the B. subtilis strain expressing ply (B. subtilis ply+). The
principal reason for using B. subtilis ply+ for this experiment is due to the observation that
this strain produces hemolytic colonies when plated on blood agar that are distinguishable
from the wildtype (wt) strain (not expressing ply) (Price 2011). Additionally, the
pneumococcus produces a Ply-independent zone of α-hemolysis when plated on blood
agar making it impossible to distinguish between colonies from strains either expressing
or lacking ply. Since Ply localizes to the cell wall compartment when expressed in B.
subtilis (Price, Greene et al. 2012), we reasoned that the observed hemolysis might be
due to the lysis of sheep red blood cells (SRBCs) underneath the colony as a result of
surface-associated Ply.
A schematic representation of the genetic screen conducted in B. subtilis ply+
(parent strain) is depicted in Fig. 2.1. Chemical mutagenesis using N-ethyl-N-nitrosourea
(ENU) was selected based on the propensity of this mutagen to induce point mutations
and the possibility of identifying both gain-of-function and loss- or partial loss-offunction mutations in candidate genes of interest. First, we performed a kill curve with
ENU to determine what dose should be used in the screen. Treatment of the parent strain
with different amounts of ENU for one hour revealed a dose-response curve with the
highest concentration tested, 50 mM, resulting in 99.9% death relative to an untreated
control (Fig. 2.2). This concentration was selected because of the likelihood that every
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colony screened would harbor several point mutations, thus increasing the hit rate and
decreasing the total number of mutants to screen. A caveat of this approach is that the
presence of multiple mutations makes it difficult to unequivocally attribute any
phenotypes to a given mutation. In anticipation of this issue, we screened four
independently mutagenized pools with the hope that any mutations common to at least
two independently derived mutants would be more likely to be involved in Ply export.
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Figure 2.1 – Diagram of the genetic screen to identify factors involved in Ply export
B. subtilis ply+ (parent strain) colonies appear light gray on blood agar whereas the wt
strain (not expressing ply) forms a dark gray colony (Price 2011).
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Figure 2.2 – Kill curve of B. subtilis ply+ with N-ethyl-N-nitrosourea
Mid-exponential phase cultures of B. subtilis ply+ were pelleted by centrifugation and
resuspended in LB broth containing the indicated concentration of N-ethyl-N-nitrosourea
(ENU). Cultures were treated for one hour at 37°C after which cells were washed twice to
remove ENU and allowed to recover for one hour at 37°C. Cultures were serially diluted
and plated to determine viability. Data are presented as percent death relative to an
untreated control sample performed in parallel. Each point represents the mean of three
biological replicates and error bars denote standard error of the mean.
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2.2.2 Classification of mutant colonies isolated from genetic screen
The screen yielded a total of 120 mutants from all four biological replicates. All
mutants were divided into different categories based on colony morphology and ply
integrity and the most prevalent phenotypes are listed in Table 2.1. Although numerous
phenotypes were noted, including hypo- and hyper-hemolytic colonies, mutants
exhibiting colony morphology and hemolytic patterns most closely resembling that of the
wt strain (not expressing ply) and containing an intact ply were selected for further
analysis due to the likelihood that these mutants are defective in some aspect of the
hypothetical Ply export pathway. Importantly, three non-hemolytic mutants were isolated
that each contained substitutions within ply resulting in missense mutations that likely
affect Ply function, serving as an internal positive control for the screen (Table 2.1,
bottom row).
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Table 2.1 – Phenotypic characteristics of candidate mutants isolated from the
genetic screen
Colony morphology on blood agar

a

round, entire edge, matte, dark gray
round, entire edge, matte, light gray
round, entire edge, matte, dark gray
round, entire edge, convex, dark gray
round, entire edge, convex, dark gray,
small halo
round, entire edge, matte, dark gray
round, entire edge, matte, dark gray
irregular edge, shiny, white small halo,
translucent
round, convex, glossy, dark gray, small
halo
round, glossy, white, small halo
round, pale, flat, translucent, complete
hemolysis
round, glossy, convex, dark gray, small
halo
round, convex, light gray with green tint,
small halo
round, matte, white with gray edge, small
halo
round, convex, dark gray

Colony
size

Independent
replicates
represented
wt
parent
3
3

Number of
mutants

Mutation
in ply a

3 mm
3 mm
3 mm
2 mm

10
13

No
No
No
No

2 mm

11

4

No

2 mm
pinpoint

17
6

3
2

No
No

3 mm

8

3

No

pinpoint

2

2

No

3 mm

4

2

No

3 mm

3

3

No

pinpoint

4

3

No

2 mm

2

2

No

3 mm

3

2

No

1 mm

3

2

Yes

The promoter, RBS and coding region of ply was sequenced
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A total of 20 mutants exhibiting morphological characteristics most similar to the
wt strain were chosen for further analysis. To determine whether the reduced hemolysis
observed on blood agar plates is due to decreased surface-associated Ply, we employed
solution-based hemolysis assays. Washed, whole cells of the parent strain exhibited
strong hemolytic activity as determined by measuring the release of hemoglobin from
SRBCs after a one hour incubation with different dilutions of cells at 37°C (Fig. 2.3).
This activity likely represents the functional, surface-associated reservoir of Ply and
serves as a proxy for Ply export. Subsequent experiments with the pneumococcus
described in the next chapter will distinguish between surface-associated and released
Ply, which was not addressed here. Additionally, sonicated lysates of the parent strain
exhibited even greater hemolytic activity compared to washed cells, indicating that the
majority of Ply is confined to the cytoplasm (Fig. 2.3).
To determine whether any of the 20 mutants exhibited decreased surfaceassociated hemolytic activity and thus reduced Ply export, we performed hemolysis
assays as described above. The results from nine of the 20 mutants are shown in Fig. 2.3.
All nine mutants demonstrated decreased surface-associated hemolytic activity as
determined for washed, whole cells (Fig. 2.3). Importantly, lysates of all nine mutants
harbored very similar hemolytic activity compared to the parent strain (Fig. 2.3), arguing
that ply is transcribed and translated normally in each mutant strain. In addition to the
altered surface hemolytic activity observed, this panel of nine mutants is representative of
the same colony morphology phenotypic class across all four independently mutagenized
cultures. Given these common phenotypes amongst each mutant, we selected these nine
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mutants for whole genome sequencing to identify any mutations that may account for the
phenotypes observed.
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Figure 2.3 – Hemolytic activity of ENU mutants selected for whole genome
sequencing
Mid-exponential phase cultures of the parent strain and each ENU mutant were tested for
hemolytic activity as washed, whole cells (left panel) and sonicated lysates (right panel)
for one hour at 37°C. Sonicated lysates were diluted 10-fold prior to the start of the
experiment. The first number of each ENU mutant refers to the mutagenized pool and the
number after the period represents the colony selected from that particular pool.
Sonicated lysates of wt B. subtilis do not exhibit any detectable hemolysis (data not
shown). The mean of two biological replicates is reported for each strain except the
parent (n=6), 3.27 (n=1) and 4.9 (n=1). Error bars denote standard error of the mean.
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2.2.3 Identification of candidate mutations by whole genome sequencing
Each of the nine ENU mutants and the parent strain were subjected to whole
genome sequencing using the Illumina HiSeq2000 platform. The resulting reads were
mapped onto the B. subtilis strain 168 reference genome to identify any single nucleotide
polymorphisms (SNPs). The parent strain was analyzed first because its strain
background, which is JH642, is common to all of the derived ENU mutants. Therefore,
any SNPs present in the parent strain compared to the reference sequence represent the
core SNPs shared by all ENU mutants. A total of 236 core SNPs were identified in the
parent strain and any additional mutations present in each mutant strain were considered
to be ENU-dependent. This analysis revealed a range of SNPs harbored by each mutant,
with one and 107 representing the low and high ends, respectively. The SNPs detected in
each mutant were differentiated into intergenic and genic, the latter being further
subdivided into substitutions causing silent, missense, or nonsense mutations in the
translated product. Analysis of all the SNPs found in intergenic regions across all nine
mutants revealed no significant enrichment in any particular region. However,
performing the same type of analysis with the genic SNPs revealed nine genes that were
mutated in at least two independent mutants (Table 2.2).
Seven of the nine genes harbor two different SNPs leading to missense mutations
whereas the other two result in both a missense and a silent (synonymous) mutation. Six
different genes, each in a unique mutant, harbored a SNP resulting in the formation of an
early stop codon within the encoded protein (Table 2.2). Furthermore, one mutant
harbored a mutation in the initiator codon (ATG to GTG) of yocH (Table 2.2).
Altogether, these sixteen genes were highlighted based on the hypothesis that genes hit in
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independent mutants and nonsense mutations are most likely to be responsible for the
observed reduction in hemolysis observed in each mutant. Additionally, ENU mutant
4.22 harbored a single SNP in the lytC gene. Collectively, these mutations were
considered for further analysis.
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Table 2.3 – Mutations identified by genome sequencing of candidate ENU mutants

Gene

clpC
clpQ
proJ
pbpB
yloA

fliI

dck

ezrA

walK

Mutation

ENU
mutant

Annotation a

S. pneumoniae
homologue
(e-value) b

% Identity
over primary
sequence

A516T

3.27

D327N

4.9

class III stress
response-related
ATPase

SP2194 - clpC
(0)

44% over 98%

E73K

2.3

D124G

4.602

ATP-dependent
protease subunit

N/A

N/A

E74G

3.33

V12G

53

γ-glutamyl kinase

SP0931
γ-glutamyl kinase
(2e-92)

42% over 90%

E191K

2.3

A511V

4.9

penicillin-binding
protein 2B

SP0336 - pbp2x
(2e-104)

32% over 97%

I131V

2.3

E401K

4.9

persistent RNA/DNA
binding protein

SP0966 - pavA
(9e-122)

40% over 99%

P35S

2.42

G326E

3.33

E156G

2.30

E156K

3.33

D287G

4.602

L155
silent

3.33

T420M

4.9

I428
silent

3.33

flagellar-specific
ATPase
deoxyadenosine/
deoxycytidine kinase

SP1510
ATP synthase F0F1
subunit alpha
(2e-43)
SP1944
hypothetical protein
(7e-5)

31% over 81%

29% over 28%

negative regulator of
FtsZ ring formation

SP0807 - ezrA
(3e-53)

22% over 95%

two-component system
sensory histidine kinase

SP1226 - walK
(2e-110)

45% over 65%

yqjN

E268*

2.3

putative N-deacylase

yetA

W721*

2.42

hypothetical protein

yteJ

W34*

3.33

putative integral
membrane protein

asnH

R515*

3.27

asparagine synthetase

ypsA

Q130*

53

conserved hypothetical
protein
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SP1358
ABC transporter ATPbinding
protein/permease
(0.001)
SP1544
aspartate
aminotransferase
(0.002)
N/A
SP0266
glucosamine-fructose-6phosphate
amidotransferase
(2e-5)
SP0371
hypothetical protein
(9e-26)

31% over 9%

32% over 4%
N/A

32% over 10%

31% over 85%

yxeK

Q86*

4.9

putative
monooxygenase

lytC

L423P

4.22

N-acetylmuramoyl-Lalanine amidase

yocH

ATG à
GTG

3.27

putative exported cell
wall-binding protein

a

SP0267
hypothetical protein
(2e-5)
SP0751
branched-chain amino
acid ABC transporter
permease
(3e-4)
SP0107
LysM domaincontaining protein
(3e-5)

35% over 33%

26% over 13%

39% over 19%

Based on B. subtilis 168 genome
Determined using the tblastx tool of BLAST directed against S. pneumoniae TIGR4
genome. The top hit based on e-value is reported.
b
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2.2.4 Validation of mutations in candidate genes affecting Ply export
While the majority of ENU mutants were characterized by multiple mutations,
strain 4.22 contained a single point mutation in the lytC gene encoding one of the major
vegetative cell wall hydrolases of B. subtilis. In order to test whether the L423P missense
mutation identified is responsible for the phenotypes observed in this ENU mutant, this
mutation was moved into a clean background. The SNP within lytC was amplified from
4.22 by PCR and introduced into the parent strain by co-transformation with an unlinked
selected marker at the neutral sacA locus (sacA::neo). Hemolysis assays with the original
4.22 mutant and the newly constructed LytC L423P mutant revealed that both strains
exhibit identical surface-associated hemolytic activity, which is two-fold lower than the
parent strain (Fig. 2.4). Neither mutant displays a decrease in total hemolytic activity
however (Fig. 2.4), indicating that Ply protein levels are identical to the parent strain.
Importantly, the sacA::neo marker used in the co-transformation to generate LytC L423P
has no affect on the hemolytic activity of whole cells or lysates of the parent strain (data
not shown). Thus, the LytC L423P mutation is associated with decreased surfaceassociated hemolytic activity, suggesting that this mutation affects either Ply export to the
cell wall or its interaction with the cell surface. Of note, although there is no homology at
the primary sequence level, the pneumococcal amidase LytA is a functional homologue
of LytC. However, deletion of lytA has no affect on Ply export to the extracellular space
(Balachandran, Hollingshead et al. 2001, Price and Camilli 2009) and this mutant harbors
wt hemolytic activity (data not shown).
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Figure 2.4 – LytC L423P reduces surface hemolytic activity of B. subtilis ply+
The parent strain, ENU mutant 4.22 and a strain carrying the LytC L423P mutation were
tested for hemolytic activity as washed, whole cells (left panel) and lysates (right panel)
at 37°C for one hour. The LytC L423P strain also harbors a marked mutation of the
neutral gene sacA, which does not affect hemolytic activity. Data are presented as the
mean ± standard error of the mean of three biological replicates. An asterisk denotes
p<0.05 by Student’s t-test compared to the parent strain sample.
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The other eight ENU mutants each contained multiple SNPs, yet seven genes
were hit in two independent mutants and each substitution results in a missense mutation
within the translated product (Table 2.2). Two such genes, clpC and pbpB, encode
proteins with well-characterized functions and share extensive primary sequence identity
with their pneumococcal homologues, encoded by clpC and pbp2x, respectively. To test
whether any of the mutations identified by sequencing in each of these genes affect Ply
export, we chose to make the corresponding mutations in the pneumococcal homologues.
To this end, the corresponding SNPs were separately generated in clpC and pbp2x on the
pneumococcal chromosome to create ClpC D354N and PBP2x A545V (homologous to B.
subtilis ClpC D327N and PbpB A511V, respectively). SNPs were made on the
pneumococcal chromosome by co-transformation with an unlinked rpsL mutation
conferring streptomycin resistance (RpsL K56T). Of note, attempts to make ClpC A520T
(B. subtilis ClpC A516T) were unsuccessful and alignment between PbpB and PBP2x did
not reveal a clear homologous residue to E191.
Contrary to the phenotype associated with each B. subtilis ply+ ENU mutant
harboring the implicated SNPs, both corresponding point mutations in the pneumococcus
resulted in a modest increase in surface-associated hemolytic activity as measured for
washed, whole cells compared to a control strain harboring only the rpsL mutation (Fig.
2.5). These increases were not the result of an overall increase in the amount of Ply being
made as the total hemolytic activity in lysates of each strain were comparable to the
control (Fig. 2.5). Thus, each mutation does not appear to decrease Ply export. Since the
corresponding mutations in each ENU mutant were found in the context of a number of

68

other SNPs, it is difficult to assess the relative contribution of each mutation in isolation
and directly compare to these results.
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Figure 2.5 – Hemolysis assays with ClpC D354N and PBP2x A545V
Each strain was tested for hemolytic activity as washed, whole cells (left panel) and
sonicated lysates (right panel) at 37°C for one hour. All strains contain a SNP in rpsL
conferring streptomycin resistance (RpsL K56T). The mean and standard error of the
mean of three biological replicates is shown and the data are presented as the fold change
in activity compared to the wt. Significance was determined by Student’s t-test; ***
p<0.005, * p<0.05.
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There are several possible explanations for why the ClpC D354N and PBP2x
A545V mutations failed to recapitulate the decreased surface-associated hemolytic
activity observed in the ENU mutants harboring the corresponding mutations. One
possibility could be that the alignment between each homologous protein was flawed and
thus, the residues targeted do not accurately correspond to those mutated in each ENU
mutant. In an effort to address this issue, we hypothesized that deleting each gene in both
species would reveal more drastic phenotypes that may more directly address the role of
these factors in Ply export. Since pneumococcal pbp2x and B. subtilis pbpB are essential
(Daniel, Williams et al. 1996, van Opijnen, Bodi et al. 2009), we chose to focus on the
nonessential clpC. Null mutants of clpC were generated in each strain and tested for
hemolytic activity. Surprisingly, clpC appeared to play distinct roles in Ply export within
each organism as mutation of this gene in each species yielded opposite effects (Fig. 2.6).
Inactivation of B. subtilis clpC resulted in a 2.5-fold decrease in surface-associated
activity compared to the parent strain whereas ΔclpC in the pneumococcus caused a twofold increase (Fig. 2.6). Neither mutant exhibited altered total hemolytic activity as
determined for sonicated lysates (Fig. 2.6). These results implicate ClpC in the export of
Ply from the cell but argue that the precise contribution of this protein in this process
differs between each organism.
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Figure 2.6 – A clpC mutant has opposite effects on surface hemolytic activity in the
pneumococcus and B. subtilis ply+
Wildtype pneumococcus, the B. subtilis ply+ parent strain and their clpC mutant
derivatives were tested for hemolytic activity as washed, whole cells (left panel) and
lysates (right panel). Data are presented as the fold change in hemolytic activity
compared to wt or parent strain as indicated by the lines above each column. The mean
and standard error of the mean of three biological replicates is shown. Asterisks denote
significance as determined by Student’s t-test; ** p<0.01, * p<0.05.
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2.3 DISCUSSION
The primary goal of the experiments described within this chapter was to better
understand the mechanism(s) underlying Ply export through the cell membrane into the
cell wall compartment. To address this question, a chemical mutagenesis screen was
performed in a strain of B. subtilis expressing ply that normally produces hemolytic
colonies on blood agar. Thus, it was hypothesized that any mutation affecting Ply export
to the cell surface (or Ply function) would yield a non-hemolytic colony. By sequencing
multiple, independently derived non-hemolytic mutants we postulated that any common
genes found to harbor mutations may represent novel factors necessary for Ply export.
Ultimately, this screen yielded a high frequency of mutants displaying a wide variety of
colony morphology and hemolytic phenotypes. This is presumably due to the
concentration of ENU used, which caused multiple mutations per genome in the majority
of cases. Another confounding factor is that the light gray colony color of B. subtilis ply+
was interpreted as reflecting surface-associated Ply thus serving as a proxy for Ply export.
An alternative explanation for this plate phenotype could be due to lytic release of
cytoplasmic Ply during colony formation. The diversity in colony size and morphological
characteristics observed might suggest that the difference in colony color observed could
be affected by a range of loci not necessarily involved in active export of Ply through the
membrane. The combination of multiple lesions within the genomes of most mutants
isolated, an incomplete understanding of the hemolytic phenotype on blood agar plates
and use of the surrogate host B. subtilis collectively made it difficult to identify any loci
involved in Ply export or help clarify the most likely mechanism driving this process.
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Despite these pitfalls, at least one mutation identified by the screen could be
validated. The LytC L423P mutation caused a decrease in surface-associated hemolytic
activity within B. subtilis ply+ to the same magnitude as the original mutant harboring this
substitution. Thus, this one mutation is responsible for the observed phenotypes
associated with this ENU mutant. LytC is a N-acetylmuramoyl-L-alanine amidase that
cleaves the bond linking stem peptides to the glycan backbone of PG. It is unclear
whether the L423P mutation identified confers a loss-of-function or gain-of-function
phenotype to LytC. However, given the function of this protein, it seems plausible to
suggest that the cell wall in the context of this mutant allele is altered in such a way as to
affect the interaction between surface-associated Ply and SRBCs.
One hypothesis to account for this phenotype is that the L423P mutation
abrogates LytC activity, leading to a thickened PG layer capable of masking or
sequestering Ply at the cell surface. How Ply interacts with and traffics through the cell
wall compartment is unknown and will be addressed in a subsequent chapter. While there
are no strong homologues at the sequence level to LytC within the pneumococcal
genome, the LytA amidase is a functional homologue. However, LytA was previously
shown to be dispensable for Ply localization to the cell wall compartment (Price and
Camilli 2009) and a lytA deletion mutant exhibits wt surface hemolytic activity. Although
we can’t rule out that a gain-of-function mutation in LytA might recapitulate the
phenotype of LytC L423P, this suggests that other autolysins may be dominant to LytA
with respect to Ply export and activity on the cell surface. Testing a lytC deletion mutant
would help determine the nature of the L423P mutation.
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Single point mutations in pneumococcal clpC and pbp2x each resulted in a mild
increase in surface-associated hemolytic activity. It is unclear what the contribution of
each of these mutations in the original ENU mutants are as they were only identified in
the context of other substitutions that at least collectively result in decreased surfaceassociated hemolytic activity. It is possible that several mutations are required for this
phenotype in each ENU mutant. Alternatively, the point mutations identified in clpC and
pbpB may have no effect on Ply export in B. subtilis ply+. Through the use of clpC null
mutations in both the pneumococcus and B. subtilis ply+ it was found that ClpC is likely
involved in some aspect of the Ply export pathway albeit in opposing roles.
Deletion of clpC is known to have pleiotropic effects in both species tested
(Rashid, Tamakoshi et al. 1996, Charpentier, Novak et al. 2000), making it difficult to
pinpoint what cellular process may be perturbed in its absence that could account for the
changes in hemolytic activity observed. ClpC is indirectly involved in the expression of
lytC and lytD, the two major vegetative cell wall hydrolases of B. subtilis, and cells
lacking clpC exhibit a pronounced filamentous phenotype during growth (Rashid,
Tamakoshi et al. 1996). Given that a clpC null mutant and the LytC L423P mutant both
exhibit a decrease in surface hemolytic activity of the same magnitude, it is tempting to
speculate that this phenotype in both mutants can be attributed to reduced LytC activity.
The role of clpC in pneumococcal physiology is somewhat controversial. A report
by Charpentier and colleagues demonstrated that an insertion-duplication mutant of clpC
was characterized by the complete absence of several virulence factors, including Ply,
suggesting that ClpC is involved in the expression of numerous genes (Charpentier,
Novak et al. 2000). This result is in apparent contrast to what is reported in Fig. 2.6, as
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sonicated lysates of ΔclpC harbored wt levels of hemolytic activity. A more recent report
demonstrating that ClpC has no effect on ply expression is consistent with the data
presented herein (Ibrahim, Kerr et al. 2005). However, the authors of this study conclude
that loss of clpC negatively impacts Ply release into the extracellular environment
(Ibrahim, Kerr et al. 2005). Of note, the authors only consider release of cytoplasmic Ply
in the context of autolysis, a phenomenon dependent on the major autolysin LytA. The
levels of LytA in their clpC mutant were lower than the wt, leading to the conclusion that
autolysis is inhibited in the absence of clpC. The hemolysis assay employed in the
present study uses washed cells, therefore not accounting for any Ply released into the
culture fluid during growth. Furthermore, if autolysis is inhibited in a clpC mutant as the
authors suggest then one would expect a decrease in surface hemolytic activity if
autolytic release of Ply is necessary to cause hemolysis in the assay reported here, not an
increase as was observed.
Taken together, it appears as though the hemolysis assays used to select candidate
ENU mutants for sequencing were not necessarily specific for the intended purpose,
which was to identify factors involved in Ply export through the membrane. Attempts to
validate some of the mutations identified by this screen suggested a potential link
between surface-associated Ply and the cell wall layer, a hypothesis that is the subject of
the remainder of this thesis.
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CHAPTER 3: BRANCHED STEM PEPTIDES IN THE
PEPTIDOGLYCAN LAYER INHIBIT PLY RELEASE

The majority of figures and the table presented within this chapter have been adapted
from the following publication:
Greene, N. G., A. R. Narciso, S. R. Filipe and A. Camilli (2015). "Peptidoglycan
branched stem peptides contribute to Streptococcus pneumoniae virulence by inhibiting
pneumolysin release." PLoS Pathog 11(6): e1004996.
All of the data presented within this chapter is the result of my own work with the
exception of that depicted in Figure 3.7A and Table 3.1, which was generated and
analyzed by myself and Ana Rita Narciso in the laboratory of Dr. Sergio Filipe.
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3.1 BACKGROUND
A previous report demonstrated that a large fraction of cell-associated Ply
localizes to the cell wall compartment during in vitro growth (Price and Camilli 2009).
The precise function of this surface-associated reservoir of Ply is not known, however,
isolated cell wall exhibits Ply-dependent hemolytic activity (Price and Camilli 2009).
Additionally, preliminary evidence demonstrated that whole cells harbor hemolytic
activity albeit at drastically lower levels compared to isolated cell wall, suggesting that
the majority of surface-bound Ply is either not accessible or is inactive (Price 2011).
However, this study did not distinguish whether the hemolytic activity of whole cells was
due to surface-associated Ply or protein that had been released from cells into the
surrounding medium.
With respect to Ply release from the cell, it has been shown that both localization
to the cell wall compartment and release into the surrounding medium occurs during
normal growth and this release does not depend upon the action of the LytA amidase
(Balachandran, Hollingshead et al. 2001, Price and Camilli 2009). Since LytA is a PG
hydrolase (also referred to as an autolysin) these results were interpreted as indicating
that extracellular Ply was not the result of autolysis. It should be noted however that the
pneumococcus encodes several PG hydrolases (Barendt, Sham et al. 2011), any number
and combination of which could lead to cell lysis. Thus, it remains unclear to what extent
lysis may contribute to the accumulation of Ply outside the cell. Ply lacks a sorting signal
and is therefore not predicted to interact with any component of the cell envelope.
Whether surface-associated Ply is actively released into the surrounding environment and
what factors are necessary for this process to occur are open questions. Of note, low
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concentrations of SDS were shown to extract Ply from the cell wall compartment, which
is suggestive of a non-covalent interaction (Price and Camilli 2009).
In this chapter, we confirm that whole cells harbor Ply-dependent hemolytic
activity and build upon these observations to demonstrate that this activity is the result of
protein that has dissociated from the cell surface. We show that native PG structure
inhibits Ply release and reveal an inhibitory role for PG branched stem peptides in this
phenomenon.
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3.2 RESULTS
3.2.1 Ply activity is inhibited by native peptidoglycan structure
Washed, whole cells were assayed for hemolytic activity with SRBCs for one
hour to determine whether cell surface-associated Ply is functional. Relative to the total
activity determined for a sonicated whole cell lysate, the washed cell sample accounted
for ~2% of the Ply-dependent hemolytic activity of the cell (Fig. 3.1). By comparison,
isolated cell wall prepared by enzymatic digestion of the PG layer in an osmotically
stabilized buffer revealed that approximately 30% of the total hemolytic activity was
present on the cell surface (Fig. 3.1). The remaining Ply resides in the cytoplasm and/or
membrane as evidenced by the protoplast fraction, which accounts for the majority of the
activity observed (Fig. 3.1). The distribution of hemolytic activity amongst the cell wall
and protoplast fractions correlates well with the amount of Ply in each fraction observed
previously by Western blot analysis (Price and Camilli 2009), which was confirmed here
as well (Fig. 3.5). Importantly, Ply is the only active hemolysin under the conditions
tested as cell lysates of a ply deletion mutant fail to produce any detectable hemolytic
activity (data not shown).
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Figure 3.1 – Surface-associated Ply is masked by native cell wall structure
Washed cells (bacteria) and subcellular fractions (cell wall and protoplast) were assayed
for hemolytic activity with SRBCs at 37°C for one hour. Activity of each fraction is
shown as a percentage of the total activity determined for a whole cell lysate. Subcellular
fractions were prepared by enzymatic digestion of the PG layer of washed, whole cells
with mutanolysin and lysozyme in an osmotically stabilized buffer. Following
centrifugation, the supernatant was collected as the cell wall fraction. The pellet was
resuspended in buffer and represents the protoplast fraction. Protoplasts were lysed by
sonication and the resulting sonicate was used directly in the hemolysis assay. Data are
presented as the mean of at least four biological replicates and error bars represent SEM.
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The near 10-fold difference between hemolytic activity of washed, whole cells
and the isolated cell wall fraction suggests that the majority of surface-associated Ply is
masked or inhibited from functioning. Thus, the low level of hemolysis observed for
washed cells could be due to surface-associated Ply that is still capable of functioning.
Alternatively, this activity may represent dissociated Ply that has been released from the
cell. To distinguish between these possibilities, washed cells were incubated in buffer
lacking SRBCs for one hour after which the cells were collected by centrifugation and the
cell-free supernatant was tested for hemolytic activity. Compared to the control sample
representing washed cells incubated directly with SRBCs, the cell-free supernatant
yielded similar levels of hemolysis (Fig. 3.2). The activity observed for washed cells
appears to be the result of released Ply that is no longer associated with the cell surface.
Taken together, these results suggest that Ply retained in the cell wall is inhibited and can
only function upon digestion of the PG layer or by natural release into the extracellular
environment.
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Figure 3.2 – Dissociation of Ply from the cell surface is required for activity
Washed, whole cells were incubated in hemolysis assay buffer lacking SRBCs for one
hour after which the cells were collected by centrifugation. The cell-free supernatant was
assayed for hemolytic activity alongside washed, whole cells (bacteria) as a control. Data
are the mean of two biological replicates and error bars indicate SEM.
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Even though Ply appears to lack a cell wall attachment motif it is possible that
this protein encodes a cryptic or novel motif capable of interacting with the cell wall,
which may explain why the majority of extracellular Ply is found in this compartment
relative to the secreted fraction. Given that enzymatic digestion of the PG layer is
required to liberate surface-associated Ply, it is possible that Ply binds to this network and
is somehow kept in an inactive state. Therefore, the released Ply observed for washed
cells could be due to the remodeling action of PG hydrolases that free Ply from this
interaction and allow it to be functional.
To test the hypothesis that Ply binds to PG, we performed pull-down assays using
purified PG and whole cell lysates as the source of Ply. PG is an insoluble molecule that
can be removed from solution upon centrifugation. Therefore, we reasoned that if Ply is
capable of stably binding to PG then upon centrifugation Ply should be enriched in the
pellet fraction (bound) relative to the supernatant (unbound). Lysate was mixed with PG
and allowed to incubate for two hours at 37°C prior to centrifugation. A control reaction
lacking PG was performed in parallel to account for any nonspecific binding to the
sample tube. After centrifugation, the supernatant was carefully removed and the pellet
was washed once prior to resuspension in an equal volume of buffer to normalize protein
levels relative to the supernatant. Western blot analysis was performed to visualize the
amount of Ply in each fraction. The majority of Ply was present in the supernatant of each
sample and a similar level of Ply was found in the pellet fractions of all samples across a
range of PG concentrations including the no PG control (Fig. 3.3A). This result suggests
that Ply is incapable of binding to purified PG. As further support for this, no appreciable
binding could be observed even when the amount of Ply was titrated down relative to a
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fixed amount of PG (Fig. 3.3B). Neither changes to the buffer used nor incubation
temperature resulted in any detectable binding relative to the no PG control (data not
shown). The residual protein observed in the pellet samples with and without PG likely
represents non-specific binding of protein to the sample tube that was not removed during
the wash step. Indeed, experiments to be described in a subsequent chapter support this
conclusion.
Although this experiment rules out the hypothesis that Ply is capable of binding to
PG, it does not address whether this protein can bind to any other cell surface component.
Of note, the PG used in these experiments is highly purified and lacks all components
that are typically associated with PG including, but not limited to, proteins, TAs and
capsular polysaccharides. Therefore, it is still formally possible that Ply binds to the cell
wall through interactions, either direct or indirect, with one of these surface-associated
molecules. Notably, Ply does not reassociate with the cell during growth (Price, Greene et
al. 2012), supporting the hypothesis that this protein does not bind to the cell surface
although we cannot rule out the possibility that its putative binding partner is not
accessible from the outside.
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Figure 3.3 – Ply does not bind purified PG in a pull-down assay
Pull-down assays using purified PG and wt whole cell lysate. (A) Purified PG was twofold serially diluted (range: 80 - 0.5 µg) and each sample was mixed with a fixed amount
of whole cell lysate. (B) Whole cell lysate was two-fold serially diluted (range: OD600 =
3.5 – 0.2) and each was mixed with 4 µg PG. In each case, the final reaction volume was
30 µL and control samples lacking either lysate (PG alone) or PG (no PG) were included.
Reactions were incubated at 37°C for two hours on a roller drum after which they were
centrifuged at 21,000 x g. Supernatant (S) was removed and the pellet (P) was washed
once prior and resuspended in buffer to normalize cell equivalents with the supernatant.
Each sample was analyzed by Western blot analysis to detect Ply. The blots shown in
each panel are representative images of two independent experiments.
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3.2.2 Mutation of the murMN operon alters Ply release from the cell
Since Ply does not bind PG, we hypothesized that its retention in the cell wall
compartment may be explained by its limited capacity to transit through the mesh-like
PG layer. In other words, upon export to the cell surface, Ply becomes trapped in the cell
wall matrix and its mobility through this network is dictated by the permeability of the
PG layer. We sought to test this model by manipulating PG structure and determining
what effect, if any, this has on the amount of Ply released into the extracellular
environment. Pneumococcal PG contains two distinct stem peptide species, linear and
branched, that are used to crosslink adjacent glycan chains, providing the structural
rigidity necessary to protect the plasma membrane from lysis due to turgor pressure.
Branched stem peptides are a variant of linear stem peptides and are made by the addition
of two extra amino acids onto the third position lysine of a nascent PG precursor
molecule. Synthesis of this branch structure is due to the action of two proteins, MurM
and MurN (Fig. 3.4A), which are encoded in an operon. Interestingly, the murMN operon
is dispensable for in vitro growth (Filipe, Pinho et al. 2000). Since branched stem
peptides participate in generating crosslinks, we reasoned that manipulation of murMN
might provide us with a tool to test the effects of PG stem peptide composition on Ply
release.
To determine the relative contribution of murMN to Ply release, we constructed a
deletion mutant comprising the entire murMN operon as well as insertion mutants of each
individual gene. Inactivation of murM alone or deletion of the entire operon resulted in a
two-fold increase in the hemolytic activity of washed, whole cells compared to wt (Fig.
3.4B, left panel). In contrast, loss of murN alone had no effect (Fig. 3.4B, left panel),
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suggesting that murM expression is the critical driving force of the increased hemolytic
activity of whole cells. This result is not all that surprising given that MurN requires the
MurM-dependent addition of the first amino acid of the branch in order to act, making
murM epistatic to murN. Furthermore, a previous report demonstrated that a murN mutant
is capable of making branched stem peptides, albeit with only one amino acid instead of
two, suggesting that MurN is dispensable for MurM activity (Filipe, Pinho et al. 2000).
Neither mutation affected the production and/or stability of Ply as whole cell lysates from
each mutant yielded similar hemolytic activity (Fig. 3.4B, right panel).
Based on these results, we would hypothesize that increased murMN expression
would lead to the opposite phenotype. To test this, a second copy of the murMN operon
was placed downstream of the chromosomally encoded maltose-inducible promoter,
generating a merodiploid strain. Even in the absence of inducer, the malM-murMN strain
demonstrated a near two-fold decrease in whole cell hemolytic activity (Fig. 3.4B, left
panel). Growing this strain with maltose did not further potentiate this decrease as
compared to the wt grown under identical conditions (Fig. 3.4B, left panel). As expected,
murMN overexpression did not alter total Ply levels (Fig. 3.4B, right panel). Since
deletion and overexpression of murMN altered the hemolytic activity of washed cells but
not total cell lysates, these results suggest that Ply release is dependent on murMN
expression and, as will be shown later, activity of the encoded proteins.
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Figure 3.4 – Ply release is affected by murMN expression
(A) Diagram of pneumococcal PG highlighting the activity of MurM and MurN in the
synthesis of branched stem peptides. Adjacent glycan chains are crosslinked by PBPs
through attached stem peptides. MurM can add either serine or alanine to the third
position lysine of a stem peptide. Light gray hexagons = N-acetylglucosamine; dark gray
hexagons = N-acetylmuramic acid; Ala = alanine; iGln = iso-glutamine; Lys = lysine; Ser
= serine; PBPs = penicillin-binding proteins. (B) Hemolysis assays after one hour at 37°C
with washed cells (left panel) or lysates (right panel) of the indicated mutants. Where
stated, strains were grown in the presence of 0.8% maltose (hatched bars). Data are the
means ± SEM of at least three biological replicates and are presented as the fold change
in activity compared to the wt in each condition. Asterisks denote significance compared
to the wt using Student’s t-test - **** p<0.0001, *** p<0.005, ** p<0.01.
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One potential explanation for the altered Ply release phenotypes observed upon
mutation of the murMN operon could be that Ply export to the cell wall compartment is
somehow compromised. How Ply gets trafficked to the cell surface is unknown but it is
possible that alterations to the PG biosynthesis pathway could have pleiotropic effects
that may affect the plasma membrane and the ability of Ply to move across it. To address
this possibility, the murMN deletion and overexpression mutants were subjected to
subcellular fractionation to separate the cell wall material from the membrane and
cytoplasm (protoplast). The resulting fractions were analyzed by Western blotting to
determine the amount of Ply present in each. The wt and a Ply mutant (Δply) were
included as controls. Besides the Δply control, all strains showed a similar distribution of
Ply across the cell wall and protoplast fractions and the amount of Ply present in the cell
wall of each strain was similar (Fig. 3.5A, B). As a control, each fraction was separately
probed for the intracellular protein CodY, which was only found in the protoplast fraction
(Fig. 3.5A), suggesting that the Ply signal observed in the cell wall samples is not the
result of cytoplasmic leakage, corroborating previous results (Price and Camilli 2009).
Furthermore, hemolysis assays with isolated cell wall and protoplasts from ΔmurMN
exhibited similar activity compared to the corresponding fractions prepared from the wt
(Fig. 3.5C). These results support the notion that Ply export to the cell surface is
independent of defects in PG biosynthesis.
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Figure 3.5 – Ply export to the cell wall is unaffected in murMN mutants
(A) Western blot analysis of cell wall (CW) and protoplast (Prt) fractions of the indicated
strains prepared by digestion of PG with mutanolysin and lysozyme in an osmotically
stabilized buffer for two hours at 37°C with rolling. Protoplasts were isolated by
centrifugation and each fraction was separately probed for Ply and CodY. A
representative image of two independent experiments is shown. (B) The relative amount
of Ply present in the cell wall fraction compared to the total Ply signal of each strain is
shown. CodY was used to normalize values and the data from each strain are shown
relative to the wt in each condition. The data depict the mean and SEM of two
independent experiments. Where indicated, strains were grown with 0.8% maltose
(hatched bars in B). (C) Cell wall and protoplast fractions from wt and ΔmurMN were
assayed for hemolytic activity at 37°C for one hour. The activity in each fraction is
shown relative to a whole cell lysate. The results shown for wt are from a single replicate
whereas the data for ΔmurMN is the mean and SEM from five biological replicates.
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As further demonstration that murMN contributes to altered Ply release, we took
advantage of the fact that there are natural variants of murMN that are associated with PG
structures that contain a high abundance of branched peptides (Filipe, Severina et al.
2000). It has been appreciated for some time that PG of penicillin resistant (PenR) strains
display a marked increase in the amount of branched stem peptides relative to penicillin
sensitive (PenS) strains (Garcia-Bustos, Chait et al. 1988, Garcia-Bustos and Tomasz
1990), a difference that has been attributed to mosaic murMN alleles (Filipe, Severina et
al. 2000, Filipe, Severina et al. 2001). Indeed, there is biochemical data to support the
hypothesis that certain PenR-associated MurM variants exhibit increased catalytic activity
compared to a PenS counterpart (Lloyd, Gilbey et al. 2008).
To address whether expression of a PenR-associated murMN allele confers altered
Ply release, we amplified the coding regions and intervening sequence of murMN from
the PenR strain Pen6 and introduced this into the ΔmurMN strain at the native locus, thus
replacing the chloramphenicol resistance cassette used to generate ΔmurMN. As controls,
we also amplified the murMN sequences from the PenS strain R36A as well as the wt
strain (TIGR4, which is PenS) and used these to repair ΔmurMN in a similar manner.
Thus, the wt native murMN promoter on the chromosome controls expression of each
allele. Importantly, repair of ΔmurMN with the wt copy restored wt levels of hemolytic
activity of washed cells (Fig. 3.6, left panel, murMNTIGR4). This result demonstrates that
the increased Ply release of the parent ΔmurMN strain is due specifically to the loss of
murMN and cannot be attributed to any second-site mutation elsewhere in the genome.
However, introduction of the PenR-associated allele reduced the washed cell activity twofold compared to wt (Fig. 3.6, left panel, murMNPen6), representing a four-fold reduction
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from the parent strain (compare to Fig. 3.4B, ΔmurMN). In contrast, the PenS-associated
allele from strain R36A phenocopied murMNTIGR4 by restoring wt levels of hemolytic
activity (Fig. 3.6, left panel, murMNR36A). As expected, neither allele affected the total
hemolytic activity as determined for whole cell lysates (Fig. 3.6, right panel).
These results support our previous conclusion that murMN expression contributes
to Ply release and further extend it to include the activity of the encoded proteins.
Furthermore, since each allele tested is controlled by the same promoter sequence these
data support previous observations that variant MurM proteins are linked with abnormal
PG composition and characterized by increased catalytic activity (Filipe, Severina et al.
2001, Lloyd, Gilbey et al. 2008). These differences in activity are likely attributed to the
numerous point mutations found in the MurM sequences from each of these strains.
Indeed, MurM from Pen6 is 86% identical to the TIGR4 homologue. By contrast, MurM
from each PenS strain, TIGR4 and R36A, are 99% identical.
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Figure 3.6 – Restoration of ΔmurMN with distinct murMN alleles alters Ply release
Hemolysis assays of wt and ΔmurMN repaired mutants expressing murMN alleles from
different strain backgrounds (noted in superscript, TIGR4 = wt). Each allele was
introduced into ΔmurMN and replaces the chloramphenicol resistance marker at the
native murMN locus on the chromosome. Washed, whole cells (left panel) and lysates
(right panel) were assayed for hemolytic activity at 37°C for one hour. Bars indicate the
mean and error bars represent SEM for at least four biological replicates and are
presented as fold change relative to the wt. Asterisk (*) denotes p<0.05 by Student’s ttest.
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3.2.3 murMN mutants are characterized by altered PG stem peptide profiles
Given the role of murMN in the synthesis of branched stem peptides, we next
wanted to determine whether the differences in Ply release observed in each murMN
mutant are associated with altered PG stem peptide composition. To address this
hypothesis, I carried out the following experiments in the laboratory of Dr. Sergio Filipe.
Together with his graduate student, Ana Rita Narciso, we purified PG from each of the
murMN mutants described above as well as the wt and determined the stem peptide
composition of each using reversed phase-high performance liquid chromatography (RPHPLC). Cell wall material was isolated from mid-exponential phase cells of each strain
and contaminating DNA, RNA and protein were removed. WTAs and capsular
polysaccharides were liberated from PG by treatment with hydrofluoric acid, leaving a
pure preparation of PG. Purified pneumococcal LytA amidase was then added to PG to
separate stem peptides from the glycan backbone. Stem peptides were analyzed by RPHPLC and the retention times of characteristic peaks were compared to both control
strains run in parallel as well as previously published chromatograms to identify specific
peptide species.
Consistent with previously published chromatograms of other PenS strains
(Garcia-Bustos and Tomasz 1990, Severin and Tomasz 1996), PG from the wt TIGR4
strain is composed of both linear and branched stem peptides and each type is distributed
amongst both the uncrosslinked and crosslinked material (Fig. 3.7A). The identity of
indicated peaks in Fig. 3.7A are depicted in Fig. 3.7B. Indeed, 61.7% of the crosslinked
peptides contain a branch structure and 50.9% are crosslinked via the branch, which is
defined as a crossbridge (Table 3.1). On the other hand, linear peptides account for 88.4%
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of the uncrosslinked material with the linear trimer (peak 1) being the most dominant at
20.8% (Fig. 3.7A; Table 1).
The chromatograms of PG stem peptides isolated from the ΔmurMN and malMmurMN overexpression strains exhibit marked differences compared to the wt strain (Fig.
3.7A). Upon deletion of murMN, linear stem peptides dominate, comprising 90.9% of the
total peptide material analyzed, which includes both uncrosslinked and crosslinked
species. (Table 3.1). This represents an almost two-fold increase over the total linear
peptides found in the wt strain, which supports the role of murMN in the synthesis of
branched stem peptides. The residual 9.1% of peptides from ΔmurMN are distributed
amongst other peptide species, including some that contain a branch, most notably peak 5
(Fig. 3.7A; 4.8%, Table 3.1). The finding that PG from ΔmurMN contains any branched
stem peptides is surprising given the activities of each encoded protein. However, it
should be noted that many of these peaks were present at levels near the background and
could not be reliably detected between experiments (Table 3.1). Despite this, we cannot
rule out the possibility that there exists a murMN-independent mechanism of branched
stem peptide formation or, alternatively, these peaks have been mis-identified in the
chromatograms and actually represent minor, variant peaks that co-elute with the
assigned peptide structures. Of note, previous chromatograms of murMN mutants also
show low levels of certain branched stem peptides (Filipe, Pinho et al. 2000, Filipe and
Tomasz 2000). Nonetheless, it is clear from this analysis that murMN deletion catalyzes a
drastic reduction in the proportion of branched to linear stem peptides.
Overexpression of murMN increased the proportion of branched stem peptides to 75.1%,
resulting in an increase in the percentage of crosslinked peptides containing a branch to
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91.1% (Table 3.1, malM-murMN). Perhaps the most notable change in malM-murMN is
the five-fold reduction in the linear dimer (peak 4) compared to wt (Table 3.1). This
reduction was accompanied by an increase in branched dimers from 36.5% in the wt to
55.3% in malM-murMN (Table 3.1). Thus, murMN overexpression favored production of
branched stem peptides at the expense of linear peptides, which is consistent with
previously published results within a different strain background (Filipe, Severina et al.
2001).
The role of murMN in altering branched stem peptide abundance was further
corroborated through the analysis of PG from the ΔmurMN-repaired strains expressing
distinct murMN alleles. As expected, introduction of the wt murMN allele into ΔmurMN
restored wt stem peptide composition and the resulting chromatogram was nearly
indistinguishable from the wt strain (Fig. 3.7A, murMNTIGR4). This effect is most
apparent in the total amount of branched stem peptides, which increased from 9.1% in
ΔmurMN to 51.1% in murMNTIGR4 (Table 3.1). Similarly, expression of the PenSassociated murMNR36A allele yielded a similar profile to both murMNTIGR4 and wt, further
supporting the hypothesis that these two alleles encode proteins of similar activity and
that restoration of murMN is sufficient to repair the altered stem peptide composition of
ΔmurMN (Fig. 3.7A and Table 3.1). Expression of the PenR-associated murMNPen6 allele
on the other hand caused a striking difference in the stem peptide profile as compared to
ΔmurMN (Fig. 3.7A). Indeed, the profile from this strain most closely resembles that of
the malM-murMN overexpression strain (Fig. 3.7A). As such, branched stem peptides
accounted for 79.6% of the total material purified from murMNPen6 (Table 3.1).
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Given the profound changes in PG stem peptide composition observed amongst
each murMN mutant as well as the fact that branched stem peptides participate in
crosslink formation, one might expect that the total degree of crosslinking between
strains may differ. Since the ability to make crosslinks would directly impact PG
porosity, it is possible that the altered Ply release phenotypes observed above could be
explained by the differential ability to retain this protein on the cell wall. However, this
does not appear to be the case as all strains analyzed had relatively similar total levels of
crosslinked peptides (Table 3.1, Oligomers). Although the amount of crosslinks remains
unchanged, the type of crosslinks changes dramatically upon murMN mutation. The
percentage of murMN-dependent crossbridged peptides changed accordingly with the
total amount of branched stem peptides present in each strain (Table 3.1).

100

101

Figure 3.7 – Chromatograms and structures of stem peptides from wt and murMN
mutants
(A) Stem peptide composition of LytA-digested PG purified from wt and the indicated
murMN mutants was determined by RP-HPLC. Peptides were detected by measuring
absorption at 210 nm. The data presented were obtained as part of a collaborative effort
with Ana Rita Narciso from Dr. Sergio Filipe’s laboratory. (B) Peptide structures of the
numbered peaks from chromatograms in panel A. The identity of each numbered peak
and associated structures have been described previously (Garcia-Bustos, Chait et al.
1987, Garcia-Bustos and Tomasz 1990, Filipe, Pinho et al. 2000).
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Table 3.1 – Quantitation of select stem peptides from wt and murMN strains
These data were obtained from experiments performed in collaboration with Ana Rita
Narciso in the laboratory of Dr. Sergio Filipe.
Peak

Peptide characteristics

wt

ΔmurMN

malMmurMN

murMNTIGR4 a

murMNR36A a

murMNPen6 a

1

Linear

Monomer

20.8
(0.31)

23.7 (0.97)

11.8 (0.20)

20 (1.01)

20.6 (0.38)

6.9 (0.41)

2

Linear

Monomer

4.1 (0.09)

1.6 (0.11)

7.1 (0.36)

4.8 (0.95)

2.9 (0.16)

9.9 (0.65)

3

Branched

Monomer

2.3 (0.14)

0

10.6 (0.17)

2.8 (0.76)

2.9 (0)

7 (1.51)

I

Branched

Monomer

0.9 (0.16)

0

3.0 (0.29)

1.1 (0.53)

1.4 (0)

6.2 (1.22)

57.2 (1.48)

5.2 (0.03)

21.6 (1.15)

30.7 (0.30)

2 (0.28)

12.8 (0.43)

15.3 (1.44)

12.9 (0.26)

4.4 (0.17)

4

Linear

Dimer

24.7
(0.21)

5

Branched

Dimer

15 (0.04)

4.8 (0.16)

6a

Branched

Dimer

3.9 (0.10)

1.1 (1.59)

4 (0.22)

3.7 (0.45)

3.5 (0.12)

1.1 (0.05)

6b

Branched

Dimer

7.7 (0.10)

1.3 (1.9)

5.8 (0.10)

8.1 (0.37)

6.7 (0.10)

5.5 (0.22)

7

Branched

Dimer

4.3 (0.02)

0

17 (0.75)

5.5 (0.47)

2.9 (0.04)

12.5 (0.29)

10

Linear

Trimer

2.9 (0)

8.3 (0.40)

0.8 (0.51)

2.6 (0.16)

3.7 (0.01)

1.6 (0.15)

IV

Branched

Dimer

1.8 (0.04)

0

5.6 (0.15)

2.3 (0.09)

1.5 (0.03)

10.9 (0.03)

V

Branched

Dimer

2.5 (0.04)

0.6 (0.88)

7.5 (0.10)

3.3 (0.12)

2.2 (0.03)

14.5 (0.29)

8

Branched

Trimer

4.6 (0.01)

0

2.7 (0.09)

4 (0.69)

4.5 (0.06)

1.4 (0.09)

VI

Branched

Dimer

1.3 (0.09)

0.7 (0.95)

2.6 (0.06)

1.7 (0.03)

1.4 (0.08)

14.7 (1.83)

9

Branched

Trimer

3.1 (0.08)

0.5 (0.76)

3.4 (0.37)

3.3 (0.23)

2.3 (0.07)

1.2 (0.06)

Total

100

100

100

100

100

100

Branched peptides (%)

47.6
(0.01)
28.1
(0.08)
11.6
(1.03)
71.9
(0.08)
61.7
(0.33)
50.9
(0.48)

9.1 (2.74)

75.1 (0.69)

51.1 (0.65)

42.0 (0.07)

79.6 (0.10)

25.4 (0.85)

32.6 (0.61)

28.7 (0.68)

27.8 (0.22)

30.0 (2.49)

0

42.0 (0.63)

13.7 (4.80)

15.2 (0.14)

43.9 (5.45)

74.6 (0.85)

67.4 (0.61)

71.3 (0.68)

72.2 (0.22)

70.0 (2.49)

12.2 (3.53)

91.1 (0.89)

66.2 (1.52)

52.3 (0.26)

94.8 (0.38)

10.4 (1.01)

82.5 (1.11)

54.8 (1.93)

43.1 (0.37)

86.9 (0.34)

Monomers
Branched monomers (%)
Oligomers
Branched oligomers (%)
Crossbridged oligomers b (%)

Values represent the mean abundance of the indicated species relative to the total amount of
peptide material analyzed and numbers within parentheses denote the standard deviation of two
independent experiments.
a
The murMN coding regions and intervening sequence from each strain (TIGR4, R36A, Pen6)
were introduced into ΔmurMN, replacing the chloramphenicol resistance marker at the native
chromosomal locus
b
A crossbridge is defined as a crosslink that directly incorporates the branch structure (covalent
linkage between alanine from branch and fourth position alanine of adjacent peptide)
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3.2.4 Ply release is inversely correlated with branched stem peptide
abundance
The RP-HPLC analysis revealed major changes in the stem peptide profiles of
each murMN mutant. In order to relate these gross differences to the altered hemolytic
patterns observed in each strain we tested for correlations between the two data sets. To
do so, the percentage of Ply release was calculated from wt, ΔmurMN, malM-murMN and
the ΔmurMN repaired strains by dividing the washed, whole cell activity by the total
activity from cell lysates. Plotting these data versus the total amount of branched stem
peptides present in each strain revealed a significant, negative correlation (Fig. 3.8A),
suggesting that this structural feature of PG inhibits Ply release. Furthermore, Ply release
did not correlate with the abundance of branched monomers (Fig. 3.8B), but rather was
only significantly correlated with branched oligomers (Fig. 3.8C). Therefore, the
incorporation of branched stem peptides into the mature network of crosslinked PG is
inversely associated with Ply release.
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Figure 3.8 – Ply release and branched stem peptide abundance are inversely
correlated
Percent Ply release of each indicated strain was calculated from the data depicted in Figs.
3.4 and 3.6 by dividing the washed, whole cell hemolytic activity by that of the
corresponding total activity of cell lysates. These data are plotted against the percentage
of total branched stem peptides (A), branched monomers (B), or branched oligomers (C)
as determined from Table 3.1. Each symbol represents a given strain as indicated in panel
A. In each panel, Pearson’s correlation coefficient (r) was determined to address
statistical dependency between the two depicted variables. All data are presented as the
mean ± SEM.
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3.2.5 Choline-binding proteins contribute to Ply release from the cell in a
murMN-dependent manner
The inverse correlation between Ply release and branched stem peptide abundance
in the crosslinked PG supports the hypothesis that PG structure is capable of restricting
Ply release into the extracellular milieu although the underlying mechanism remains
unclear. One explanation could be that Ply release is precipitated by the action of PG
hydrolases that cleave the cell wall. PG hydrolysis must be highly regulated to avoid
uncontrolled cleavage, which would result in cell lysis. Thus, controlled PG hydrolysis
could remodel the cell wall enough to release surface-associated Ply. A previous report
demonstrating Ply release into the culture fluid during growth ruled out a role for the
LytA amidase in this process (Balachandran, Hollingshead et al. 2001). However, LytA is
only one of a number of PG hydrolases and there is likely functional redundancy among
the members of this class of proteins. To address whether PG hydrolases contribute to Ply
release, we took advantage of the fact that the major PG hydrolases (LytA, LytB, LytC
and CbpD) are non-covalently associated with TAs by virtue of a CBD. This interaction
can be disrupted by the addition of exogenous choline, which effectively removes these
proteins from the cell surface (Briles, King et al. 1996).
Wt, ΔmurMN and malM-murMN were incubated with 2% choline chloride for 20
minutes to remove CBPs from the cell surface. After washing to remove the choline and
CBPs, each sample was assayed for hemolytic activity as whole cells and cell lysates. In
each strain, prior treatment with choline decreased the whole cell activity, but had no
effect on the total activity compared to control samples not treated with choline (Fig.
3.9A). This suggests that CBPs contribute to Ply release. Strikingly, there was a gradient
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in the magnitude of decrease observed after choline treatment amongst each strain
background that was dependent on murMN (Fig. 3.9B). Ply release after choline
treatment decreased 4.5-fold in ΔmurMN compared to 2.5-fold in wt and a mere 1.5-fold
in malM-murMN (Fig. 3.9B). These data strongly suggest that the contribution of CBPs
to Ply release is dependent on branched stem peptide abundance. Furthermore, this may
suggest that the incorporation of branched stem peptides in the PG layer may alter the
substrate specificity of certain CBP PG hydrolases.
Although these data suggest that CBPs contribute to Ply release, it still remains
unclear from which compartment Ply is released. To address whether released Ply comes
specifically from the cell wall compartment or is due to cytoplasmic contamination, we
constructed a constitutive E. coli lacZ reporter and used this to replace the endogenous βgalactosidase (bgaA) on the pneumococcal chromosome. This construct simultaneously
removes the cell envelope-associated BgaA and introduces the highly active, cytoplasmic
LacZ. Thus, within the same sample, we can quantify both Ply and LacZ activity to
determine the extent to which lysis contributes to Ply release.
The same samples assayed for hemolytic activity in Fig. 3.9A were
simultaneously tested for β-galactosidase activity to determine the effect of murMN and
CBPs on LacZ release. When CBPs were present, LacZ release followed a trend similar
to that observed for Ply with ΔmurMN and malM-murMN releasing 2.5-fold more and
nearly two-fold less LacZ compared to wt, respectively (Fig. 3.9C, left panel, no choline
wash). All strains produced similar levels of LacZ as determined for cell lysates (Fig.
3.9C, right panel). In contrast to Ply release however, removal of CBPs caused a 2.5-fold
decrease in LacZ release from ΔmurMN, while the wt and malM-murMN strains were
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unaffected (Fig. 3.9D). These results suggest that ΔmurMN releases more LacZ than the
wt and this release can be at least partly attributed to CBPs.
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Figure 3.9 – Choline-binding proteins contribute to Ply and LacZ release in a
murMN-dependent manner
Mid-exponential phase cells of the indicated strains expressing E. coli lacZ were
incubated either with PBS (no choline wash) or PBS + 2% choline chloride (2% choline
wash) for 20 minutes. Each sample was then washed once and an aliquot was sonicated to
generate a cell lysate. The washed, whole cells were incubated in buffer without SRBCs
for 1 hour at 37°C, collected by centrifugation and the cell-free supernatant (containing
released protein) was assayed along with cell lysates for hemolytic (A) and βgalactosidase (C) activity. Quantification of the fold decrease in hemolytic (B) and βgalactosidase (D) activity in the choline-treated sample compared to the no choline
control is shown for each strain. The data are the mean ± SEM of four biological
replicates and in (A) and (C) are presented as the fold change relative to the no choline
wash wt sample. In (B) and (D), statistical significance was determined by one sample ttest compared to 1, which is indicative of no change; ** p<0.01, * p<0.05.
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The data described above demonstrate that Ply release is a multi-factorial process
that is dependent on both branched stem peptides in the PG layer and cell surfaceassociated CBPs. Altogether, these data can be used to determine whether cell lysis is a
major contributing factor to the Ply release described above. Given that LacZ is a strictly
cytoplasmic protein, we reasoned that if Ply release was the result of cell lysis than both
proteins should be equally present in the released fraction. If Ply is released primarily
from the cell wall compartment than we would expect to see enrichment of Ply over LacZ
in this fraction.
To address this question, Ply and LacZ release from Fig. 3.9 was determined as a
percentage of the total and plotted against each other. The resulting data was fit to a
straight-line model, the slope of which was compared to a hypothetical value of 1, which
represents equal amounts of Ply and LacZ in the released fraction. This analysis revealed
significant enrichment in the amount of Ply present compared to LacZ (Fig. 3.10A).
Enrichment was particularly apparent for ΔmurMN and slightly less pronounced for the
wt strain (Fig. 3.10A). By contrast, in the absence of CBPs, Ply and LacZ were released
in equal amounts in each strain background (Fig. 3.10B). Collectively, these data provide
support for the hypothesis that branched stem peptides reduce Ply release by helping to
retain Ply in the cell wall compartment but also demonstrate that release can partly be
explained by cell lysis. Additionally, CBPs contribute to Ply release but this effect is
sensitive to the abundance of branched stem peptides within PG.
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Fig. 3.10 – Ply release is the result of cell lysis-dependent and –independent
mechanisms
The percentage of Ply and LacZ release was determined from the data presented in Fig.
3.9 and plotted versus each other such that each symbol represents the mean calculated
for each indicated strain. Error bars indicate the SEM. The values were fit to a straightline model from which the derived slope was compared to a slope of 1 (indicated by the
dotted line).
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3.2.6 Branched stem peptides contribute to virulence in a Ply-dependent
manner
To address whether branched stem peptides are necessary for pneumococcal
virulence, we performed competition experiments between wt and ΔmurMN using a
mouse model of lung infection. As a control group, murMNTIGR4 was competed against
wt. Equal amounts of each strain were introduced into the lungs of mice via intranasal
inoculation and the infection was allowed to proceed for approximately 30 hours after
which the mice were euthanized and the lungs were harvested. Infected lungs were
homogenized, serially diluted and plated to determine the titers of each strain. Both
ΔmurMN and murMNTIGR4 competed equally against wt as determined by competitive
index (Fig. 3.11A). Although both strains demonstrated wt fitness during the competition,
we noted that the median recovered wt titer upon co-infection with ΔmurMN was
approximately 100-fold lower than that observed during murMNTIGR4 co-infection (Fig.
3.11B). Taken together, these data indicate that co-infection with ΔmurMN negatively
impacts the overall infection and since both strains are equally as fit may suggest that this
inhibition is due to a trans-acting factor. In support of the inhibitory effect of ΔmurMN,
wt was able to achieve significantly higher titers when inoculated alone compared to
during co-infection with ΔmurMN (Fig. 3.11B).
In order to determine whether the increased Ply release observed for ΔmurMN is
responsible for this proposed trans-inhibition, we deleted ply in the ΔmurMN
background. Co-infection with this double mutant caused wt titers to rebound to similar
levels observed during competition with murMNTIGR4 (Fig. 3.11B, compare ΔmurMN
Δply to murMNTIGR4, medians not significantly different), indicating that the inhibitory
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effect of ΔmurMN had been relieved by the ply deletion (Fig. 3.11B, compare ΔmurMN
Δply to ΔmurMN, medians significantly different). As a control, we also competed a
single Δply mutant against wt and found similar wt titers compared to the murMNTIGR4
and ΔmurMN Δply groups (Fig. 3.11B). Neither ΔmurMN Δply nor Δply alone exhibited
a fitness defect during competition against wt (Fig. 3.11A). Collectively, the results from
these experiments suggest that branched stem peptides are necessary in vivo to restrict
Ply release and that disruption of this activity results in decreased virulence.
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Figure 3.11 – ΔmurMN inhibits virulence during lung infection in a Ply-dependent
manner
Competition experiments and single-strain infections using a mouse model of pneumonia.
Where indicated, a 1:1 mixture of each mutant strain and wt or the wt alone was
delivered via intranasal inoculation into the lungs of Swiss-Webster mice. Each symbol
represents an individual mouse and bars indicate the median competitive index (A) and
wt titer (B) of each group. Open symbols without or with a central dot indicate the limit
of detection (100 CFU/homogenate) for the mutant or wt strain, respectively. All groups
in (A) have a median that is not significantly different than 1 (indicated by the dotted
line) as determined by Wilcoxon signed rank test. In (B), statistical significance between
the indicated groups was determined by Mann-Whitney test. * p<0.05.
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3.3 DISCUSSION
The experiments described in this chapter reveal several novel aspects regarding
Ply localization and its release from the cell. Through subcellular fractionation and
hemolysis assays, we show that the activity of surface-associated Ply is inhibited by
native PG structure and must be released from the cell in order to function. While we
confirm previous findings that whole cells harbor hemolytic activity (Price 2011), we
also demonstrate that the majority of the activity is found inside the cell and not in the
cell wall fraction as originally suggested (Price and Camilli 2009). This discrepancy is
likely due to differences in the preparation of the protoplast fraction used in hemolysis
assays. In the experiments described here, isolated protoplasts were sonicated prior to use
whereas in the previously published study this fraction was resuspended in buffer and
used immediately in hemolysis assays. The activity observed herein for sonicated
protoplasts is presumably the result of cytoplasmic Ply released upon cell lysis whereas
this lysis did not occur in the non-sonicated samples.
Given the difference in hemolytic activity between isolated cell wall and whole
cells, we postulated that perhaps Ply binds PG and this interaction inhibits Ply function
though we could not observe any interaction between these two molecules in vitro,
corroborating the absence of a cell wall-binding domain within Ply. Based on these data,
we hypothesize that Ply could be retained in the cell wall compartment by virtue of its
size and that its mobility through this layer is dependent on the pore size of the PG
network. To test this “molecular sieve” model of Ply release we focused on a particular
feature of pneumococcal PG, branched stem peptides, which are not essential for in vitro
growth but contribute to PG architecture due to their involvement in crosslink formation
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(Filipe, Pinho et al. 2000). Mutation of the murMN operon encoding the proteins
responsible for branched stem peptide synthesis revealed an inverse correlation between
the abundance of this PG feature and Ply release. This relationship was specific to the
incorporation of branched stem peptides into the mature, crosslinked PG layer supporting
the notion that PG architecture contributes to Ply release. Intriguingly, this inhibitory role
of branched stem peptides was supported by allele swaps with a variant, hyperactive
murMN allele associated with PenR (Filipe and Tomasz 2000). This may be of clinical
relevance and could suggest that strains expressing PenR, as a result of alterations in both
PBPs and murMN, may exhibit differences in Ply release.
Since murMN mutants apparently exhibit altered Ply release phenotypes, it is
perhaps a little surprising that the cell wall fractions of each strain contain similar
amounts of Ply. If mutation of murMN is alters PG pore size as hypothesized above, one
might expect that there may be less Ply present in the cell wall compartment upon
deletion of murMN because the cell wall is not capable of retaining as much of the
protein. However, the present experiment does not adequately address this point given
that nothing was done to inhibit the production of new Ply during the fractionation. In
order to directly address this question, a translational inhibitor would have to be added
during the subcellular fractionation to halt new protein synthesis. Then, one would be
able to track the pre-formed pool of Ply through the entire export pathway and, if
performed as a timecourse, one could determine the rate of transit through the cell wall in
each strain.
Our studies with LacZ reveal that the Ply release observed for whole cells is the
result of both lysis-dependent and –independent means. Since each of these mechanisms
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would be affected by PG cleavage, we attempted to characterize the role of several PG
hydrolases at once using choline washes, which removes non-covalently bound CBPs
from the cell surface (Briles, King et al. 1996). Since PG hydrolases (LytA, LytB, LytC
and CbpD) represent a subset of CBPs, the advantage of this approach is that it
simultaneously addresses the role of several enzymes at once, circumventing the issue of
functional redundancy. However, two important points should be raised: 1) other CBPs
exist that exhibit distinct functions not involved in PG metabolism (Kadioglu, Weiser et
al. 2008) and 2) not all PG hydrolases are CBPs and these are likely insensitive to washes
with choline. Despite these caveats, removal of CBPs effectively reduced Ply release,
implicating this class of enzymes in this phenomenon. Surprisingly, the contribution of
CBPs to Ply release differed in a murMN-dependent manner. This result seems to suggest
that branched stem peptides may dictate the specificity of certain hydrolases toward their
PG substrate. In the absence of CBPs, Ply release could be attributed solely to cell lysis,
which is likely the result of the above-mentioned non-CBP PG hydrolases, of which there
are several (Barendt, Sham et al. 2011). However, when CBPs are present, there is
enrichment in Ply over LacZ in the released fraction, arguing that at least some of the
released Ply originated solely from the cell wall compartment. These data provide
support for the “molecular sieve” model proposed above and also implicate CBPs in
mediating removal of Ply from the cell wall compartment. We propose that cleavage of
the PG layer by CBP PG hydrolases leads to controlled remodeling of the cell surface
leading to release of surface-associated Ply without resulting in cell lysis.
Using a mouse model of lung infection it was shown that co-infection with
ΔmurMN inhibited virulence by decreasing wt titers, suggesting that branched stem

118

peptides are necessary in vivo. This effect was Ply-dependent and based on the hemolysis
data appears to suggest that increased Ply release is detrimental during infection.
Interestingly, neither the ΔmurMN Δply double mutant nor Δply demonstrated a fitness
defect during competition with the wt. Given that Ply is a critical virulence factor during
single-strain infections (Berry, Yother et al. 1989, Berry, Ogunniyi et al. 1999, Orihuela,
Gao et al. 2004), these data suggest that Ply released by the wt in vivo is capable of
complementing mutants lacking ply in trans. However, co-infection with ΔmurMN
suggests that either the amount or perhaps the timing of Ply release is critical to a
successful infection. This interpretation is further supported by the observation that both
ΔmurMN and murMNTIGR4 differ only in the localization of Ply and not the total amount
produced. Collectively, the experiments presented within this chapter support a model
whereby Ply release from both the cell wall compartment and the cytoplasm is dependent
on both PG stem peptide composition and CBPs.
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CHAPTER 4: CHARACTERIZATION OF SP0107 AND ITS
CONTRIBUTION TO PLY RELEASE AND ANTIBIOTIC SENSITIVITY
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4.1 BACKGROUND
One mutant from the B. subtilis ply+ mutagenesis screen for factors involved in
Ply export described in Chapter 2 harbored a mutation in the yocH gene, resulting in a
substitution of the start codon from ATG to the less efficient GTG. YocH is a secreted
PG hydrolase that contributes to stationary phase survival and, through its hydrolytic
activity, is thought to generate PG fragments that act as downstream signaling molecules
(Shah and Dworkin 2010). I predict that this substitution mutation results in decreased
expression of YocH, although how this results in decreased surface hemolytic activity of
the ENU mutant harboring it remains unclear. However, a BLASTP search revealed two
weak YocH homologues in the pneumococcal genome, SP0107 and SP2063, both of
which are of unknown function. The sequence similarity identified amongst all three
proteins is due to the fact that each harbors at least one PG-binding LysM domain (YocH
has two).
Prior to the work presented here, little was known about SP0107 and SP2063 or
what role they may play in pneumococcal biology. Expression of each gene is controlled
by the conserved WalRK (aka VicRK or YycFG) two-component system that is involved
in maintenance of PG homeostasis in Gram-positive bacteria (Ng, Robertson et al. 2003,
Ng, Tsui et al. 2005). Few members of this regulon are known or predicted to function as
PG hydrolases (Barendt, Sham et al. 2011), suggesting that SP0107 and SP2063 may also
fulfill this role. In support of this hypothesis, both genes are highly up-regulated in
mutants depleted for or lacking the conditionally essential pcsB gene (Barendt, Land et
al. 2009, Giefing-Kroll, Jelencsics et al. 2011), which encodes a PG hydrolase required
for cell division (Ng, Kazmierczak et al. 2004, Bartual, Straume et al. 2014). Taken
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together, these findings could suggest that SP0107 or SP2063 (or both) are capable of
compensating for loss of pcsB and therefore, may be capable of PG cleavage.
In this chapter, we have focused on SP0107 and present research supporting the
hypothesis that this gene encodes a secreted, multidomain PG-binding protein harboring a
putative glycolytic domain that contributes to Ply release. Additionally, we reveal that
SP0107 expression and the activity of each encoded domain result in altered
susceptibility to cell wall-targeting antibiotics.
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4.2 RESULTS
4.2.1 SP0107 expression contributes to Ply release
By virtue of its weak homology to the B. subtilis YocH PG hydrolase, the
presence of a PG-binding LysM domain and its regulation by the WalRK system, we
hypothesized that SP0107 contributes to Ply release. Though SP2063 also exhibited
homology to YocH, we chose to focus on SP0107 for reasons described below and
because an alignment of SP2063 homologues from multiple strain backgrounds revealed
multiple mutations in the TIGR4 protein sequence, including an in-frame ten amino acid
deletion (data not shown). In order to test the hypothesis that SP0107 contributes to Ply
release, we constructed a mutant lacking SP0107 (ΔSP0107) and a merodiploid strain
expressing a second copy of SP0107 from the maltose-inducible promoter on the
chromosome (malM-SP0107 mero).
Each mutant was assayed for hemolytic activity as washed, whole cells and
lysates. In each circumstance, the ΔSP0107 mutant exhibited wt levels of hemolytic
activity (Fig. 4.1), suggesting that SP0107 does not affect Ply release or production
during growth in vitro. However, the malM-SP0107 mero strain exhibited a 1.5-fold
increase in whole cell activity in the absence of maltose (Fig. 4.1). The addition of
maltose during growth further augmented this effect, resulting in a four-fold increase in
whole cell hemolytic activity compared to the wt grown under identical conditions (Fig.
4.1). SP0107 overexpression had no effect on the total hemolytic activity observed (Fig.
4.1). These data suggest that SP0107 overexpression contributes to Ply release in a dosedependent manner. Furthermore, given that ΔSP0107 yielded no phenotype, these results
also suggest that this gene is either not expressed appreciably during in vitro growth or
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that it is subject to a form of post-transcriptional regulation that may be overcome by
overexpression. Alternatively, other lytic enzymes may be dominant to SP0107 with
respect to Ply release.
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Figure 4.1 – SP0107 overexpression causes increased Ply release
Mutants lacking SP0107 (ΔSP0107) or carrying a second, maltose-inducible copy (malMSP0107 mero) were tested for hemolytic activity at 37°C for one hour as washed, whole
cells (left panel) and lysates (right panel). Wt was included as a control and the relative
activity of each mutant is shown compared to this sample, which is set at one. Where
indicated, the growth medium was supplemented with 0.8% maltose (hatched bars). The
data are presented as the mean with standard error of the mean of four biological
replicates. Statistical significance between mutant and wt in each condition was
determined using Student’s t-test; *** p<0.005, * p<0.05.
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4.2.2 Functional domain analysis of SP0107 and their contributions to Ply
release
Since SP0107 overexpression resulted in increased Ply release, we sought any
information about this gene of unknown function that may suggest a potential mechanism
for this phenotype. SP0107 harbors a predicted N-terminal signal sequence and a PGbinding LysM domain (Fig. 4.2). However, these predicted domains account for less than
half of the SP0107 sequence, with the C-terminal half of the protein not showing strong
primary sequence homology to any other domains of known function. However, using the
Phyre2 protein fold recognition server (Kelley and Sternberg 2009), we found that the Cterminus of SP0107 shares structural homology with resuscitation promoting factor B
(RpfB) from M. tuberculosis (Fig. 4.2).
The Rpf domain is conserved in proteins from a number of high G+C Grampositive bacteria (Ravagnani, Finan et al. 2005) and in certain systems has been shown to
decrease the apparent lag phase, increase plating efficiency and aid in the transition from
dormancy to vegetative growth (Mukamolova, Kaprelyants et al. 1998, Mukamolova,
Turapov et al. 2002). Intriguingly, the Rpf domain shares structural homology with the
lysozyme family of proteins, which are canonical glycosidases that cleave within the
glycan backbone of PG (Cohen-Gonsaud, Barthe et al. 2005). One common feature of
Rpf and lysozyme family proteins is a conserved glutamate residue that is necessary for
catalysis. The region containing the active site glutamate of RpfB was conserved in
SP0107 and allowed us to identify residue E135 as the putative catalytic site (Fig. 4.2).
Collectively, this in silico analysis suggests that SP0107 is a secreted, PG-binding
glycosidase that cleaves within the glycan backbone of PG.
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Figure 4.2 – Predicted domains of SP0107
(Top) Cartoon schematic highlighting the three predicted domains of SP0107. Numbers
above the cartoon indicate the boundaries of each domain. SS = signal sequence as
predicted by SignalP 4.1 server (Emanuelsson, Brunak et al. 2007). The PG-binding
LysM domain was identified by protein BLAST search (pfam01476, e-value = 2.73-12)
(Marchler-Bauer, Derbyshire et al. 2015). The Rpf-like motif was identified using the
Phyre2 server (Kelley and Sternberg 2009). (Bottom) The Phyre2 alignment of the Ctermini of SP0107 and M. tuberculosis RpfB is shown. Conserved features between
SP0107 and RpfB include a catalytic glutamate (red arrow) and a GXXQ motif (purple
box) that are both necessary for proper functioning of the Rpf domain (Cohen-Gonsaud,
Barthe et al. 2005).
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To test whether the predicted functional domains of SP0107 contribute to Ply
release, we targeted each one for mutagenesis. Since SP0107 overexpression resulted in a
robust phenotype, we utilized this system to address the functionality and necessity of
each of the three predicted motifs. To this end, a strain expressing a single copy of
SP0107 from the maltose-inducible promoter was created to prevent any issues that may
arise from potential low level production of the wild type protein from the native locus.
Hemolysis assays with this strain revealed an ~2.5-fold, maltose-dependent increase in
the hemolytic activity of whole cells compared to the wt (Fig. 4.3, malM-SP0107).
Intriguingly, this effect was right in between that of the malM-SP0107 merodiploid strain
without and with maltose induction, respectively (compare Fig. 4.3, malM-SP0107 to Fig.
4.1, malM-SP0107 mero). These results strongly suggest that SP0107 expression
contributes to Ply release in a dose-dependent manner.
Within this background, truncation mutants of either the signal sequence (ΔSS) or
the LysM domain (ΔLysM) as well as a point mutant of the putative catalytic site residue
within the Rpf-like domain (E135D) were created. Additionally, each of these mutant
proteins carries an N-terminal FLAG tag immediately downstream of the predicted signal
peptidase cleavage site to aid in subsequent experiments. Importantly, the FLAG tag does
not interfere with SP0107 activity as a similar maltose-dependent increase in whole cell
hemolytic activity was observed for this strain compared to the untagged version (Fig.
4.3). Both truncation mutants and the point mutant appear to be inactive, however, as
neither construct exhibited increased whole cell hemolytic activity upon maltose
induction (Fig. 4.3). Indeed, all three mutant constructs had significantly lower hemolytic
activity when compared to the full length FLAG-SP0107 parent (Fig. 4.3). All strains
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harbored identical total hemolytic activity as determined for cell lysates (Fig. 4.3). Taken
together, these results further support a role for SP0107 in Ply release and argue that this
activity is dependent on all three predicted functional domains of this protein. These data
are the first to suggest that SP0107 encodes a novel secreted, PG-binding glycosidase.
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Figure 4.3 – Truncation and point mutants of SP0107 reveal functional domains
required for Ply release
The indicated strains were tested for hemolytic activity as washed, whole cells (left
panel) or lysates (right panel) at 37°C for one hour. Besides the wt, each strain carries a
single copy of SP0107 controlled by the maltose-inducible promoter on the chromosome.
Where indicated, a FLAG epitope sequence was inserted immediately downstream of the
predicted signal peptidase cleavage site. Mutant FLAG-SP0107 alleles include: a deletion
of the signal sequence (ΔSS), a deletion of the LysM domain (ΔLysM) and a putative
catalytic residue mutant in the Rpf-like domain (E135D). Parent refers to full-length
SP0107. Hatched bars indicate supplementation of the growth medium with 0.8%
maltose. All data are presented as the fold change in mean hemolytic activity relative to
the wt strain in each condition of at least three biological replicates. Error bars denote
standard error of the mean. Significance was determined using Student’s t-test: relative to
wt, **** p<0.0001; relative to malM-FLAG-SP0107 parent, ** p<0.01.
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4.2.4 SP0107 is secreted and binds PG in a LysM-dependent manner
The presence of a N-terminal signal peptide strongly suggests that SP0107 is
secreted into the extracellular milieu during growth. To begin to characterize SP0107 and
understand its role in Ply release, we tested this hypothesis by localizing FLAG-SP0107
using Western blot analysis. The malM-FLAG-SP0107 strain was grown with inducer to
mid-exponential phase and cells were collected by centrifugation. The culture supernatant
containing the secreted fraction was collected and the pellet was resuspended and served
as the cell-associated fraction. Probing each fraction with a FLAG-specific antibody
revealed a strong signal in the supernatant (Fig. 4.4, parent). As a control for the
specificity of the FLAG antibody, we also probed culture supernatant and pellet samples
from the untagged SP0107 overexpression strain and could not detect any signal (Fig.
4.4, malM-SP0107). Additionally, each fraction was separately probed for both Ply and
the cytoplasmic protein, CodY. As expected, CodY was only found in the pellet fraction,
indicating that no detectable cytoplasmic contamination had occurred during collection of
the supernatant sample (Fig. 4.4). Similarly, Ply could primarily be found in the pellet
although a faint Ply-dependent band was detected in the supernatant sample (Fig. 4.4).
The presence of Ply in the supernatant corroborates the hemolysis data above
demonstrating that SP0107 overexpression leads to Ply release from the cell. Taken
together, the FLAG-dependent band found in the supernatant fraction demonstrates that
this protein is indeed secreted during growth.
One possible explanation for the loss of activity observed above for the ΔSS,
ΔLysM and E135D mutants could be that these mutations somehow affect protein folding
or stability, which might lead to rapid turnover in the cell. Thus, the loss of activity
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observed may not truly indicate a loss-of-function, but rather may reflect a decrease in
protein abundance. Indeed, no signal could be detected in either the supernatant or pellet
fraction of the ΔSS mutant, suggesting either that this protein is not made or that mature
SP0107 is not stable in the cytoplasm (data not shown). However, this did not appear to
be the case for the FLAG-tagged SP0107 ΔLysM and E135D mutant proteins, as both
were present in the culture supernatant at similar levels to the full-length parent version
(Fig. 4.4). Although this rules out differences in abundance, it does not address whether
these mutations cause mis-folding of the protein, which could also account for loss of
activity.
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Figure 4.4 – FLAG-SP0107 is secreted during growth
Western blot analysis of culture supernatant (S) and pellet (P) fractions prepared from
strains ectopically expressing FLAG-tagged SP0107 or its mutant derivatives from the
chromosomally encoded maltose-inducible promoter. The malM-SP0107 strain
expressing untagged SP0107 was included as a control. All strains were grown in rich
medium supplemented with 0.4% maltose to induce SP0107 expression. Each fraction
was separately probed with antibodies against FLAG, Ply and CodY. A representative
image from two independent experiments is shown.
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The finding that FLAG-SP0107 localizes exclusively to the culture supernatant
may suggest that the LysM domain is not capable of interacting with the PG layer during
normal growth. However, a detailed study of the LysM domain-containing protein AcmA
from Lactococcus lactis revealed that interaction of this protein with the cell surface is
inhibited by other surface-bound molecules, leading to highly localized binding patterns
on the surface of diverse Gram-positive bacteria (Steen, Buist et al. 2003). Furthermore,
localization of B. subtilis YocH revealed that the majority of the protein could be found
in the culture supernatant, despite the presence of two tandem LysM domains (Shah and
Dworkin 2010). Thus, it is still formally possible that the LysM domain of SP0107 is
functional and can mediate binding to PG.
To test this hypothesis, we attempted to pull-down FLAG-SP0107 or its mutant
derivatives from concentrated culture supernatants using highly purified PG. By this
metric, if FLAG-SP0107 is capable of stably binding to PG then it will pellet along with
insoluble PG upon centrifugation. We were able to reliably detect an interaction between
FLAG-SP0107 and PG using this assay, as approximately half of the input could be
found in the pellet fraction in a PG-dependent manner (Fig. 4.5). Under identical
conditions, no binding was observed between FLAG-SP0107 ΔLysM and PG as all of
this protein remained in the supernatant both with and without PG (Fig. 4.5). However,
FLAG-SP0107 E135D bound PG at similar levels to FLAG-SP0107 (Fig. 4.5). Taken
together, these results support the hypothesis that SP0107 does bind PG and this
interaction is mediated by the LysM domain and is independent of the putative catalytic
activity of the Rpf-like domain. Furthermore, since FLAG-SP0107 could bind purified
PG but not whole cells, it is likely that this interaction is inhibited by the presence of
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other surface-associated molecules as described for other LysM domain-containing
proteins (Steen, Buist et al. 2003, Yamamoto, Miyake et al. 2008, Frankel and
Schneewind 2012). Of note, FLAG-SP0107 localizes to the culture supernatant in a strain
lacking capsule, suggesting that this surface-bound molecule does not prevent
reassociation of this protein on the cell surface following secretion.
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Figure 4.5 – FLAG-SP0107 binds purified PG in a LysM-dependent manner
Concentrated culture supernatants prepared from each of the indicated strains grown to
mid-exponential phase in rich media with 0.4% maltose were mixed with 60 µg of
purified wt PG (+) and incubated at 4°C for one hour with agitation. Insoluble PG and
any associated protein was collected by centrifugation at 21,000 x g and the supernatant
(S) representing the unbound fraction was removed. The pellet (P) was washed once prior
to resuspension in buffer to normalize cell equivalents with the supernatant samples.
Control reactions lacking PG (-) were performed in parallel. FLAG-tagged proteins
within each sample were detected by Western blot analysis using an antibody specific for
the FLAG epitope. A representative image of three independent experiments is shown.
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The ability of SP0107 to directly bind PG was further supported by performing
pull-down experiments using His-tagged SP0107 purified from E. coli. The mature form
of SP0107 (lacking the signal sequence) carrying a N-terminal 6xHis tag was
overexpressed in E. coli and purified to near homogeneity by affinity chromatography.
The ability of His-SP0107 to bind purified PG was assessed using a pull-down assay
under identical conditions to those described above. His-SP0107 was detected in the
pellet in a PG-dependent manner, demonstrating a direct interaction between these two
molecules (Fig. 4.6). Approximately half of the His-SP0107 present in the input could be
pulled down and this was only mildly increased upon an increase in the amount of PG
(Fig. 4.6). As a control for the specificity of this interaction, we simultaneously
performed pull-downs with BSA. At the highest amount of PG tested, the majority of the
protein remained in the supernatant and a minor fraction could be detected in the pellet
(Fig. 4.6). This likely represents non-specific interactions given the high amount of PG
used. However, it is clear that significantly more His-SP0107 binds PG under identical
conditions (Fig. 4.6).
The inability to pull-down all of the His-SP0107 present in the sample could be an
artifact of the way the experiment is performed. The pellet fraction upon centrifugation
only represents the highly crosslinked, insoluble PG present in the sample. It is likely that
the PG used also contains soluble muropeptides and fragments that may not pellet upon
centrifugation but are still capable of binding His-SP0107. These complexes would
remain in the supernatant and therefore represent false negatives. Although the
experiments with BSA suggest that the interaction between His-SP0107 and PG is
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specific, a more appropriate control would be to use purified His-SP0107 lacking the
LysM domain.
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Figure 4.6 – His-SP0107 binds directly to PG
Pull-down assays with purified SP0107 harboring a N-terminal 6xHis tag (His-SP0107)
or BSA and purified wt PG. Six micrograms of each protein was incubated with the
indicated amount of PG at 4°C for one hour. Insoluble PG was removed from the sample
by centrifugation at 21,000 x g and the supernatant (S) containing unbound protein was
removed. The pellet (P) sample containing bound protein was washed once and
resuspended to match cell equivalents. Each sample was subjected to SDS-PAGE and
protein was visualized by staining with Coomassie Brilliant Blue. A representative image
from two independent experiments is shown.
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4.2.5 SP0107 does not exhibit detectable PG degradation in a zymogram
Next, we were interested in determining whether the Rpf-like domain of SP0107
confers PG hydrolytic activity as suggested by homology. To this end, we performed
zymography using protein gels that were cast with autoclaved ΔSP0107 cells as the PG
substrate. In this assay, hydrolytic activity is visualized as zones of clearing in the
otherwise opaque gel. Cell-free culture supernatants were used as the source of SP0107
given that this protein is secreted during growth. Following separation in the zymogram
gel by SDS-PAGE, proteins were allowed to refold overnight prior to visualization of any
zones of clearing. This analysis revealed two prominent lytic zones in the wt supernatant,
which were also present in the absence of SP0107 (Fig. 4.7, wt and ΔSP0107). Based on
a previously published zymogram (Eldholm, Johnsborg et al. 2010), these zones were
attributed to the activity of LytA and LytC, which was confirmed using deletion mutants
of each gene (Fig. 4.7, ΔlytA and ΔlytC). SP0107 overexpression reproducibly caused an
increase in the LytA-dependent zone of clearing, which was independent of maltose
supplementation (Fig. 4.7, malM-SP0107 mero). The apparent molecular weight of
SP0107 on an SDS-PAGE gel is ~32-35 kilodaltons, which is very similar to that of LytA
(36 kilodaltons). To determine whether the enhanced zone of clearance at the LytA site
can be attributed to SP0107, lytA was deleted in the malM-SP0107 mero strain
background. However, supernatant from this strain produced only the LytC-dependent
zone of clearing (Fig. 4.7, ΔlytA malM-SP0107 mero), indicating that indeed the lower
lytic zone is entirely LytA-dependent.
Notably, mature SP0107 purified from E. coli also failed to demonstrate
hydrolytic activity in a zymogram (data not shown). While it is still formally possible that
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SP0107 does harbor weak PG hydrolytic activity, it is evident that this activity is not
sufficient to cause enough lysis as to produce a zone of clearing. Alternatively, it is
possible that SDS irreversibly damages its putative hydrolytic activity during
electrophoresis. Yet another possibility is that SP0107 is incapable of promoting lysis on
its own but is able to synergize with LytA in the gel to achieve enhanced degradation.
However, this does not appear to be the case as mixtures of supernatants containing either
SP0107 or LytA failed to recapitulate the effect (data not shown). Thus, it appears that
SP0107 overexpression acts in cis to promote LytA-dependent hydrolysis. It is possible
that, upon overexpression, SP0107 results in an increased lytic release of proteins like
LytA (and Ply) into the supernatant and it is the accumulation of more LytA, not an
increase in activity, that is responsible for the larger zone of clearing observed.
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Figure 4.7 – SP0107 overexpression causes enhanced LytA-dependent lysis by
zymography
Concentrated, cell-free culture supernatants from the indicated strains were tested for the
presence of PG hydrolases using an in-gel zymography assay with autoclaved ΔSP0107
cells as the substrate. Following SDS-PAGE analysis to separate proteins, gels were
washed twice with distilled water to remove SDS prior to overnight incubation (~16
hours) at 37°C in renaturation buffer (20 mM Tris pH 7.5, 50 mM NaCl, 20 mM MgCl2,
0.5% Triton X-100). Clear zones in the otherwise opaque background are indicative of
PG hydrolysis. Where indicated, strains were grown with 0.8% maltose. The arrows on
the right indicate zones of clearing corresponding to LytC and LytA. SP0107 runs at a
similar apparent molecular weight as LytA. Each cropped image represents an
independent experiment.
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4.2.6 SP0107 overexpression confers increased susceptibility to cell walltargeting antibiotics
Although SP0107 does not exhibit demonstrable hydrolytic activity by
zymography, we reasoned that if this protein is capable of PG degradation than it may
confer altered susceptibility to cell wall-targeting antibiotics. PG synthesis and hydrolysis
are normally carefully balanced to maintain homeostasis of the cell wall during growth
(Typas, Banzhaf et al. 2012). β-lactam antibiotics (e.g. penicillin) inhibit PG synthesis,
which allows for unregulated hydrolysis to occur that eventually causes autolysis and cell
death (Tomasz and Waks 1975). In the pneumococcus, penicillin-induced lysis has
primarily been attributed to the activity of the major autolysin, LytA (Moreillon,
Markiewicz et al. 1990), though several studies have implicated a number of other genes
in this phenomenon (Novak, Braun et al. 1998, Filipe, Severina et al. 2002, Fernebro,
Andersson et al. 2004, Mascher, Heintz et al. 2006). Therefore, we reasoned that
penicillin treatment might exploit any perturbations in the cell wall elicited by SP0107
activity.
To address this hypothesis, mid-exponential growth phase cultures of the wt,
ΔSP0107 and malM-SP0107 mero strains in rich media were treated with 10x the MIC of
penicillin or left untreated as a control and allowed to incubate at 37°C. Growth and/or
lysis was determined by measuring the OD600 of each sample over time. In the absence of
penicillin, all three strains continued to grow robustly at the same rate until reaching
stationary phase (Fig. 4.8). The penicillin-treated cultures appeared to double once more
before experiencing mild growth inhibition followed by pronounced loss of turbidity
(Fig. 4.8). The rate of lysis, however, differed mildly in an SP0107-dependent manner.
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The ΔSP0107 mutant lysed at a slower rate compared to the wt and after six hours the wt
had lysed two-fold more than the mutant (Fig. 4.8A). Irrespective of maltose induction,
SP0107 overexpression did not cause a significant change in the rate of lysis upon
penicillin treatment (Fig. 4.8A, B). These results suggest that SP0107 plays a minor role
in penicillin-induced lysis.
It has been appreciated for some time now that there is also an autolysisindependent (and LytA-independent) mode of cell death brought on by penicillin
treatment (Moreillon, Markiewicz et al. 1990). Although the underlying mechanisms of
this phenomenon in the pneumococcus are not understood, recent work in E. coli has
indicated that this β-lactam-induced, non-lytic form of cell death can be attributed to
depletion of cellular resources as a result of an unproductive loop of PG synthesis and
degradation (Cho, Uehara et al. 2014). Strikingly, despite any overt differences in lysis,
overexpression of SP0107 led to a five-fold decrease in survival upon challenge with the
same concentration of penicillin (Fig. 4.8C). The decreased survival upon SP0107
overexpression was dependent on the PG-binding and putative hydrolytic activities of
this protein, since overexpression of the FLAG-tagged SP0107 alleles deleted for the
LysM domain or carrying the E135D catalytic site mutation had no effect (Fig. 4.8C).
We were curious to see if this enhanced susceptibility to killing upon SP0107
overexpression was a penicillin-specific phenomenon or not. Vancomycin is a
structurally unrelated cell wall-targeting antibiotic that displays a mode of action distinct
from penicillin. While penicillin irreversibly inactivates the TPase activity of PBPs,
vancomycin binds to the terminal D-alanine-D-alanine of nascent PG precursor
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molecules preventing their incorporation into the growing PG layer. Thus, the common
outcome upon treatment with each of these antibiotics is that PG synthesis is inhibited.
Challenge of the wt or ΔSP0107 with 10x the MIC of vancomycin for two hours
resulted in a ten-fold loss of viability similar to that observed for penicillin (Fig. 4.8C,
D). In contrast to penicillin treatment though, the malM-SP0107 merodiploid strain
exhibited a five-fold decrease in viability compared to the wt even in the absence of
maltose (Fig. 4.8D). Induction further exacerbated this effect, resulting in a 11-fold
decrease in viability compared to the wt under identical conditions (Fig. 4.8D).
Therefore, SP0107 appears to exert a greater effect on vancomycin-induced death relative
to penicillin. Taken together, these results suggest that SP0107 contributes to the general
stress pathway elicited by cell wall-targeting antibiotics and that, if not properly
regulated, can potentiate the killing effects of these compounds.

145

146

Figure 4.8 – SP0107 overexpression augments the bactericidal effects of penicillin
and vancomycin
(A, B) Strains were grown to mid-exponential phase in rich medium without (A) or with
(B) 0.4% maltose prior to the addition of 0.32 µg/mL (10x MIC) penicillin G (lines).
Cultures lacking penicillin G were included as controls (symbols). Growth and lysis were
monitored at 37°C by measuring the OD600 over time. In each panel, the data are
presented as the mean ± standard error of the mean from five biological replicates. Note
that in both panels, the no antibiotic curves of all strains overlap. (C, D) Each strain was
grown to mid-exponential phase and plated to determine the input viable titer prior to the
addition of either 0.32 µg/mL penicillin G (C) or 4.8 µg/mL vancomycin (D) (each
antibiotic at 10x MIC) for two hours at 37°C. After two hours, cultures were serially
diluted in media lacking antibiotic and plated on blood agar (lacking antibiotic) to
determine the viable titer. Hatched bars indicate cultures grown with 0.4% maltose before
and during antibiotic challenge. Percent survival was calculated as follows:
(input/output)*100. The data are presented as the mean ± standard error of the mean of at
least four (C) or two (D) biological replicates.
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4.2.7 SP0107 is dispensable during nasal carriage and invasive disease
Two independent groups seeking to characterize the antibody response to the
pneumococcus have identified SP0107 as antigenic, suggesting that this protein is made
in vivo and may represent a candidate vaccine target (Giefing, Meinke et al. 2008, Turner,
Turner et al. 2013). In support of the latter, Turner et al reported that in mother-infant
pairs, there was an inverse correlation between SP0107-specific serum antibodies in
umbilical cord blood and time to infant nasal colonization with this bacterium (Turner,
Turner et al. 2013). However, this association did not hold true when external variables
were incorporated into the statistical model. These results suggest that SP0107 could
serve as a protective antigen.
Since SP0107 appears to be expressed in vivo, we postulated that it might
contribute to nasal colonization or invasive disease. To address this hypothesis, we opted
to perform single-strain infections with either wt or ΔSP0107 to reduce the possibility of
trans-complementation during competition experiments given that SP0107 is secreted.
After five days of nasal carriage, the ΔSP0107 mutant was equally as fit as the wt (Fig.
4.9A), indicating that SP0107 is not required for colonization at the timepoint tested.
Similarly, in a mouse model of bacteremia, there was no significant difference between
the titers of each strain recovered from infected blood (Fig. 4.9B). Collectively, these
data demonstrate that SP0107 is dispensable for virulence. One explanation for the lack
of attenuation observed is that the mouse model fails to recapitulate the conditions
promoting SP0107 expression as it is clear from the studies above that SP0107 is indeed
present during human infection. Alternatively, the lack of attenuation may be due to
functional redundancy with other secreted proteins compensating for loss of SP0107.
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Figure 4.9 – SP0107 is not required during nasal colonization or bacteremia
Single-strain infections with either wt or ΔSP0107 in Swiss-Webster mice. (A)
Approximately 107 CFU of each strain was inoculated into the nares of mice. At five days
post-infection, mice were euthanized, the nasal cavity was washed with 0.5 mL sterile
PBS, serially diluted and plated on blood agar to determine titers. (B) Approximately 103
CFU of each strain was injected into the peritoneal cavity of mice and the infection was
allowed to progress for 20 hours before mice were euthanized and blood was harvested
by cardiac puncture. Infected blood was immediately diluted ten-fold in PBS to prevent
clotting and further serially diluted and plated on blood agar to determine titers. Symbols
represent individual mice and the bars indicate the median. In (B), the dotted line
indicates the limit of detection and the open symbol represents a mouse with no
detectable CFU.
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4.3 DISCUSSION
Presented within this chapter are experiments identifying SP0107, previously of
unknown function, as a novel factor contributing to Ply release from the cell. Mutational
analysis of functional domains identified through primary sequence and structural
homology revealed that this protein is a secreted, PG binding, putative glycosidase that
may contribute to Ply release through PG degradation. Although there were no strong
phenotypes associated with a mutant lacking SP0107 except with respect to penicillininduced lysis, overexpression of this gene resulted in robust phenotypes that allowed us
to study this protein and its roles in Ply release and antibiotic sensitivity. This difference
may suggest that SP0107 is highly regulated and its expression may be low or even off
during in vitro growth. Indeed, it has previously been shown that the WalR response
regulator of the WalRK two-component system activates SP0107 expression (Ng,
Robertson et al. 2003) (Ng, Tsui et al. 2005). WalRK is essential in the pneumococcus
and its regulon is comprised of numerous genes encoding surface-localized proteins as
well as factors involved in cell envelope maintenance (Ng, Tsui et al. 2005). Although
the precise signal that the WalK histidine kinase senses is currently unknown, it has been
proposed that it may be responsive to the abundance of lipid II, which is the membranebound precursor molecule used in PG biosynthesis. This has led to the hypothesis that
WalRK acts as a conduit by which the status of the cell wall is transduced into the
cytoplasm (Dubrac, Bisicchia et al. 2008).
A comprehensive analysis revealed an association between WalRK-dependent
gene expression in B. subtilis and treatment with various cell wall-targeting antibiotics
(Dubrac, Bisicchia et al. 2008). Inhibitors of late stage PG synthesis, like penicillin, led to
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an increase in expression of many WalRK regulated genes, including the weak SP0107
homologue, yocH. Intriguingly, a microarray study performed on pneumococci exposed
to sub-MIC concentrations of penicillin revealed that SP0107 was one of the most highly
upregulated genes (Rogers, Liu et al. 2007). This penicillin-induced expression may
account for the observation that ΔSP0107 lyses comparatively more slowly than wt upon
penicillin treatment. It is important to note however, that it is unclear whether penicillininduced expression of SP0107 is WalRK-dependent or not. Taken together, it seems
plausible to suggest that SP0107 is involved in the response to cell wall stress and may
play an active role in either sensing or mitigating the damage to this layer.
In light of this hypothesis, it is possible that the enhanced sensitivity upon
overexpression of SP0107 during penicillin or vancomycin challenge is the result of
unregulated hydrolytic activity. This is supported by the observation that overexpression
of the E135D catalytically null mutant allele fails to potentiate the killing effect of
penicillin compared to the parent SP0107 allele. However, the decreased viability in
response to penicillin was not accompanied by an apparent increase in lysis due to
SP0107 overexpression. Therefore, if the putative hydrolytic activity of SP0107 is indeed
necessary for the increased susceptibility to cell wall-targeting antibiotics, it is clear that
this protein is incapable of causing overt lysis as measured by a decrease in turbidity.
Along this line of reasoning, the absence of a zone of clearing corresponding to SP0107
in the zymogram makes sense given that this technique requires robust lysis of the
autoclaved cell substrate.
The observation that culture supernatants from an SP0107 overexpression mutant
contain increased LytA-dependent hydrolytic activity could indicate that LytA release,
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like Ply, is also affected by SP0107. Since LytA is intimately involved in penicillininduced lysis, it is perhaps surprising that SP0107 overexpression does not cause an even
greater increase in the rate of lysis upon penicillin treatment. One possible explanation to
unify these apparently conflicting results could be that the effect of LytA-mediated
autolysis is already saturated in the wt at the concentrations of penicillin utilized and any
increase in LytA abundance is negligible. Notably, Fernebro et al demonstrated that
exogenous addition of purified LytA during exponential growth caused autolysis upon
entry into stationary phase only in an unencapsulated mutant, suggesting that LytA
activity is antagonized by the presence of capsule (Fernebro, Andersson et al. 2004). The
experiments described above were all performed in a fully encapsulated strain, which
may mask the effects of LytA and, perhaps, SP0107-mediated lysis.
Given that the LysM truncation and putative catalytic mutant phenocopied each
other with respect to both Ply release and antibiotic-induced death, it seems likely that the
ability of SP0107 to bind PG is required for its hydrolytic activity. Since surface
molecules like WTAs bound to PG inhibit the binding of LysM domains (Steen, Buist et
al. 2003, Yamamoto, Miyake et al. 2008, Frankel and Schneewind 2012), SP0107 may
specifically localize to areas of active cell wall synthesis where PG is more likely to be
undecorated. Alternatively, SP0107 may bind released PG fragments in the surrounding
medium, which would explain its presence in the culture fluid during growth.
Further experiments are required to better understand the role that SP0107 plays
in pneumococcal biology. First, localization of a fluorescently tagged version of SP0107
on the cell surface by microscopy would help to clarify where this protein acts in the
context of the cell. Second, the putative hydrolytic activity and contribution of the Rpf-
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like domain could be measured using a more sensitive, solution-based assay (Zhou, Chen
et al. 1988). Finally, genetic interaction analysis could be performed to uncover
functionally redundant partners with SP0107 during mouse models of colonization and
disease.
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS
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Given its numerous extracellular activities, it is apparent that Ply must be
exported and released from the bacterial cell. Precisely how this process occurs has
remained a matter of speculation and controversy in the pneumococcal field for many
years. The lack of a signal sequence and cell wall sorting signal by default led to the
prevailing hypothesis that extracellular Ply is the result of autolytic release of this protein
from the cytoplasm. However, recent evidence has demonstrated that an additional
reservoir of Ply can be detected in the cell wall compartment in the absence of apparent
autolysis (Price and Camilli 2009). Therefore, considering that Ply occupies two distinct
subcellular locations, the entire export pathway can be broken down into at least two
distinct stages. The first is the ability of Ply to pass through the cytoplasmic membrane
and into the cell wall compartment. The second is the release of surface-associated Ply
into the surrounding medium. The overarching goal of this thesis was to address each
stage independently to determine what factors contribute to the pathway of Ply export
and release from cells.
The screen described in Chapter 2 attempted to uncover the genetic requirements
for Ply export using the model organism B. subtilis expressing ply. Although this screen
failed to identify any strong candidates to help elucidate the mechanism of Ply export
through the membrane, it did reveal a potential link between this process and PG
remodeling, which was expanded upon in Chapters 3 and 4. Ultimately, the screening
strategy utilized was limited by several inherent assumptions, most notably that the
hypothetical export pathway to explain cell wall-localized Ply is conserved between the
pneumococcus and B. subtilis. Furthermore, the hemolytic phenotype of B. subtilis ply+
colonies was interpreted as representing the action of surface-localized Ply and was thus
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taken to be a proxy for Ply export. This interpretation may be flawed given the results
presented within Chapter 3 demonstrating that surface-localized Ply appears to be
inactive and requires dissociation from the cell in order to function. While this doesn’t
rule out the hypothesis that the hemolytic phenotype on blood agar plates is the result of
exported Ply, it complicates downstream interpretation.
Given the stark blood agar plate phenotype of B. subtilis ply+, the utility of this
system in identifying aspects of Ply export and function may be justified given several
control experiments. The importance of cell wall localization to blood agar plate
hemolysis could be addressed more directly to at least establish a stronger correlation
between these two phenotypes. It was previously shown that replacement of domain 2 of
Ply with flexible linker sequences prevented its export to the cell wall compartment in the
pneumococcus, implicating this domain as a potential “signal” necessary for export
(Price, Greene et al. 2012). If this mutant also fails to localize to the cell wall when
produced in B. subtilis it would provide further evidence supporting the hypothesis that
the export pathway is conserved between this heterologous host and the pneumococcus.
Given the pivotal role that domain 2 plays in eliciting pore formation, this mutant may be
non-hemolytic on blood agar because of a non-functional Ply and thus would not be
informative. However, several key residues within domain 2 have previously been
implicated in export (Price 2011). Site-directed mutagenesis of each residue or
combinations of residues may prove useful in delineating pore formation from export and
could be used to assess the correlation between export and hemolytic pattern on blood
agar. Alternatively, a hydrophobic sequence could be used to anchor Ply in the
membrane, which is a strategy previously employed to study the export of GAPDH in S.
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pyogenes (Boel, Jin et al. 2005). Again, subcellular fractionation could be performed to
determine the localization of this protein and, if absent from the cell wall, its ability to
form hemolytic colonies on blood agar would be assessed given that the hydrophobic tail
does not interfere with pore formation.
Further optimization of the blood agar plate screening strategy would benefit from
decreasing the concentration of mutagen used. This would decrease the number of
mutations per genome, which would greatly help determine genotype-phenotype
relationships following sequencing. As a complementary approach, transposon
mutagenesis could be performed in parallel. Although more likely to identify loss-offunction mutations, transposon mutagenesis would greatly facilitate the validation
process and could provide quick and informative clues to aid in the development of a
better screening or selection strategy. It is worth noting that the blood agar plate
screening method is not limited to finding extragenic mutations affecting Ply export. This
system could also be adapted to find mutations in cis that affect Ply export, which could
expand on the requirement for domain 2 in this process. To this end, the ply coding
region would be mutagenized using error-prone PCR, inserted into an integration vector
downstream from a constitutively expressed antibiotic resistance gene and introduced
into the neutral amyE locus on the B. subtilis chromosome. Mutant colonies would then
be screened on blood agar plates containing antibiotic to select against any clones that
didn’t incorporate the ply construct. Any non-hemolytic colonies would likely represent
mutants expressing a mutant ply coding for a non-functional and/or non-exportable Ply
variant. In addition to identifying residues putatively involved in export, this unbiased
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approach would also contribute to our understanding of pore formation and could greatly
inform downstream structure-function studies of Ply.
In addition to this genetic screen, alternative strategies could be employed to
directly identify components of the Ply export pathway in the pneumococcus. One such
approach would be to employ a probe that could specifically label surface-associated Ply.
Attempts to localize Ply on the cell surface using immunofluorescence microscopy have
been largely unsuccessful, suggesting that Ply occupies a niche within the cell wall that
antibodies cannot reach. Therefore the probe would have to be smaller than an antibody
in order to effectively penetrate the cell wall and bind to Ply. Fluorescently labeled
derivatives of cholesterol may prove useful in this regard. Since Ply, like all CDCs, binds
to soluble cholesterol, then fluorescent cholesterol molecules should be retained in the
cell wall by virtue of this interaction. Thus, a mutant library could be incubated with
fluorescent cholesterol and the resulting population would be subjected to fluorescenceactivated cell sorting. Any non-fluorescent cells would represent mutants of interest and
hemolysis assays could be performed to further categorize ply+ and ply- mutants. The
former likely represent extragenic mutations affecting export while the latter would
include intra- and extragenic mutations affecting cytolytic activity and/or export.
A second, complementary approach might involve the use of a translational fusion
of Ply to a signal sequence-less version of alkaline phosphatase. This technique has been
widely used in the discovery of secreted proteins based on the virtue that alkaline
phosphatase primarily functions extracellularly (Lee, Nittayajarn et al. 1999). If the
addition of alkaline phosphatase onto the N- or C-terminus of Ply doesn’t inhibit its
ability to localize to the cell wall compartment then this strain could be subjected to
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mutagenesis. Mutant colonies would then be screened on a clear growth medium
containing the colorimetric substrate, 5-bromo-4-chloro-3-indolyl phosphate (XP), which
produces a dark blue precipitate upon cleavage by alkaline phosphatase. Thus, any
colorless colonies would represent candidate mutants. Additionally, this strain could also
serve as the basis for a genetic selection by employing conditions where export of the
fusion protein can be selected against. To this end, streptomycin phosphate may prove
useful in generating conditional toxicity with the alkaline phosphatase fusion strain.
Streptomycin phosphate itself is not inhibitory; however, removal of the phosphate group
results in the formation of the bactericidal streptomycin antibiotic (Miller and Walker
1970). Assuming the alkaline phosphatase used is capable of cleaving this compound,
then this would provide a condition to select against mutants capable of exporting the
fusion protein. One common aspect of all the approaches mentioned above is that they
are unbiased. Ultimately, this is a crucial characteristic that will be most informative to
understanding the molecular mechanisms responsible for Ply export from the cell.
Despite its shortcomings, the genetic screen of Chapter 2 helped inform the
experiments described in subsequent chapters regarding the association between PG and
Ply release. Prior to the work described in this thesis, the functional consequences of Ply
localization to the cell wall compartment were not well understood. Building on the
initial observations of a former graduate student in the laboratory (Price 2011), we have
demonstrated that the pore-forming activity of surface-localized Ply is inhibited by native
PG structure. At present, it is unclear whether this is due to the inability of Ply to fold
into a pore-forming competent state while still surface-associated or if Ply normally
occupies a niche that is not accessible to SRBCs. It is possible that Ply exists in an
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unfolded state on the cell wall that is restricted by PG structure and can only adopt its
native conformation upon natural release into the environment or through digestion of the
cell wall by degradative enzymes.
To determine whether surface-associated Ply is inactive due to an interaction with
the cell wall we tested whether Ply could directly bind to purified PG. We found no
evidence of an interaction between these two molecules. While this suggests that Ply does
not harbor a cryptic PG binding or attachment domain, it doesn’t rule out the ability of
Ply to bind to other cell wall components. A crude preparation of cell wall consisting of
PG, TA and protein could be used as a starting point for binding assays with Ply. Proteins
or TAs could be removed following treatment with protease or trichloroacetic acid,
respectively, to assess binding to each component in a manner similar to that described
previously for the LysM domain (Steen, Buist et al. 2003). To assess relative binding,
each substrate could be used to coat 96-well plates and then purified Ply or lysates from
wt or Δply cultures would be applied to each well or a control well lacking any substrate.
This solid-phase assay may be preferable to the centrifugation method described above
because it does not exclude binding to small, soluble fragments that would otherwise not
pellet upon centrifugation, yielding a false negative result.
However, it is important to point out that Ply does not reassociate with the cell
surface following release into the surrounding medium upon autolysis (Price, Greene et
al. 2012). This observation may suggest that Ply resides within the periplasm-like space
of the cell envelope and is not capable of traversing the cell wall from the outside, at least
on the timescales tested here. A periplasm-like space has never been experimentally
investigated in the pneumococcus but has been shown to exist in at least two distinct
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Gram-positive bacteria, B. subtilis and S. aureus (Matias and Beveridge 2005, Matias and
Beveridge 2006), suggesting that its presence may be conserved. In these studies, the
fine-scale structure of the cell envelope was demonstrated using cryo-electron
microscopy and cryosectioning. A similar method could be performed with
pneumococcal cells and the presence of Ply within the cell wall could be determined
using immunogold labeling on the sections. This experiment would provide information
not only on the spatial localization of Ply within the cell wall but also the distribution of
this protein throughout the cell, which may provide clues about where Ply is exported
through the membrane.
One key finding of this thesis is that Ply is capable of dissociating from the cell
surface in the absence of a host cell, suggesting that a host-derived signal is not strictly
required for this process. However, we cannot rule out that such a trigger exists.
Interestingly, L. monocytogenes phospholipase C (PC-PLC), like Ply, lacks a cell wall
attachment motif but can nevertheless be found on the cell surface (Snyder and Marquis
2003). Notably, in the native context of the cell this protein appears to be inaccessible to
antibodies but can be released into the environment following PG hydrolysis, phenotypes
which parallel that of Ply. However, release of the surface-associated reservoir of PCPLC is pH-dependent, which likely reflects its requirement for the escape of L.
monocytogenes into the cytoplasm from the membrane-bound vacuole this bacterium
initially resides in (Marquis and Hager 2000). This release is also dependent on cleavage
of PC-PLC by a zinc-dependent metalloprotease (Mpl), which produces the active form
of PC-PLC. Cell wall-associated Ply runs at the same molecular weight as the
cytoplasmic form, suggesting that this protein is not proteolytically processed during
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export or while in the cell wall compartment (Price and Camilli 2009). Under the
conditions tested, the amount of Ply released from the cell is a minor fraction of the total.
This could indicate that a specific cue necessary to trigger release is lacking from our
system. To test this hypothesis, Ply release could be assessed in the presence of different
cell types that the pneumococcus is likely to encounter in vivo (e.g. epithelial cells,
neutrophils, macrophages). This assay could be adapted further to determine the nature of
any putative release signals using transwell inserts and fractionation of the medium, if
necessary.
Another major contribution of this thesis is the discovery that Ply release can be
modulated by alterations to the abundance of branched stem peptides within the PG layer.
This finding has wide-reaching implications not only for Ply retention on the cell wall but
also for the role that this structural feature of PG plays in various aspects of
pneumococcal biology. We found that the abundance of branched stem peptides in the
PG layer is inversely correlated with Ply release from the cell, suggesting that assembly
of a PG layer containing branched stem peptides is inhibitory to the release of this protein
from both the cell wall and cytoplasm (Fig. 5.1). This phenomenon can be primarily
attributed to surface-associated CBPs, as the inhibitory effect of branched stem peptides
is nearly lost upon removal of this subset of proteins. Thus, there exists some interaction
between CBPs and the abundance of branched stem peptides within PG that contributes
to Ply localization. These findings support previous observations implicating branched
stem peptides in the susceptibility to autolysis and establish a link between this structural
component of PG and surface-associated CBPs.
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Figure 5.1 – Model of the interaction between branched stem peptides, CBPs and
Ply release
Branched stem peptide abundance is inversely correlated with the amount of Ply release
from the cell into the surrounding environment. Each PG type differing in the abundance
of branched stem peptides is depicted schematically and the genotype(s) associated with
each one are listed above. The ability of Ply to localize to the cell wall compartment is
unaffected by changes in branched stem peptide abundance. However, surface-associated
CBPs contribute to the release of Ply from the cell wall and the cytoplasm in a branched
stem peptide-dependent manner (indicated by size of arrow).
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Given that the major PG lysins (LytA, LytB, LytC and CbpD) are all CBPs, the
most plausible explanation for our results is that Ply release is the result of the action of
one or more of these proteins. Furthermore, it follows that PG stem peptide composition
and specifically branched stem peptide abundance, can dictate the substrate preference
for the enzymatic activity of one or more of these proteins. Whether or not branched stem
peptides are capable of regulating the activity of lytic enzymes has not been formally
addressed. This hypothesis could be tested directly by measuring the rate of PG
degradation by each protein. To do so, PG purified from the wt, ΔmurMN or murMNPen6
strains would be mixed with either a choline wash containing all CBPs or a purified
preparation of each CBP lysin. Lytic activity would be detected as a decrease in turbidity
of each PG sample over time. Alternatively, a more sensitive approach could be taken
involving the use of Remazol brilliant blue-labeled PG. In this assay, PG degradation is
detected as the solubilization of dye-labeled PG that can be separated from the otherwise
insoluble material by centrifugation. To identify the CBP(s) contributing to Ply release,
deletion mutants lacking single or multiple genes encoding each CBP lysin could be
constructed and tested for hemolysis. A different approach could be to add exogenous
CBPs to choline-washed cells to see which enzymes are capable of causing Ply release to
similar levels to that observed for non-choline washed cells.
Using the LacZ release system, we were able to demonstrate that Ply can be
released from the cell wall in the absence of detectable cytoplasmic contents. This nonlytic release was dependent on surface-bound CBPs and branched stem peptide
abundance as it was most striking for the ΔmurMN mutant, less so for the wt and not
apparent with malM-murMN. Therefore, we interpret these results to suggest that CBP
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PG lysins are capable of controlled remodeling of PG in areas with decreased amounts of
branched stem peptides. The spatial distribution of branched stem peptides within the PG
layer is not known. It is also unclear whether the pneumococcus actively regulates the
incorporation of branched stem peptides during colonization or infection. Notably, a
microarray study demonstrated that murM was upregulated four-fold in pneumococci
bound to epithelial cells compared to a medium only (no epithelial cells) control
(Orihuela, Radin et al. 2004). Given our results with the malM-murMN mutant, we
hypothesize that murMN expression is regulated resulting in changes to the stem peptide
profile of PG during infection. Although this may be difficult to test experimentally given
the large amount of cellular material required for PG purification and stem peptide
analysis, it could be tested indirectly using quantitative reverse transcription-PCR (qRTPCR). Branched stem peptide abundance could be inferred by comparing the absolute
expression levels of murM in adherent and non-adherent pneumococci to that of brothgrown wt and malM-murMN.
Irrespective of transcriptional regulation, it is clear that the pneumococcus can
change its stem peptide composition through the acquisition of mosaic murMN variants
via horizontal gene transfer. We have shown that the PenR-associated murMNPen6 allele is
sufficient to increase branched stem peptide abundance and decrease Ply release. Thus,
decreased Ply release may accompany the expression of PenR, which could affect
colonization and/or invasive disease. It is worth pointing out however that this
relationship is likely to be complex as hyperactive MurM variants represent just one
aspect of PenR. We have shown that the absence of branched stem peptides is detrimental
during a mouse model of pneumonia and that this effect is mediated through Ply. It is
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currently unclear whether decreased Ply release as a function of increased branched stem
peptides has any affect on virulence. A competition experiment between wt and the
murMNPen6 mutant would begin to address this question. However, it is possible that this
experiment may not be informative in this regard as the Δply mutant could be
complemented in trans by the wt during infection. Thus, releasing less Ply, as the
murMNPen6 strain does, may not cause an overt phenotype. Instead, a co-infection
experiment with murMNPen6 and Δply may be more informative to see if the former strain
is capable of complementing the latter. This would more directly address the question of
how Ply release contributes to infection and could indicate the levels of Ply release
required for virulence. It is also worth noting that the hemolysis assay developed herein
provides a rapid method of determining which residues within MurM contribute to
hyperactivity by generating chimeric mutants between murMTIGR4 and murMPen6.
The Ply-dependent decrease in bacterial titers observed during co-infection
between wt and ΔmurMN demonstrates that either the amount or timing of Ply release is
critical for virulence. Given the proinflammatory properties of Ply, we hypothesize that
the lower bacterial burden observed during this co-infection reflects a more robust
immune response that leads to enhanced clearance from the lung. Lung infection with wt
bacteria is associated with the infiltration of polymorphonuclear leukocytes (PMNs) and
macrophages into the lung tissue, which is significantly reduced during infection with a
ply mutant (Kadioglu, Gingles et al. 2000). This recruitment occurs between 12 and 24
hours post-infection and correlates with the translocation of bacteria from the lungs into
the blood. Furthermore, purified Ply has been shown to recapitulate the pathology
associated with pneumococcal pneumonia, which includes PMN migration, in a dose-
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dependent manner (Feldman, Munro et al. 1991). Therefore, we hypothesize that the
increased Ply release of ΔmurMN causes an early and prolonged recruitment of PMNs
into the lung tissue. In order to test this hypothesis, competition experiments between wt
and ΔmurMN or murMNTIGR4 would be performed as described above except that groups
of mice would be euthanized at 0, 8, 16 and 24 hours post-infection. Lung homogenates
from each mouse per group would then be plated for viable bacteria to determine titers
and then subjected to flow cytometry to enumerate total and specific host cell types
present. To corroborate these results, homogenates could also be tested for the presence
of key Ply-dependent cytokines such as IL-6, TNF-α and IL-1β by ELISA (Shoma,
Tsuchiya et al. 2008, McNeela, Burke et al. 2010). This experiment would address the
degree to which Ply-dependent inflammation correlates with bacterial burden during coinfection of the mouse lung with wt and ΔmurMN.
In addition to virulence, branched stem peptides might also shape pneumococcal
evolution by affecting the acquisition of DNA by natural transformation. This hypothesis
is based on the observation that the pneumococcus engages in competence-induced
fratricide. This phenomenon involves the lytic release of DNA from non-competent cells
by competent cells in a given population, a process that is dependent on the production of
three CBPs; LytA, LytC and CbpD (Guiral, Mitchell et al. 2005). Thus, non-competent
cells provide a source of DNA to facilitate horizontal gene exchange. Given the
association between branched stem peptides and CBPs, it seems plausible to suggest that
alterations in branched stem peptide abundance may dictate the ability of a given cell to
serve as a DNA donor in this process. A prediction of this hypothesis would be that
ΔmurMN would serve as a better DNA donor than murMNPen6 during competence
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induction. To test this hypothesis, each strain would be made to carry an additional
antibiotic resistance marker (Ab) in a neutral site on the chromosome and individually
co-cultured with the wt lacZ strain. Following competence induction, transformation
efficiency would be determined by plating the mixtures on non-selective and selective
media containing the colorimetric substrate of β-galactosidase, 5-bromo-4-chloro-3indolyl-β-D-galactopyranoside (X-gal). By comparing AbR LacZ+ colonies to the total
LacZ+ titer, one could determine the transformation efficiency of the antibiotic resistance
marker from each strain to the wt recipient.
In the absence of CBPs, Ply release continued to occur but was primarily the
result of lysis. This is presumably due to the action of non-CBP PG lysins, one of which
appears to be the previously uncharacterized protein SP0107. In Chapter 4, we
demonstrate that SP0107 encodes a novel secreted, PG-binding protein harboring an Rpflike domain. Both the PG-binding LysM domain and the putative catalytic residue of the
Rpf-like domain are required to elicit Ply release upon SP0107 overexpression arguing
that both activities contribute to SP0107 function. We demonstrate, for the first time, that
the LysM domain of SP0107 is functional and mediates binding to purified PG, but
apparently not to the cell surface. This result is consistent with previous observations of
other LysM domain-containing proteins and supports the hypothesis that surfaceassociated molecules modulate the PG-LysM interaction (Steen, Buist et al. 2003,
Frankel and Schneewind 2012). Localization of a fluorescent fusion of SP0107 by
microscopy would indicate whether this protein is capable of low-level association with
the cell surface, which may not be detected by Western blot analysis. Furthermore, this
fusion protein could be incubated with purified cell wall or PG and imaged by
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microscopy to determine how WTAs contribute to the spatial localization of SP0107 on
the cell surface.
Our data also provide the first indication that SP0107 may act as a PG hydrolase.
While we have not formally demonstrated that SP0107 can degrade PG, the phenotypes
associated with the E135D mutant are consistent with its predicted enzymatic activity,
supporting the hypothesis that SP0107 possesses an active Rpf-like domain. In vitro
degradation assays of Remazol brilliant blue-labeled PG with purified His-SP0107 or
His-SP0107 E135D would confirm this hypothesis. Furthermore, if activity is observed in
this assay, soluble digestion products following SP0107-dependent cleavage of insoluble
PG could be analyzed by RP-HPLC and mass spectrometry to determine the substrate
specificity of this enzyme. Given the association between SP0107 and PG cleavage, it
will also be interesting to determine whether the activity of this protein affects cell
morphology and/or daughter cell separation as is often the case with PG hydrolases
(Barendt, Sham et al. 2011).
The enhanced susceptibility of cells to penicillin- and vancomycin-induced death
upon SP0107 overexpression further supports the link between this protein and PG
homeostasis. Additional studies are required to determine whether this sensitivity extends
to other cell wall-targeting compounds and not other classes of antibiotics that target noncell wall associated macromolecular processes. In either case, SP0107 represents a novel
drug target for the development of compounds that increase its expression/activity that
would potentiate the killing effects of cell wall-targeting antibiotics. In our experiments,
SP0107 overexpression resulted in the most overt phenotypes. However, the ΔSP0107
mutant did yield a modest decrease in lysis upon high-dose penicillin treatment.
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Collectively, these results suggest that we don’t necessarily understand the conditions
under which SP0107 is expressed although penicillin-induced stress may act as an
inducing signal, which is supported by a previous study (Rogers, Liu et al. 2007). This
hypothesis could be tested through a combination of qRT-PCR and Western blot analysis
with a strain expressing an epitope-tagged SP0107 (e.g. FLAG-SP0107) grown in
different concentrations of penicillin and other cell wall-targeting compounds. Taken
together, the results of these experiments would help provide insight into the role of
SP0107 in pneumococcal physiology and stress adaptation.
In summary, the work described in this thesis has deepened our understanding of
several aspects of pneumococcal biology. We have shown that Ply release from the cell is
dependent on the stem peptide composition of PG as well as the remodeling of this layer
by surface-associated enzymes. Our data reveal a novel role for branched stem peptides
in virulence and suggest a reason for the conservation of this structural feature in
pneumococcal PG. These findings highlight the need for further investigation of how PG
composition and architecture affects protein secretion and their retention on the cell
surface not only in the pneumococcus but in other bacteria as well. Finally, we report the
initial characterization of SP0107, a novel PG glycosidase, and its affects on Ply release
and antibiotic susceptibility. Further study of this protein will surely help identify its
specific role in pneumococcal physiology and will also strengthen our understanding of
the requirement for PG hydrolases in diverse biological processes. Collectively, this work
provides a springboard for many exciting avenues of research regarding protein export
and cell envelope homeostasis.
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CHAPTER 6: MATERIALS AND METHODS
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6.1 STRAINS AND GROWTH CONDITIONS
All strains and primers used in this study are listed in Tables 6.1 and 6.2,
respectively. S. pneumoniae and its mutant derivatives were routinely grown from frozen
glycerol stocks on tryptic soy agar plates containing 5% defibrinated whole sheep blood
(Northeast Laboratory) overnight at 37°C supplemented with 5% CO2. The following
day, all growth from the blood agar plate was suspended in Todd-Hewitt broth (BD
Biosciences) containing 0.5% yeast extract (Fisher Scientific) (THY), diluted in the same
medium to an OD600 = 0.01-0.04 and grown statically to exponential phase (OD600 = 0.50.8) at 37°C + 5% CO2. For growth curves, strains were grown statically in 96 well plates
in a Bio-Tek Synergy HT plate reader at 37°C with ambient CO2. THY broth was
routinely supplemented with 5 µL/mL Oxyrase (Oxyrase, Inc.). To induce maltosedependent expression, THY broth was supplemented with either 0.4% or 0.8% maltose as
specified. To select for transformants and determine viable counts following mouse
infections, growth media was supplemented with the following antibiotics when
appropriate – chloramphenicol (4 µg/mL), streptomycin (100 µg/mL), spectinomycin
(200 µg/mL) and gentamicin (3 µg/mL).
E. coli and B. subtilis strains and their mutant derivatives were routinely grown
from frozen glycerol stocks on LB agar plates overnight at 37°C, unless otherwise
indicated. Isolated colonies from overnight plates were used to inoculate LB broth and
cultures were grown at 37°C with aeration. Antibiotics at the following concentrations
were used to propagate plasmids and select for transformants: E. coli – chloramphenicol
(10 µg/mL), spectinomycin (50 µg/mL) and ampicillin (100 µg/mL); B. subtilis –
chloramphenicol (2.5 µg/mL), neomycin (2.5 µg/mL) and tetracycline (15 µg/mL). ENU
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mutagenized B. subtilis ply+ was plated on blood agar plates supplemented with 2.5
µg/mL chloramphenicol for screening.

6.2 MUTANT STRAIN CONSTRUCTION
All mutant constructs were created using the splicing by overlap extension (SOE)
PCR method (Horton, Hunt et al. 1989) unless otherwise specified. S. pneumoniae was
made competent for transformation by a previously described procedure (Bricker and
Camilli 1999) with the following modification. Following the addition of transforming
DNA, cells were allowed to outgrow at 37°C + 5% CO2 for approximately one hour prior
to plating on blood agar supplemented with appropriate antibiotics to select
transformants. Marked gene deletions in the pneumococcus were generated by allelic
exchange with an antibiotic resistance cassette. Approximately 1 kb of sequence
immediately flanking either side of the target gene was amplified from gDNA and spliced
to either a cat cassette (CmR) or spec cassette (SpecR), which were amplified from
pAC1000 and pAC578, respectively. To generate point mutations, R1 and F2 primer
sequences containing the desired substitution were used to amplify the target locus.
Insertion mutants of murM and murN containing a cat cassette cloned into an
internal BstBI site within the coding region of each gene were amplified from AC2331
and AC2330, respectively.
Transcriptional fusions to malM were generated by amplifying approximately 1
kb of sequence immediately flanking the intergenic region downstream of malM and
fusing this to murMN or SP0107 amplified along with their native RBS sequences and a
downstream cat cassette in the case of AC4397 and AC4404 or not, in the case of
AC4401.
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Repaired ΔmurMN mutants expressing different murMN alleles were made by
amplifying the murMN coding regions and intervening sequence from gDNA isolated
from the TIGR4, R36A, or Pen6 strains. Each allele was fused to a downstream spec
cassette and flanked by 1 kb arms of homology surrounding the murMN locus.
To construct constitutive lacZ-expressing strains, the coding region of the
endogenous β-galactosidase gene bgaA on the pneumococcal chromosome was replaced
with a transcriptional fusion of E. coli lacZ to the spec cassette. Thus lacZ is expressed
from the Pspec promoter. The coding region of lacZ amplified from E. coli MG1655
gDNA along with an optimized RBS sequence was placed downstream of the spec
cassette and this construct was flanked on either side by 1 kb of sequence immediately
upstream and downstream of the bgaA coding region.
N-terminal FLAG-tagged SP0107 was created by engineering primers containing
the sequence coding for the FLAG epitope (DYKDDDDK), which was introduced just
downstream of the predicted signal peptidase cleavage site between amino acids 29 and
30. The predicted signal sequence except for the start codon (aa 2-29) was deleted to
create AC5306. The predicted LysM motif (aa 34-80) was deleted to generate AC4554.
Co-transformation to generate AC5307 was performed with a PCR product
encompassing the lytC L423P point mutation amplified from strain 4.22 and genomic
DNA from strain 1A811 harboring a sacA::neo marker. Genomic DNA from strain
RL2793 containing a ΔclpC::tet mutation was used to transform AC4050 to generate
AC5308.
To create N-terminal His-tagged SP0107 for expression and purification from E.
coli, SP0107 lacking its signal sequence was amplified from TIGR4 gDNA using primers
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to introduce NdeI and BamHI restriction sites at the 5’ and 3’ ends, respectively. After
double digestion of the amplicon with NdeI and BamHI (New England Biolabs), the
fragment was cloned into a modified pET15b-TEV vector (Pratt, Ismail et al. 2010).
Following ligation, the resulting plasmid was electroporated into E. coli DH5α and the
insert was confirmed by sequencing. Purified plasmid was then transformed into E. coli
BL21(DE3) by electroporation.
Co-transformation with a mixture of a selected product (antibiotic resistance
marker) and an unlinked, unselected product containing the desired mutation was
performed as described in (Dalia, McDonough et al. 2014).

6.3 HEMOLYSIS ASSAYS
S. pneumoniae and B. subtilis ply+ strains were grown to mid-exponential phase,
collected by centrifugation, washed once in hemolysis assay buffer [AB; phosphatebuffered saline (PBS), 0.1% BSA, 10 mM dithiothreitol] and resuspended in AB to an
OD600 of 0.8 or 0.6, respectively. Cell lysates to determine total hemolytic activity were
made by aliquoting a portion of each sample into a 2 mL microfuge tube, which was
sonicated in a circulating water bath maintained at 4°C attached to a Branson 450 sonifier
set at maximum amplitude for 2 minutes using a 10 second on, 5 second off duty cycle.
Sonicated samples of B. subtilis ply+ were diluted 10-fold in AB prior to the experiment.
One hundred microliters of washed, whole cells, sonicated lysates or subcellular fractions
were then serially two-fold diluted in AB in 96-well V-bottom plates (Greiner Bio-One).
An 8% solution of triple-washed SRBCs in AB was freshly prepared for each experiment
and 50 µL of this was added to every well. Control wells containing AB alone or distilled
water were included on every plate. Reactions were incubated for one hour in a 37°C
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incubator prior to centrifugation at 4,000 x g for 10 minutes to pellet any unlyzed SRBCs
and bacterial cells. To test whether the cell-free supernatant harbored hemolytic activity,
AB alone was substituted for SRBCs in the first hour incubation and then 100 µL of the
supernatant was transferred to a new plate to which 50 µL of an 8% SRBC solution was
added as described above. Hemolysis was measured by transferring 100 µL of the
supernatant from each sample following centrifugation to a 96-well flat bottom plate and
the absorbance at 570 nm was measured, unless otherwise stated.
To calculate hemolytic activity, the AB alone value was subtracted from each
sample and the percent activity relative to the distilled water control (set to 100%) was
determined. Plotting the percent activity against the OD600 value of each sample yielded a
sigmoidal curve from which the linear portion was used to extrapolate the OD600 causing
50% hemolysis. Hemolytic units are defined as the reciprocal of this value and the
activity of each sample was compared to its paired sonicated lysate to determine relative
hemolytic activity.
To assess the contribution of CBPs to hemolytic activity, samples were processed
as above with the following modifications. Cells were washed once in PBS, split in two
separate 1.5 mL microfuge tubes and pellets were concentrated five-fold in either PBS or
PBS + 2% choline chloride (Sigma). Each sample was incubated at room temperature
with rolling for 20 minutes prior to centrifugation and washing once with AB. An aliquot
of these washed cells was removed for sonication and the remainder of each sample was
incubated in AB at 37°C for 1 hour prior to centrifugation to collect cells. The hemolytic
activity of the cell-free supernatants containing released proteins and the sonicated
lysates was determined as described above.
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6.4 MILLER ASSAYS
Cell-free supernatants representing the released fraction and sonicated lysates
prepared as described above were tested for β-galactosidase activity as described in
(Nickels 2009). Briefly, aliquots of each sample were diluted in Z buffer (60 mM
Na2HPO4, 60 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.27% β-mercaptoethanol, pH
7.0) to a final volume of 1 mL to which 0.2 mL of freshly prepared ortho-nitrophenyl-βD-galactopyranoside (ONPG) (Sigma) solution was added (4 mg/mL in Z buffer lacking
β-mercaptoethanol). A control reaction containing ONPG alone was included in each
experiment and served as the blank sample. After sufficient yellow color had developed,
the absorption at 420 nm was measured. β-galactosidase activity was calculated using the
following equation: Miller units = (1000*OD420)/(Reaction time*Sample volume*OD600).
Preliminary experiments with whole cell lysates from a strain lacking bgaA (but not
expressing lacZ) demonstrated background levels of ONPG hydrolysis. β-galactosidase
activity was determined to be linear down to 0.89±0.014% of the starting material (OD600
= 0.8) using whole cell lysates of AC5073.

6.5 SUBCELLULAR FRACTIONATION
Cells from exponentially growing cultures were collected by centrifugation,
washed once with 50 mM Tris pH 7.5 and resuspended in 100 µL of freshly prepared cell
wall digestion buffer [50 mM Tris pH 7.5, 30% (w/v) sucrose, 1 mg/mL lysozyme, 300
U/µL mutanolysin, 1x protease inhibitor cocktail (Roche)]. Digestion reactions were
incubated on a roller drum in a 37°C incubator for two hours. Protoplasts were separated
from digested cell wall material by centrifugation at 13,000 x g for 10 minutes and the
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supernatant was collected as the cell wall fraction. Protoplasts were resuspended in 100
µL of 50 mM Tris pH 7.5 and sonicated as described above to release cytoplasmic
contents.
For localization experiments with FLAG-SP0107, cell-free culture supernatant
from mid-exponential phase cultures was concentrated approximately 10-fold by
centrifugation at 4,000 x g at 4°C using Amicon Ultra-15 10,000 molecular weight cutoff
filter units (Millipore).

6.6 WESTERN BLOT ANALYSIS
Samples were mixed with an equal volume of 2x Laemmli sample buffer and
heated in a boiling water bath for 10 minutes. Cell equivalents were separated using
NuPAGE Novex 4-12% Bis-Tris gels (Invitrogen) following the manufacturer’s
instructions with one exception. For Fig. 3.5, samples were separated on a 10% SDSPAGE gel run at 125 V until the dye front reached the bottom of the gel. Proteins were
transferred at 25 V for 1.5 hours to 0.2 µm nitrocellulose membranes using the XCell II
blot module (Invitrogen). Membranes were blocked with NAP-blocker (G-Biosciences)
diluted 1:2 with Tris-buffered saline containing 0.1% Tween-20 (TBST) for either one
hour at room temperature or overnight at 4°C with shaking. Following the block step,
blots were cut to allow for simultaneous probing with different antibodies, if necessary.
Primary antibody solution was applied to each membrane for one hour at room
temperature with shaking and consisted of NAP-blocker diluted 1:4 with TBST in which
each specific antibody was diluted at the following concentrations – mouse α-Ply (Statens
Serum Institut) at 1:1000, rabbit α-CodY (A.L. Sonenshein) at 1:1500, rabbit α-FLAG
(Sigma) at 1:1000. Membranes were washed three times for five minutes each.
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Appropriate Cy5-conjugated secondary antibodies (Invitrogen) were diluted and applied
exactly as described for primary antibodies and membranes were washed as described
above. Fluorescence was detected and quantitated using a Fuji FLA-9000 instrument and
MultiGauge analysis software (Fujifilm, Corp.), respectively.

6.7 PURIFICATION AND ENZYMATIC DIGESTION OF PEPTIDOGLYCAN
Cell wall material was purified using a previously described method (Filipe and
Tomasz 2000). PG was isolated from purified cell wall material by treatment with 48%
hydrofluoric acid for 48 hours at 4°C with constant shaking. Samples were washed
extensively with 100 mM Tris pH 7.0 to remove residual hydrofluoric acid and its
absence was confirmed by measuring the pH. Stem peptides were isolated from purified
PG by enzymatic digestion with purified pneumococcal LytA amidase following an
established protocol (Filipe and Tomasz 2000).

6.8 ANALYSIS OF STEM PEPTIDE COMPOSITION
Lyophilized stem peptide material was dissolved in 0.1% trifluoroacetic acid and
separated by RP-HPLC as previously described (Filipe and Tomasz 2000). Peptides were
detected by their absorption at 210 nm. Peaks were assigned specific peptide structures
based on comparison of the retention time with reference samples run in parallel as well
as previously published chromatograms (Garcia-Bustos, Chait et al. 1987, Garcia-Bustos
and Tomasz 1990, Severin and Tomasz 1996).

6.9 PEPTIDOGLYCAN PULL-DOWN ASSAYS
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To test for Ply binding, purified wt PG was mixed with a concentrated wt cell
lysate (OD600 = 3.5) and incubated at 37°C on a roller drum for two hours. A fixed
amount of lysate was mixed with two-fold serial dilutions of PG (80 – 0.5 µg) or 40 µg of
PG was mixed with two-fold serial dilutions of wt lysate (OD600 = 3.5 – 0.2). Control
reactions lacking lysate (PG alone) or lacking PG were performed in parallel. Insoluble
PG was pelleted by centrifugation at 21,000 x g for 30 minutes and the supernatant
representing the unbound fraction was moved to a separate tube. PG pellets (bound
fraction) were washed once with PBS prior to resuspension in PBS to match cell
equivalents. Western blot analysis was performed as described above to detect Ply in
each fraction.
To determine whether FLAG-SP0107 binds PG, pull-down assays were
performed as above with the following modifications. Culture supernatants from midexponential phase grown cells were concentrated 10-fold using Amicon filters as
described above and normalized based on the initial OD600 of each culture prior to the
addition of 60 µg of wt PG. Reactions were incubated with agitation at 4°C for one hour.
A control experiment performed with a mixture of culture supernatant and whole cell
lysate at 4°C, room temperature (~25°C) and 37°C demonstrated that FLAG-SP0107
bound at all temperatures, while Ply did not. FLAG-SP0107 was detected in each fraction
by Western blot analysis as described above.
PG pull-downs using purified His-tagged SP0107 were performed at 4°C for one
hour. Six micrograms of His-SP0107 was incubated with 0, 60, 120, or 180 µg of wt PG.
As a control, 6 µg of purified BSA (New England Biolabs) was incubated without PG or
with 180 µg PG. After separating unbound and bound fractions as described above,
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samples were analyzed by SDS-PAGE and gels were stained with Coomassie Brilliant
blue to detect protein. After destaining, bands were visualized using a Syngene Gbox
imaging system.

6.10 PROTEIN PURIFICATION
AC4457 was grown overnight in LB broth supplemented with 100 µg/mL
ampicillin at 37°C with aeration. The following morning, the culture was diluted 1:1000
in 1 L of fresh medium and grown at 37°C with shaking to OD600 = 0.7. Expression was
induced by the addition of 1 mM IPTG followed by incubation at 20°C with shaking for
16 hours. Cultures were harvested by centrifugation at 2,990 x g for 20 minutes at 4°C
and cell pellets were resuspended in 25 mL of ice-cold lysis buffer [20 mM Tris pH 8,
150 mM NaCl, 25 mM imidazole, 5 mM β-mercaptoethanol, Complete EDTA-free
protease inhibitor cocktail (Roche)]. Cells were lysed by sonication at 50% amplitude
using five cycles of half-second pulses for a total of 15 seconds followed by 45 seconds
on ice. Cell debris was pelleted by centrifugation at 38,464 x g for one hour and the
resulting supernatant was incubated with 5 mL of HisPur Ni-NTA resin (Thermo
Scientific) for 15 minutes at 4°C. Resin was washed first with three column volumes of
wash buffer 1 (20 mM Tris pH 8, 150 mM NaCl, 25 mM imidazole, 5 mM βmercaptoethanol) followed by three column volumes of wash buffer 2 (20 mM Tris pH 8,
150 mM NaCl, 50 mM imidazole, 5 mM β-mercaptoethanol) before elution with 30 mL
of elution buffer (20 mM Tris pH 8, 150 mM NaCl, 300 mM imidazole, 5 mM βmercaptoethanol). His-SP0107 in the eluted fractions was concentrated to ~1 mg/mL by
centrifugation at 4,000 x g at 4°C using Amicon Ultra-15 10,000 molecular weight cutoff
filter units (Millipore) and protein was stored in 40% glycerol at -80°C.
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6.11 ZYMOGRAPHY
Exponential phase cells of AC4078 (OD600 = 0.2–0.3) were autoclaved, mixed
with a resolving buffer solution containing 12% acrylamide and the polymerized gels
were used for zymogram analysis. Concentrated culture supernatants from strains of
interest were prepared as described above and separated on zymogram gels by SDSPAGE. Gels were then washed twice with 100 mL of distilled water for 30 minutes each
to remove residual SDS. Proteins within the gel were allowed to refold in freshly
prepared renaturation buffer (20 mM Tris pH 7.5, 50 mM NaCl, 20 mM MgCl2, 0.5%
Triton X-100) in a 37°C incubator shaking at 80 rpm for approximately 16 hours. Gels
were scanned and lytic activity appears as zones of clearing within the otherwise opaque
gel.

6.12 GENOME SEQUENCING AND SNP DETECTION
Genomic DNA was isolated using the DNeasy blood and tissue kit (Qiagen) and
sequencing libraries were prepared by HTML-PCR as described (Lazinski and Camilli
2013). Each sample marked by a unique barcode was pooled together and sequenced in a
single lane using the Illumina HiSeq2000 platform. The resulting single-end reads from
each barcode were subsequently demultiplexed and filtered by quality using Galaxy
software. Filtered reads were mapped to the B. subtilis 168 reference genome and single
nucleotide polymorphisms (SNPs) were detected using CLC Genomics Workbench 4
software.

6.13 MOUSE INFECTIONS
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Mouse infections were performed with 6–12 week old, female Swiss-Webster
mice (Taconic Laboratories or Charles River Laboratories) as described previously
(Shainheit, Mule et al. 2014) with some modifications. For lung infection experiments,
mice were euthanized 30–36 hours post-infection. For blood infections, mice were
euthanized 20 hours post-infection and recovered blood from each mouse was
immediately diluted 10-fold in PBS to prevent clotting. All animal experiments were
done in accordance with NIH guidelines, the Animal Welfare Act and US federal law.
Tufts University School of Medicine’s Institutional Animal Care and Use Committee
approved the experimental protocol “B2014-37” that was used for this study. All animal
experiments were housed in a centralized and AAALAC-accredited research animal
facility that is fully staffed with trained husbandry, technical and veterinary personnel.
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Table 6.1 – Strains and plasmids used in this study
Strain
collection
number

Strain name

Genotype and antibiotic
resistance(s)

Description

Source

Streptococcus pneumoniae
AC316

wt

Wildtype

TIGR4 (serotype 4)

AC4338

SmR

rpsL K56T;
SmR

AC4340

ClpC D354N

AC4341

PBP2x A545V

AC4348

ΔclpC

ΔclpC::cat;
CmR

AC4364

murM::cat

murM::cat;
CmR

AC4365

murN::cat

murN::cat;
CmR

AC4382

ΔmurMN

ΔmurMN::cat;
CmR

AC4404

malM-murMN

malM-murMN-cat;
CmR

AC4108

Δply

Δply::cat;
CmR

AC4453

ΔmurMN Δply

ΔmurMN::cat,
Δply::spec;
CmR, SpecR

AC4498

murMNTIGR4

ΔmurMN::murMNTIGR4-spec;
SpecR

AC4499

murMNR36A

ΔmurMN::murMNR63A-spec;
SpecR

rpsL K56T,
clpC D354N;
SmR
rpsL K56T,
pbp2x A545V;
SmR
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Introduction of K56T
mutation in rpsL
(SP0271) to confer SmR
Co-transformation with
unlinked rpsL K56T and
clpC D354N mutations
Co-transformation with
unlinked rpsL K56T and
pbp2x A545V mutations
Replacement of clpC
(SP2194) with cat
cassette
Insertion of cat cassette
within the murM
(SP0615) coding region
amplified from AC2331
and introduced into
AC316
Insertion of cat cassette
within the murN
(SP0616) coding region
amplified from AC2330
and introduced into
AC316
Replacement of murMN
(SP0615-SP0616)
operon with cat cassette
Transcriptional fusion of
murMN and cat cassette
to malM (SP2107)
creating a merodiploid
Replacement of ply
(SP1923) with cat
cassette
Replacement of ply with
spec cassette in the
AC4382
Replacement of cat
cassette in AC4382 with
murMN amplified from
strain TIGR4 fused to
spec cassette
Replacement of cat
cassette in AC4382 with
murMN amplified from
strain R36A fused to

Laboratory
strain
This work
This work
This work
This work

A. Basset;
This work

A. Basset;
This work
(Greene,
Narciso et
al. 2015)
(Greene,
Narciso et
al. 2015)
(Karmakar,
Katsnelson
et al. 2015)
(Greene,
Narciso et
al. 2015)
(Greene,
Narciso et
al. 2015)
(Greene,
Narciso et
al. 2015)

spec cassette
Pen6

AC4500

murMNPen6

ΔmurMN::murMN
SpecR

-spec;

AC5073

wt lacZ

ΔbgaA::spec-lacZ;
SpecR

AC5074

ΔmurMN lacZ

ΔmurMN::cat,
ΔbgaA::spec-lacZ;
CmR, SpecR

AC5075

malM-murMN
lacZ

malM-murMN-cat,
ΔbgaA::spec-lacZ;
CmR, SpecR

AC4078

ΔSP0107

ΔSP0107::cat;
CmR

AC4397

malM-SP0107
mero

malM-SP0107-cat;
CmR

AC4401

malM-SP0107

ΔSP0107::spec,
malM-SP0107;
SpecR

AC4402

malM-FLAGSP0107

ΔSP0107::spec,
malM-FLAG-SP0107;
SpecR

AC5306

malM-FLAGSP0107 ΔSS

ΔSP0107::cat,
malM-FLAG-SP0107 ΔSS;
CmR

AC4554

malM-FLAGSP0107
ΔLysM

ΔSP0107::cat,
malM-FLAG-SP0107 ΔLysM;
CmR

AC4776

malM-FLAGSP0107
E135D

ΔSP0107::cat,
malM-FLAG-SP0107 E135D;
CmR
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Replacement of cat
cassette in AC4382 with
murMN amplified from
strain Pen6 fused to spec
cassette
Replacement of bgaA
(SP0648) with E. coli
lacZ transcriptionally
fused to spec cassette
Replacement of bgaA in
AC4382 with E. coli
lacZ transcriptionally
fused to spec cassette
Replacement of bgaA in
AC4404 with E. coli
lacZ transcriptionally
fused to spec cassette
Replacement of SP0107
with cat cassette
Transcriptional fusion of
SP0107 and cat cassette
to malM creating a
merodiploid
Co-transformation in
AC4397 to replace
native SP0107 with spec
cassette and remove cat
cassette at mal locus
Co-transformation in
AC4397 to replace
native SP0107 with spec
cassette and introduce
FLAG-SP0107 while
removing cat cassette at
mal locus
Co-transformation in
AC4401 to replace spec
cassette with cat cassette
at native SP0107 locus
and transcriptionally
fuse FLAG-SP0107
lacking signal sequence
(aa 2-29) to malM
Co-transformation in
AC4401 to replace spec
cassette with cat cassette
at native SP0107 locus
and transcriptionally
fuse FLAG-SP0107
lacking LysM motif (aa
34-80) to malM
Co-transformation in
AC4401 to replace spec
cassette with cat cassette

(Greene,
Narciso et
al. 2015)
(Greene,
Narciso et
al. 2015)
(Greene,
Narciso et
al. 2015)
(Greene,
Narciso et
al. 2015)
This work
This work

This work

This work

This work

This work

This work

AC4577

ΔlytC

ΔlytC::cat;
CmR

AC4620

ΔlytA

ΔlytA::spec;
SpecR

AC4774

ΔlytA
ΔSP0107

ΔSP0107::cat, ΔlytA::spec;
CmR, SpecR

AC4775

ΔlytA malMSP0107 mero

malM-SP0107-cat,
ΔlytA::spec;
CmR, SpecR

at native SP0107 locus
and transcriptionally
fuse FLAG-SP0107 with
a E135D mutation in the
Rpf-like domain to
malM
Replacement of lytC
(SP1573) with cat
cassette
Replacement of lytA
(SP1937) with spec
cassette
Replacement of lytA
with spec cassette in
AC4078 background
Replacement of lytA
with spec cassette in
AC4397 background

This work
This work
This work
This work

Bacillus subtilis

AC4050

AC5307

AC5308

ply+

amyE::Pspac*-ply-cat;
CmR

Insertion of ply expressed
from the Pspac* promoter
and cat cassette within the
amyE coding region in
strain JH642

LytC L423P

amyE::Pspac*-ply-cat,
sacA::neo, lytC L423P;
CmR, NeoR

Co-transformation in
AC4050 with unlinked
lytC L423P and sacA::neo
mutations

(Middleton
and
Hofmeister
2004);
This work

ΔclpC

amyE::Pspac*-ply-cat,
ΔclpC::tet;
CmR, TetR

Transformation of
AC4050 with gDNA from
a ΔclpC::tet mutant
(RL2793)

R. Losick;
This work

(Price,
Greene et al.
2012)

Escherichia coli
DH5α λpir; source of
spectinomycin resistance
(spec) cassette
DH5α; source of
chloramphenicol
resistance (cat) cassette

AC578

pAC578

pAC578;
SpecR

AC1000

pAC1000

pAC1000;
CmR

AC3450

MG1655

Wildtype

Source of lacZ

pET15b-TEV::His6-SP0107;
AmpR

BL21(DE3); mature
SP0107 (lacking SS)
cloned into IPTGinducible vector with Nterminal His tag for
purification

AC4457

His-SP0107
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(Martin,
Prudhomme
et al. 2000)
(Hava,
Hemsley et
al. 2003)
Laboratory
strain

This work

Table 6.2 – Oligonucleotide primers used in this study
Construct

Primer name
rpsL_F1
rpsL_R1

rpsL K56T
rpsL_F2
rpsL_R2
D354N_F1
D354N_R1
clpC D354N
D354N_F2
D354N_R2
A545V_F1
A545V_R1
pbp2x A545V
A545V_F2
A545V_R2
clpC_F1
clpC_R1
ΔclpC::cat
clpC_F2

murM::cat
murN::cat

clpC_R2
murM_F1
murM_R2
murN_F1
murN_R2
murM_F1
murM_R1

ΔmurMN::cat
murN_F2
murN_R2
malM_F1
malM_R1
malM-murMN_F2
malM-murMN-cat
malM-murMN_R2
catmal_F3
catmal_R3
ply_F1
ply_R1
Δply::cat
ply_F2
ply_R2
ply_F1
Δply::spec

ply_spc_R1

Sequence (5’ à 3’) a
CTACGTGTTGGGCTCCTGTCATAC
GTTTTGTAGGTGTCATTGTTCCGACACGAGTTGCA
AC
TGTCGGAACAATGACACCTACAAAACCTAACTCA
GCCC
GTGTGCATTTGCTTGAAGACGATCGTG
GGTAGATAGAAAAGGGAAGTAAG
GTGCCGCATTTTTTTCGATATGTTTTTGATATTCTT
CCTGAGTAG
CATATCGAAAAAAATGCGGCACTTTCTCGTCGTTT
CGCTAAAG
GATGAATTCCGGTCTATAAGC
GCTCCATGAAAATGAAGATG
CAGACTTGAGGACTACATTTTGCCCAGGAACAGT
TACAGTTG
CAAAATGTAGTCCTCAAGTCTGGTACGGCTCAGA
TTGCTGAC
GGATAACCAAAGACAGACAGG
GGCAGAAGCTATTTCCCGAG
ATACCGTCGACCTCGAGATCCTTACTTCCCTTTT
CTATCTACCTCTTG
AGGCCTAATGACTGGCTTTTATAAAAGAATAAA
AGTATCAGCATCTGACC
CCACTGTTACATCCTGATATCGC
CTCTTTGATCAAACCAAGCGTC
CATATTTTTGAAGCAGTGCAGG
TGTTTTACATCCCAAGAGGACC
CAATTTCAGACACCAGAGCCTC
CTCTTTGATCAAACCAAGCGTC
ATACCGTCGACCTCGAGATCTTCCTACTCTCTTT
CCTCCAG
AGGCCTAATGACTGGCTTTTATAAGATGAAAAA
GTCAGTATTTAGATTTC
CAATTTCAGACACCAGAGCCTC
AAAGCTATCGTGAGCAATTGG
CTTATTTCTTTAAATCTACCAAATTTTC
GAAAATTTGGTAGATTTAAAGAAATAAGGGAGGA
AAGAGAGTAGGAAATGTAC
CAAATTTTCATCAAGCTTATCGATACTTAACGTC
CTACTATTTTTTTGAGTAAC
GTATCGATAAGCTTGATGAAAATTTG
TTCAAGAGGCCATTTTTCAAG
GTTAAAAAAGAGTAGGAGGTAGAGG
ATACCGTCGACCTCGAGATCtccaacCTTCTACCTC
CTAATAAGTTCCTG
CTAATGACTGGCTTTTATAAtccaacGAGAGGAGA
ATGCTTGCGACAA
ATCTGGATCACCTTTTTTAGCTG
GTTAAAAAAGAGTAGGAGGTAGAGG
GGGATCCACTAGTTCTAGAGCGTTCTACCTCCT
AATAAGTTCCTG
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ply_spc_F2
ply_R2
murM_F1
murM_R3
murMNTIGR4-spec
murMNR36A-spec
murMNPen6-spec

murMN_F
murMN_R
murN_F2
murN_R2
bgaA_F1
lacZ_RBS_F

ΔbgaA::spec-lacZ

lacZ_R
bgaA_lacZ_F2
bgaA_R2
SP0107_F1
SP0107_R1

ΔSP0107::cat
SP0107_F2
SP0107_R2
malM_F1
malM_R1
malM-SP0107_F2
malM-SP0107-cat
malM-SP0107_R2
catmal_F3
catmal_R3
SP0107_F1
SP0107_spec_R1
ΔSP0107::cat
SP0107_spec_F2
SP0107_R2
malM_F1
malM-SP0107

malM-SP0107_R3
malM_F2
catmal_R3
malM_up

malM-FLAG-SP0107

FLAG-SP0107_R
FLAG-SP0107_F2
malM_down
malM_up

malM-FLAG-SP0107
ΔSS

SP0107noSS_R1
FLAG-SP0107_F1
malM_down

TAAATAACAGATTAAAAAAATTATAAGAGAGGAG
AATGCTTGCGACAA
ATCTGGATCACCTTTTTTAGCTG
CTCTTTGATCAAACCAAGCGTC
TTCCTACTCTCTTTCCTCCAG
CTGGAGGAAAGAGAGTAGGAAATGTACCGTTATC
AAATTGGCATTC
GGGATCCACTAGTTCTAGAGCGTTAACGTCCTA
CTATTTTTTTGAGTAAC
TAAATAACAGATTAAAAAAATTATAAGATGAAA
AAGTCAGTATTTAGATTTC
CAATTTCAGACACCAGAGCCTC
AGAACCACTATCACAAGGTATTAC
TAAATAACAGATTAAAAAAATTATAACAAGGAGG
AAACAGCTATGACCATGATTAC
TTATTTTTGACACCAGACCAAC
GTTGGTCTGGTGTCAAAAATAAAAATTTTGATACC
TTCTTTATCATTAAAGAC
AGTTCCTTCTTACCACAAGATC
CTCTGTTGTAATCATGAGTTCTG
ATACCGTCGACCTCGAGATCtccaacATTCGAAAA
TTCTCCTTCTTTCTATAG
CTAATGACTGGCTTTTATAAtccaacGAACTAACGA
ACAAATAATATGTAAAGA
CAGTTGCTGTATGATATCGAGTA
AAAGCTATCGTGAGCAATTGG
CTTATTTCTTTAAATCTACCAAATTTTC
GAAAATTTGGTAGATTTAAAGAAATAAGAGAAAG
AAGGAGAATTTTCGAATATG
CAAATTTTCATCAAGCTTATCGATACTTAATACCA
GCCATTGTTAAGC
GTATCGATAAGCTTGATGAAAATTTG
TTCAAGAGGCCATTTTTCAAG
CTCTGTTGTAATCATGAGTTCTG
GGGATCCACTAGTTCTAGAGCGATTCGAAAATT
CTCCTTCTTTCTATAG
TAAATAACAGATTAAAAAAATTATAAGAACTAA
CGAACAAATAATATGTAAAGA
CAGTTGCTGTATGATATCGAGTA
AAAGCTATCGTGAGCAATTGG
GTTTAGTTGTCTCCTGATTATTGTCTTAATACCAG
CCATTGTTAAGC
GACAATAATCAGGAGACAACTAAAC
TTCAAGAGGCCATTTTTCAAG
TGTATTCCTCCTAAAGAATAGCAAG
ACAGTGTAAGTTGATGATTCTTGTTTATCATCATC
ATCTTTATAATCAGCAGATACAAATGATGGAGC
CAAGAATCATCAACTTACACTGT
CTAACGATGAAGTCAACCAATG
TGTATTCCTCCTAAAGAATAGCAAG
TTTATCATCATCATCTTTATAATCCATATTCGAAA
ATTCTCCTTCTTTCTC
GATTATAAAGATGATGATGATAAACAAGAATC
CTAACGATGAAGTCAACCAATG
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malM_up
malM-FLAG-SP0107
ΔLysM

SP0107noLysM_R

malM-FLAG-SP0107
E135D

SP0107E135D_R

SP0107noLysM_F
malM_down
malM_up

SP0107E135D_F
malM_down
lytC_F1
lytC_R1

ΔlytC::cat
lytC_F2
lytC_R2
lytA_F1
lytA_R1
ΔlytA::spec
lytA_F2

lytC L423P
cat cassette
spec cassette
pET15b-TEV::His6SP0107
a

lytA_R2
BslytC_F
BslytC_R
cat_F
cat_R
spec_F
spec_R
His-SP0107_F
His-SP0107_R

TGTATTCCTCCTAAAGAATAGCAAG
GTTGCAACAGGCGCTACTGATGATTCTTGTTTATC
ATCATCATC
GTAGCGCCTGTTGCAACACCAG
CTAACGATGAAGTCAACCAATG
TGTATTCCTCCTAAAGAATAGCAAG
CCACCTGAGTCTTTTTGAGCGATCCATTCTTTG
CTCAAAAAGACTCAGGTGGTAGCTATACAGC
CTAACGATGAAGTCAACCAATG
AATCAAGAGTGTGGCTCAAATTG
ATACCGTCGACCTCGAGATCTCTTTCTCTCCTAT
AAAAAATGTAACAG
AGGCCTAATGACTGGCTTTTATAAGCGATGATTTG
AAAGAGGGATG
CCTTATTTCTTACAAACCAGGTG
TATGGGCTTGATGAGTTCAATTG
GGGATCCACTAGTTCTAGAGCGATTCTACTCCT
TATCAATTAAAACAAC
TAAATAACAGATTAAAAAAATTATAATAATGGA
ATGTCTTTCAAATCAGAAC
CTTGAAGCTGTCTCTATAACACTA
TTGATGGTGAATAATGGAATCCCG
TAATTGTTGGTGGGAGTTCCTATG
GATCTCGAGGTCGACGGTA
TTATAAAAGCCAGTCATTAGGCCT
GCTCTAGAACTAGTGGATCCC
TTATAATTTTTTTAATCTGTTATTTA
GATCATcatatgCAAGAATCATCAACTTACACTGTTA
AAG
TAGATCggatccTTAATACCAGCCATTGTTAAGCC

Underlined = substitutions compared to reference sequence; lowercase = restriction
enzyme sites; bold = SOE overlap with the appropriate drug cassette
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