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Abstract
The bacterium Streptococcus pneumoniae is a major causative agent of otitis media,
pneumonia, bacteremia and meningitis. Pneumolysin (Ply), a member of the cholesteroldependent cytolytic (CDC) pore-forming toxins, is produced by virtually all clinical
isolates of S. pneumoniae, and strains deleted for the pneumolysin gene are severely
attenuated in mouse models of colonization and infection. In contrast to all other known
members of the CDC family, Ply lacks a signal peptide for export outside the cell.
Instead, Ply has been hypothesized to be released upon autolysis, or alternatively, via a
non-autolytic mechanism that remains undefined. I show, using cell fractionation and
Western blotting, that exported Ply is localized primarily to the cell wall compartment in
the absence of detectable cell lysis. Hemolytic assays revealed that this cell walllocalized Ply is active. Cell wall-localized Ply is accessible to extracellular protease and
is detergent releasable. Ply released by autolysis cannot re-associate with intact cells,
suggesting that there is indeed a Ply export mechanism that is coupled to cell wall
localization of the protein. Through truncation and domain swapping analyses, I show
that export is dependent on domain 2 of Ply. Additionally, a signal sequence is not
sufficient for Sec-dependent Ply secretion in S. pneumoniae, but is sufficient in a
surrogate host Bacillus subtilis. Finally, using the native ply sequence, I show that a
signal sequence-less protein export pathway is conserved in B. subtilis.
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Introduction
Streptococcus pneumoniae
Streptococcus pneumoniae, a Gram-positive bacterial pathogen and colonizer of the
human naso-pharynx is one of the leading causes of otitis media, sinusitis, meningitis,
pneumonia and bacteremia the world over [1]. In developed countries, infections caused
by S. pneumoniae place a large burden on the medical community and a huge economic
burden on parents and caregivers of children. For example, in the U.S.A., ear infections
represent the number one cause for a child under five years of age to visit a pediatrician
at an estimated cost of $3-4 billion per year [2]. In developing countries, particularly in
Sub-Saharan Africa and Southeast Asia, consequences of S. pneumoniae infections are
much more severe. Every year, over one million children in the developing world die as
a result of pneumonia, bacteremia and meningitis caused by S. pneumoniae [3].
The diseases caused by S. pneumoniae are all characterized by massive
inflammation and growth of bacteria in what are normally sterile sites. Otitis media,
colloquially known as an ear infection, occurs when S. pneumoniae traverses up the
Eustachian tube from the naso-pharynx, which is much more frequent in young children.
Pneumonia results by aspiration of the bacterium into the lungs. Bacteremia typically
results after the invasion of the lungs and destruction of tissue, allowing access to the
bloodstream. Once in the blood, the bacteria have access to the blood brain barrier,
which can be breached, resulting in meningitis [4, 5]. All such states of disease depend
on a primary colonization of the nasopharynx. This colonization or carriage is often
asymptomatic, but invasive disease is usually caused by the same strain as the resident
colonizer. 10% of healthy adults carry S. pneumoniae, but that percentage of carriers
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increases in children and the elderly to more than 50% in some groups. These are the
populations that are also more immunologically susceptible to S. pneumoniae disease [6].
Cell surface
As would be expected for an extracellular, mucosal pathogen, most of these
virulence factors are elaborated on the cell surface of S. pneumoniae [7]. The cell
envelope consists of a single plasma membrane that contains lipoproteins and
lipoteichoic acids covalently tethered to it. The membrane is surrounded by a thick cell
wall consisting of peptidoglycan with covalently linked teichoic acid and LPXTG
protein, and non-covalently linked proteins. The cell wall, in turn, is surrounded by a
polysaccharide capsule, which is covalently tethered to the cell wall via an unknown
linkage to peptidogylcan [8] (Fig 1.1).
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Figure 1.1. Cell surface structure of Streptococcus pneumoniae.
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Capsule
The capsule is made of a polysaccharide layer synthesized by many gene products
in a single operon. The particular sugar composition in the capsule defines the serotype
of a particular strain. There are over 90 serotypes of S. pneumoniae that have been
reported. The capsule is an essential component of current licensed vaccines to prevent
pneumococcal disease. Currently there is a heptavalent capsular polysaccharide-protein
conjugate vaccine in use to prevent pneumococcal pneumonia [9]. The vaccine is
effective for the seven serotypes it protects against, however it is expensive, requires a
cold chain (constant refrigeration) and therefore difficult to obtain in the countries where
the need is the most dire. Recent outbreaks of strains from the >70 serotypes not
included in the vaccine are emerging. Since the capsule is exposed to the immune system
S. pneumoniae is under constant pressure to evolve. Strains can switch their capsule
types through genetic exchange and allelic replacement of the capsular operon. This
capsular switching indicates that the non-vaccine serotypes, while not the most prevalent
serotypes in the community, must have pre-existed and have now been selected for upon
implementation of the vaccine. One hypothesis of where this might occur is in the nasopharynx of pre-school aged children, particularly those children in day care centers.
Studies have shown that children in this group are often colonized with multiple strains
and serotypes of S. pneumoniae, and may be the breeding ground for new mutants to
arise. In response to the increase in non-vaccine type infections, a new vaccine PCV13,
which protects against six additional serotypes (serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14,
18C, 19A, 19F, and 23F are covered by this vaccine), was approved by the FDA in 2010.
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New efforts to create a protein-based vaccine that, in theory, could provide
immunity against all strains of S. pneumoniae regardless of serotype have begun [10, 11].
Among the few highly conserved S. pneumoniae proteins being considered in this new
vaccine, the multi-functional toxin Pneumolysin (Ply) is one [10, 11]. Multiple antigens
preparations of the vaccine have been shown to be protective in mouse models of
infection.
The capsule contributes to evasion of opsonization and phagocytosis and for this
reason, acapsular strains have been considered avirulent. However, this is an
oversimplified view. Nasopharyngeal colonization can be maintained with as little as
20% of wildtype levels of capsule, but these strains are less capable of causing invasive
disease, which suggests that the capsule is differentially regulated in different sites of the
body, specifically that a thicker capsule layer is required for systemic infection [12]. In
the naso-pharynx where colonization takes place and where the role of circulating
phagocytes and complement factors is reduced, even acapsular bacterial cells can
colonize. Acapsular bacteria are eventually cleared, but when an encapsulated bacterium
is allowed to colonize and its level of encapsulation is measured by assaying for the
percentage of opaque (high levels of capsule) versus transparent (low levels of capsule)
bacteria, the percentage of opaque variants decreases over the course of colonization.
Microscopic analysis of this phenomenon revealed that at the beginning of colonization
both capsular and acapsular cells are found in the lumen, and are heavily clumped
together. At a later time point, the acapsular strains remained clumped and in the lumen
where they are eventually cleared by mucoso-cilliary action. At early time points the
encapsulated strains were in the lumen but not clumped together, presumably due to high
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capsule expression. At later time points, the encapsulated strains are found at the surface
of the epithelial layer where the capsule is down regulated. Therefore, there may be a
spatial-temporal regulation of capsule during colonization that has yet to be fully
characterized [13].
The down regulation of capsule in a mouse model of colonization has been
recapitulated in a tissue culture system in a beautiful electron microscopy study. In tissue
culture, the bacterial cells proximal to the host cell have almost no capsule around them,
but as you look down single chains of bacteria, the level of encapsulation increases as the
distance from the host cell increases. This gradient of capsule suggests that the cells are
able to sense host cell proximity and decrease the amount of capsule elaborated on their
surface [14]. The mechanism of the downregulation of capsule is unknown, but does not
depend directly on the capsule locus itself. Presumably this gradient facilitates close
contact of the acapsular cells with host cells in order to adhere or acquire nutrients, while
protecting the more distally exposed, encapsulated bacterial cells from phagocytosis. It
will be interesting to see what other genes or pathways are co-regulated with the capsule,
particularly if adhesions are up regulated as the capsule is down regulated.
Cell wall
Underneath the capsule is the cell wall. In S. pneumoniae the cell wall is a thick
layer composed of peptidoglycan, teichoic acids and lipoteichoic acids [15]. The
Streptococcal cell wall is made of an approximately 360Å thick layer of peptidoglycan
[16]. The peptidoglycan is made of chains of N-acetylglucosamine (GlcNAc) and Nacetylmuramic acid (MurNAc) sugars connected in a !1!4 linkage [17]. The sugar
backbone is connected to short stem peptides through an amide linkage between the
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peptide and the MurNAc molecule [18]. These stem peptides can be crosslinked with
other stem peptides through a single amide bond between stem peptides or through longer
peptide crossbridges. The resulting structure is a thick three-dimensional meshwork of
peptidoglycan. The peptides in the chain in S. pneumoniae are different than they are in
many other bacteria, these include glutamine in the stem peptide and serine in the
crossbridges [18]. S. pneumoniae has many different types of stem peptides attached to
the repeating units of sugars. Roughly, they can be broken down into monomers, dimers
and trimers of stem peptides attached to the MurNAc of the cell wall. Also of note, the
most common stem peptide is a tripeptide and not a tetrapeptide as it is in other bacteria
[18].
Peptidoglycan is synthesized in several steps in three distinct cellular
compartments: the cytoplasm, membrane and cell wall [19]. In the cytoplasm, UDPMurNAc is synthesized from UDP-GlcNAc and phosphoenolpyruvate [20] . Five amino
acids are added onto the MurNAc sequentially, L-Ala, D-iGln, L-Lys, D-Ala-D-Ala [2123]. UDP-MurNAc-pentapeptide (Park’s nucleotide) is the final product of these
reactions [24] . Park’s nucleotide is linked to an undecaprenyl-pyrophosphate carrier in
the membrane in a phosphodiester linkage that removes the UDP, resulting in Lipid I
[25]. UDP-GlcNAc is added to Lipid I to make Lipid II precursor [26-28]. The epsilon
amino group of the lysine can be modified further to create the crossbridges that will
connect stem peptides [29]. Then, the Lipid II precursor is flipped to the outer leaflet of
the membrane via flippase, whose mechanism is still not precisely understood, and can be
assembled into the growing peptidoglycan outside the cell. The crossbridges of S.
pneumoniae are either direct crossbridges of D-Ala!L-Lys or dipeptide crossbridges
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consisting of D-Ala!L-Ala!L-Ser!L-Lys or D-Ala!L-Ala!L-Ala!L-Lys [18].
Incorporation of a peptidoglycan precursor into the cell wall is carried out by penicillinbinding proteins in a series of trans-glycoslyations, which connect MurNAc to cell wall
MurNAc-GlcNAc repeats, and transpeptidations, which crosslink the peptides together
[30] (Fig 1.2).
The primary function of the cell wall is to protect against osmotic and mechanical
forces [31]. The cell wall also provides a scaffold for teichoic acid and a large number of
sortase-mediated covalently attached proteins [17]. Peptidoglycan can be immunogenic
and is recognized by Toll-like receptor 2 [32] [33].
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Figure 1.2. Peptidoglycan subunits. A, Peptidoglycan subunit of S.
pneumoniae, arrows indicate sites of cell wall hydrolysis by lysozyme,
mutanolysin and LytA. B, Major stem peptides of S. pneumoniae.
Numbering refers to historical designation of stem peptides. MurNAc, Nacetyl-muramic acid; GlcNAc, N-acetyl-glucosamine. Adapted from Filipe,
et al., 2001.
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(Lipo)teichoic acid
Other major components of the cell wall include cell wall bound teichoic acid
(TA) and membrane bound lipoteichoic acid (LTA) [17]. (Lipo)teichoic acids are
pentameric sugar repeats of two molecules of N-acetylgalactosamine (GalNAc), two
molecules of ribitol phosphate, one molecule of 2-acetamido-4-amino-2,4,6-trideoxy-Dgalactose (AATGal) and one molecule of glucose. Phosphocholine is attached to
GalNAc and in the case of LTA, the glucose molecule is attached to a diacylglycerol in
the membrane via an alpha 1!3 bond [34]. The lipid anchor is synthesized by the
SP1076 gene product, alpha-monoglucosyl diacylglycerol synthase [35]. Unlike in other
bacteria, the LTA and TA of S. pneumoniae do not differ in their sugar repeats, and only
differ in that LTA is anchored to the membrane [36].
TA and LTA are made in the cytoplasm and loaded onto a undecaprenylpyrophosphate (like PG fragments), flipped across the membrane and incorporated into
the cell wall (TA) or membrane (LTA) [37]. TA and LTA bind phosphocholine [38].
Phosphocholine is not made by S. pneumoniae, but instead must be supplied to the
bacterium in the culture medium in vitro [39]. In vivo, phosphocholine is thought to be
scavenged from the host. Choline is imported and activated by genes licABC. LicB is
the transporter [40], LicA is the kinase that phosphorylates choline [41], which is
converted into cytidine 5’-phosphate (CDP)-choline by LicC, a cytidyl-transferase [4244]. CDP-choline is loaded onto TA and LTA by the cytoplasmic enzymes LicD1 and
LicD2 [45]. A flippase TacF has been proposed to flip choline-loaded TA and LTA
across the cytoplasmic membrane [37]. S. pneumoniae is auxotrophic for
phosphocholine and it is essential for growth, although if strains are grown in the
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presence of a choline analog, such as ethanolamine, viability is restored [46]. These
ethanolamine grown cells have a daughter cell separation defect and grow in long chains
[46]. The chaining seen in ethanolamine grown cells is due to the improper localization
and activation of the major cell wall amidase LtyA, also known as autolysin [47]. Under
normal growth conditions LytA separates daughter cells, and in stationary phase, LytA
causes self-lysis by cleavage of MurNAc!L-Ala amide bonds between the sugar
backbone and the stem peptides in the cell wall peptidoglycan [18].
Some mutants have been shown to grow without either choline or ethanolamine.
These mutants have gain of function point mutations in the TacF flippase that allows the
TA to be flipped across the membrane without containing choline or ethanolamine [37].
In wild-type cells, if there is no choline or choline analogs attached to the TA, the TA
cannot be flipped across the membrane and since the lipid anchor used by TA is the same
used for PG, PG transport is subsequently blocked and the cells die [48]. Thus, when the
requirement of having choline incorporated in the TA is removed, the lipid anchors are
freed up, allowing cell wall synthesis.
Choline on TA and LTA provides a scaffold/attachment point for a number of
choline binding proteins. This type of attachment is non-covalent and can be disrupted
with the addition of excess choline or growth in ethanolamine [46]. In addition to
providing a scaffold for choline binding proteins, many of which are themselves
virulence factors, choline contained on TA and LTA directly binds to C-reactive protein
and activate the immune system through the complement cascade [49]. LTA is
recognized by TLR2 [50, 51].
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Secretion
Sec/Type II secretion
In addition to peptidoglycan, teichoic acids and lipoteichoic acids, the cell wall
also contains many proteins. Before a protein can be attached to the cell wall, it must
first be secreted through the membrane. The major secretion pathway in bacteria is the
Type II general secretory (Sec) pathway (Fig. 1.3). Highly conserved Sec proteins
(SecYEG) form a channel through the cell membrane, which allows unfolded newly
forming proteins to be actively transported across the membrane to the external milieu or
to stay at or in the cell membrane. Proteins are targeted to the Sec translocon machinery
by a signal recognition particle (SRP) that binds the N-terminal signal sequence of the
nascent preprotein as it is coming out of the ribosome. Signal sequences are typically
found at the extreme N-terminus of a protein and are composed of three domains; a
positively charged N-terminal domain, a hydrophobic alpha helical region capable of
spanning the membrane, followed by an uncharged domain containing a cleavage site for
signal peptidase [52]. In Gram-positive bacteria, signal sequences can be up to 60 amino
acids in length [52]. The SRP pauses the ribosome and docks with SecA at the
membrane, thereby transporting the preprotein to the translocon where translation is
resumed. The protein is threaded through the Sec pore with energy provided by the SecA
ATPase. Once the protein has been translocated through the membrane, the N-terminal
signal sequence is recognized and bound by the SRP is then cleaved by a type I or type II
signal peptidase [15]. Proteins cleaved with a type I peptidase are generally soluble, and
secreted to the extracellular milieu or cell wall attached or insoluble integral membrane
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proteins. Proteins cleaved with a type II peptidase are generally lipidated and are inserted
in the membrane [53].
As little as one amino acid change to a signal sequence, particularly in the
hydrophobic segment, can prevent the secretion of a protein [54]. Fusion of a signal
sequence to a non-secreted protein can result in the secretion of the protein if it is
compatible with the Sec-machinery. If it is not compatible, the protein may be tethered
to the membrane of the cell, which can negatively impact the function of the fusion
protein. In extreme cases, a signal sequence fusion protein can be so incompatible with
the Sec-machinery that the expression of the construct is toxic to cells, presumably due to
the jamming of the Sec-machinery by the fusion protein, which prevents the secretion of
other essential proteins. Suppressors appear that have mutations in the signal sequence of
the fusion protein [54, 55].
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machinery by a signal recognition particle (SRP) that binds the N-terminal signal
sequence (red rectangle) of the nascent preprotein (red ribbon) as it is coming out of the
ribosome. The SRP pauses the ribosome and docks with SecA at the membrane. 2,
Translation is resumed upon docking with the Sec-machinery and the protein is threaded
through the Sec pore with energy provided by the SecA ATPase. 3, The N-terminal
signal sequence then cleaved by a type I or type II signal peptidase once the protein has
been translocated through the membrane. Soluble proteins cleaved with a type I
peptidase can be secreted to the extracellular milieu or attached to the cell wall; insoluble
proteins cleaved with a type I peptidase are typically integral membrane proteins.
Proteins cleaved with a type II peptidase are generally lipodated and are covalently
attached to the membrane. (Adapted from Papanikou et al.. 2007)
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TAT
Gram-positive bacteria possess several other protein secretion systems in addition
to the Sec translocon. One such system is the twin-arginine translocation (TAT) system,
which also utilizes a hydrophobic N-terminal sequence and can secrete folded proteins
[15]. However, since the S. pneumoniae genome does not contain the TAT components
it will not be discussed further [56].
SecA2
A third secretion system is the SecA2 translocon found in many Gram-positive
organisms, including S. pneumoniae. SecA2 shares homology with the canonical SecA
proteins from the E. coli and B. subtilis Sec translocons, but unlike the Sec system,
SecA2 genes are not essential; however, they have been implicated in virulence [57] [58]
[59] [60] [61]. Many SecA2 secreted proteins contain a signal sequence similar to that of
a Sec N-terminal secretion signal peptide; however, features that are required for SecA2
dependent secretion vary by individual proteins [61, 62]. In fact, some proteins secreted
in a SecA2 dependent manner do not contain a signal sequence [60] [63].
There is an example of this type of secretion in Listeria monocytogenes for a
protein called MurA, a muramidase that is able to cleave peptidoglycan [64]. In a wildtype bacterial cell, MurA is found both in the cell wall and cytoplasm; in a secA2 deletion
strain, MurA is not found in any fraction [63]. While the absence of MurA in the !secA2
background could indicate differential gene expression, it could indicate that MurA is
degraded when it is not being secreted.
TIGR4, a serotype 4, sequenced strain of S. pneumoniae that is commonly used in
laboratory studies contains SecA2 and SecY2 homologs, whereas D39, a commonly used
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serotype 2 strain, which is also sequenced and expresses Ply, does not. It is unlikely that
a species wide secreted protein would be secreted through the non-conserved SecA2
pathway.
ABC transporters/Type I secretion
ABC transporters provide substrate specific secretion to many types of molecules
from ions to proteins. Translocation of substrates is thought to require the hydrolysis of
ATP. The structure of ABC transporters is conserved across biological kingdoms and
consists of two nucleotide-binding domains and two transmembrane permease domains.
Substrates do not require typical N-terminal sec signal sequences for translocation [65].
Hemolysin (HylA) in E. coli is secreted through an ABC-transporter and contains a Cterminal secretion tag that is required for secretion through the transporter. The Cterminal secretion tag suggests that secretion through an ABC-transporter occurs posttranslationally[66]. When compared to other ABC-transporters, however a conserved
sequence is not apparent [67]. Many ABC transporters are encoded in the S. pneumoniae
genome including the Psa manganese transporter [68, 69].
ESX secretion in Mycobacterium tuberculosis
ESX-1 secretion systems are found in Mycobacteria (a Gram-positive-derived
genus) and are specialized secretion systems that were identified as secreting certain
immunodominant antigens ESAT-6 and CFP10 [70]. Strains deleted for ESAT-6 and
CFP10 are attenuated for virulence as are strains deleted for the ESX-1 (also known as
RD1) locus [71]. RD1, incidentally, is missing from and is a defining feature of the BCG
tuberculosis vaccine strain [72]. ESX-1 substrates ESAT-6 and CFP10 require an
unstructured C-terminal signal sequence that has been proposed to act as a “handle” for
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proper targeting of the substrate to the ESX-1 secretion machinery [73]. S. pneumoniae
does not contain ESX-1 orthologous proteins.
Autotransporters/Type V secretion
Autotransportation or type V secretion has been described for Gram-negative
bacteria. It was first described for IgAI protease in Neisseria gonorrhoeae [74].
Autotransporters in Gram-negatives are secreted through the Sec-machinery and then the
C-terminus of the protein forms a beta barrel in the outer membrane. The rest of the
protein is snaked through the beta-barrel pore and is cleaved to its mature size on the
outside of the membrane. S. pneumoniae contains no outer membrane, so it is unlikely
that Type V secretion exists in S. pneumoniae, however, one could imagine that a similar
type of pore formation could occur in the plasma membrane and allow for protein
secretion through a self-created pore.
Leaderless extracellular proteins
There are several examples of S. pneumoniae proteins that are exported and
localized to the cell wall and yet do not contain a signal sequence for any known
secretion system. Among them are LytA [75], Enolase [76, 77] and Streptococcal
glyceraldhyde-3-phosphate dehydrogenase (SDH) [78]. The mechanism for the export of
these proteins is not known.
Enolase is a metabolic enzyme lacking a signal sequence that has dual
cytoplasmic and cell surface localizations [77]. S. pneumoniae has only one copy of the
enolase gene, indicating that the cytoplasmic and surface enzymes are encoded by the
same gene. On the surface, enolase binds to plasminogen. Plasminogen is a component
of the extracellular matrix of host cells and binding of plasminogen is a way for S.
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pneumoniae to adhere to host surfaces. Furthermore, upon proteolytic cleavage of
plasminogen into plasmin by the host, the ECM is broken down, allowing the bacteria to
invade across cell barriers. Enolase has been shown to reassociate with the cell surface in
a dose-dependent manner. Therefore, one explanation for the export of enolase is that it
is released from a neighboring bacterium that has lysed, and enolase has then “stuck” to
the bacterial surface [77].
SDH was discovered to have a cell surface localization in S. pyogenes and later in
S. pneumoniae. In both bacteria SDH has been shown to be localized to the cell surface
and can bind plasminogen with similar effects as with enolase. SDH can also bind to
fibrin and contribute to adherence to host cells. A mutant of SDH with a hydrophobic tail
that prevented its export to the cell surface in S. pyogenes has been described. This
cytoplasmic only SDH expressing strain had defects in a systemic mouse model of
infection. The mechanism of export of this protein is still unknown [79].
Yet another protein that is leaderless is the major Autolysin, LytA. LytA attaches
to choline residues in cell wall TA and LTA via choline binding domain repeats, but its
mechanism of secretion through the membrane is not known [80]. Exogenously applied
LytA can bind choline in the cell wall [81]. However, since LytA is the molecule
responsible for autolysis, the limited autolysis-dependent release model does not make
sense for this protein. Instead, LytA is likely secreted and localized to the cell wall of the
same cell.
Cell wall attachment
After secretion through the membrane, a soluble protein can be released into the
extracellular milieu or attached to the cell wall. Cell wall anchoring in S. pneumoniae is
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carried by one of two independent mechanisms. The first is a covalent attachment of
proteins to the stem peptides of peptidoglycan. This reaction is carried out by an enzyme
called a sortase, which receives substrate proteins that contain a standard N-terminal
signal sequence and have been secreted through the Sec translocon. Sortase is a
transpeptidase that cleaves the substrate at the C-terminal end and covalently attaches the
cleaved C-terminal end to a cell wall precursor, which is then incorporated into the cell
wall. Sortases recognize a conserved motif found at the C-terminus of substrate proteins,
usually LPXTG then a membrane spanning hydrophobic stretch of amino acids followed
by a positively charged tail [82]. Examples of S. pneumoniae sortase-mediated cell wall
proteins are RrgA, B and C (the components of a multimeric pilus) [83], NanA
(neuraminidase) [84] and Hyl (hyluronidase) [82].
S. pneumoniae can also non-covalently attach proteins to the choline within the
TA and LTA of the cell wall via choline binding domains. Generally, the functional
portion of the choline binding protein is connected to the choline binding domain through
a flexible linker. The choline binding domain is usually in the C-terminus of the protein
and is comprised of approximately 10 repeated segments of about 20 amino acids
typically containing a GW (Glycine Tryptophan) motif [15]. Examples of choline
binding proteins include PspA (pneumococcal surface protein A) [85, 86], CbpA (choline
binding protein A) [87] and LytA (autolysin) [80].
Most proteins that are attached to the cell wall via sortases or a choline binding
domain contain an N-terminal signal sequence, and are secreted through the Sec
machinery, but there are exceptions, including LytA the major pneumococcal autolysin
[88].
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Virulence factors of Streptococcus pneumoniae
The wide range of disease that can be caused by S. pneumoniae is reflected in the
large arsenal of virulence factors that the bacterium elaborates. A few such factors will
be discussed below.
Neuraminidase
Neuraminidase is an enzyme that can cleave the terminal sialic acid residues
found on eukaryotic cell surfaces on glycoproteins, glycolipids and mucin [89] resulting
in a removal of the negative charge from the eukaryotic cell surface and decreased ability
of the eukayortic cells to take up potassium ions [90]. This cleavage of sialic acid may
provide a nutrient source (the released sialic acid) for S. pneumoniae and it may also be a
way to reveal a new terminal sugar for cleavage and utilization or as a ligand for
pneumococcal adherence [91]. Conflicting evidence has been demonstrated for the
function of neuraminidase as a contributer to adhesion. One study that shows altered
sugars on the surface of chinchilla tracheas and decreased adherence to the tracheas in an
organ culture model using strain D39 [92]. But another study shows no difference in
colonization in a mouse nasopharyngeal colonization model [93]. The disparity of these
results most likely is due to the different animal models or possibly due to stain
differences of the bacteria. In the chinchilla model, the tracheas were cultured ex vivo,
whereas in the colonization model, a whole animal was infected. It is possible that
immune system factors (among other host factors) contributed to the masking of the
adherence phenotype in the colonization model. Neuraminidase activity has been
implicated in virulence. Mice injected intraperitoneally with neuraminidase from
pneumococcal clinical isolates show a marked decrease in the sialic acid content of the
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liver and kidney [94]. In patients with meningitis, high levels of free N-acetyl
neuraminic acid in the cerebral spinal fluid (CSF) correlate with higher incidences of
coma and bacteremia [95]. S. pneumoniae encodes two neuraminidases, nanA and nanB
[84, 94]. NanA has a C-terminal LPXTG sortase motif in certain serotypes, which
indicates that NanA is likely covalently attached to the cell wall in those serotypes but
secreted in the serotypes that lack the LPXTG motif. NanB, in contrast does not have a
LPXTG sorting motif [84]. NanA is most active at pH=5, while NanB is most active at
pH=7 [96]. This differential activity may indicate that the two neuraminidases are
required or are active at different sites of the body. Additionally, neuraminidase is more
active in transparent isolates than opaque isolates [93]. Transparent isolates are found to
have decreased amounts of capsule and are associated with the nasopharynx in
established colonization, which correlates nicely with the proposed role for
neuraminidase in S. pneumoniae colonization.
Pneumococcal surface protein A (PspA)
Pneumococcal surface protein A (PspA)is cell wall protein that is surface exposed
[97]. PspA is found in all clinical isolates tested, but can vary in length [98]. PspA is
non-covalently attached to the choline molecules in teichoic and lipoteichoic acids in the
cell wall via a repeated motif known as a choline-binding domain [85, 86]. The choline
binding domain is connected to the functional portion of the protein through a flexible
proline linker [99, 100]. The functional N-terminus is a coiled-coil structure that is
differentially electrically charged. The electropositive portion has been reported to
stabilize the electronegative pneumococcal capsule. The electronegative end extends
away from the capsule and is repelled by its negative charge. This electronegative region
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of the protein has been implicated in the blocking of C3-mediated activation of
complement [100]. PspA represents a protective antigen and it has been tested as an
antigen in a protein based vaccine [10, 11, 101].
Hyaluronate lyase (Hyl)
Hyaluronate lyase is an enzyme that breaks down hyaluronan. Hyaluronan is viscous a
polymer of glucuronic acid and N-acetylglucosamine repeats that are an important
component of the extracellular matrix of vertebrates that is detectable in every human
fluid and tissue [102]. Eukaryotes encode hyaluronate lyases that can alter the
developmental pathway of a tissue by breakdown of hyaluronan [103]. Bacterial Hyls
cleave hyaluronan into smaller pieces and much more rapidly than their eukaryotic
counter parts, suggestive of a role for Hyl in the spread of S. pneumoniae infections by
breakdown of the connective polymer [104] [105]. The mechanism for Hyl’s cleavage of
hyaluronan has been described in vitro [104, 106], however, the mechanism of bacterial
spread by the action of Hyl has yet to be described. Hyaluronan also plays a role in the
inflammatory response, therefore, cleavage of the molecule could affect immune system
signaling. Hyl is attached to the cell wall via a LPXTG sortase mediated linkage [82].
Hyl can also be found in the culture supernatant fraction, which has been interpreted to
indicate that some Hyl is released from the bacterial cell and may contribute to the
bacterium’s infectiveness [107].
Pneumococcal surface antigen A (PsaA)
Pneumococcal surface antigen A (PsaA) is a lipoprotein attached to the membrane
via a lipid anchor between a cysteine on the protein and a diacylglycerol in the
membrane. The membrane anchor is encoded in the N-terminal signal sequence of PsaA
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and is recognized by signal peptidase II. After secretion through the Sec-machinery, the
cysteine in the LXXC lipoprotein motif is covalently attached to a diacylgylcerol in the
membrane and the signal sequence is cleaved [108, 109]. PsaA is the substrate-binding
component of the Manganese ABC transporter and plays a role in the import of
manganese into the cell [110]. psaA mutants are attenuated in virulence and are more
sensitive to oxidative stress. PsaA has been reported to be an adhesin and to be antigenic
[111], but its structure reveals that it is 70Å in height, which is much shorter than the
360Å tall cell wall layer [112]. One study shows that PsaA is only accessible on
protoplasts [113], while others show that PsaA is required for adhesion to tissue culture
cells [111]. This disconnect between the antigenicity and adhesive qualities of PsaA and
its size is still an open question for research.
CbpA
Choline binding protein A (CbpA), also known as pneumococcal surface protein
C (PspC) is attached to the cell wall of S. pneumoniae non-covalently through the
interaction of choline molecules on the teichoic and lipoteichoic acids of the cell wall via
choline binding domains [87]. CbpA is a long, fibrous molecule [87] that has been
implicated in adherence to tissues. This adherence is mediated by bridging the choline in
teichoic and lipoteichoic acids in the cell wall with the glycoconjugants on the host cells.
CbpA bridges platelet-activating factor receptor or other glycoconjugates expressed by
cytokine-activated host cells [114]. CbpA can also bind to secretory IgA and interfere
with its function [115].
Autolysis
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Autolysis is a well-studied in vitro phenomenon that occurs when cells reach
stationary phase whereupon cells osmotically burst as a result of the action of LytA, a cell
wall bound murein hydrolase and two other minor lysins, LytC and CbpD [116-118].
These lysins play important roles in the septation and separation of multiplying S.
pneumoniae. It is unclear whether autolysis is a laboratory artifact or not; however,
strains deficient in lytA are attenuated in mouse models of infection indicating that lytA
does play a role in infection [119].
LytA is synthesized as an inactive E-form (for ethanolamine grown) in the
cytoplasm and, when it binds to choline in the TA and LTA, “converts” into the
enzymatically active C-form (for choline grown) [17, 47]. LytA works as a dimer and
can cleave the MurNAc-L-Ala bond (between the sugar backbone and stem peptides)
when in contact with peptidoglycan [18]. The mechanism of how LytA is released from
choline and reaches the peptidoglycan is unknown, but SDS treatment induces LytAdependent lysis of cells [46, 116, 120]. Additionally, LytA releases choline before it
cleaves the cell wall [81]. In S. pneumoniae, LytA has been shown to cluster around the
division plane or growth zone of the bacterial cell wall [75]. When expressed in E. coli,
LytA is exported to the outer face of the cytoplasmic membrane [75]. Such a localization
in this heterologous host suggests that the mechanism of LytA export is conserved in E.
coli and is not dependent upon TA, LTA or choline. Alternatively, LytA may be an
autotransporter in both hosts.
Why would S. pneumoniae encode a protein that can induce autolysis? One
reason may be that the separation of daughter cells is important for evasion of the host
immune system. With fewer cells connected together, there are fewer opsonization
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targets clustered in one location. Another potential role for lytA autolysis is in horizontal
gene exchange. LytA is required for natural transformation [46]. Another lysin, CbpD is
absolutely required for lysis of neighboring cells, however, LytA and LytC (lysozyme)
enhance its effect [121]. Competent cells are protected from self-induced autolysin
activation by the secretion of another protein ComM, termed the immunity protein. It is
still unclear how the immunity protein works, but presumably it works in cis to protect
the producer of the immunity protein from the action of its own lysins [121]. The
selective lysis of non-competent bacteria may be a survival/evolutionary strategy to gain
new genes and nutrients and ensure that competence is maintained in a population.
LytA has been implicated in virulence as strains deleted for lytA are attenuated in
mouse models of infection. The LD50 by the intraperitoneal route is 102 CFU for wild
type and >107 CFU for a lytA mutant. Additionally, immunization with LytA confers
partial protection to mice in an intranasal challenge [122].
There have been a series of studies analyzing the contribution of LytA to the
down regulation of certain cytokines. Strikingly, in vitro experiments with S.
pneumoniae and peripheral blood mononuclear (PMN) cells show that very little TNF
alpha, IFN gamma or IL-12 is produced in contrast to all other Streptococcal species
tested [123]. This low stimulation of cytokines was reversed when S. pneumoniae was
grown in the presence of 2% choline or when a strain containing a deletion of lytA was
used; in both cases LytA was eliminated from the surface of bacterial cells. The authors
also showed that co-incubation of acapsular cells grown in the presence of 2% choline
(no capsule, no LytA) with UV killed autolysed bacteria is protective against
phagocytosis when incubated in heparinized human blood. The authors suggested that
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the components released by autolysis inhibited the stimulation of cytokines and decreased
phagocytosis of the intact cells [123]. One problem with these experiments is that they
have not ruled out the role of bacterial surface choline as the actual stimulator of
cytokines and phagocytosis. When wildtype cells are grown in the presence of 2%
choline, their LytA (and other choline binding proteins) are released from the choline
residues in (L)TA, thus exposing choline residues. In a lytA mutant, there is similarly no
LytA to coat the choline molecules on the cell surface. Choline is recognized by Creactive protein (CRP) in the blood and can activate the complement cascade [49]. It can
also lead to the production of cytokines, which can lead to the recruitment of phagocytes
[124]. Therefore, the role of LytA may not be to lyse bacterial cells in order to inhibit
cytokine release, but to mask the stimulator of the cytokines, choline in LTA and TA.
One major role assigned to LytA is the release of pneumolysin, a protein required
for both virulence and colonization that contains no N-terminal signal sequence [125,
126]. Evidence to support this model came from the early claim that Ply is located in the
cytoplasm and that large amounts of Ply are not detectable in the supernatant until
stationary phase, when autolysis is occurring [127]. Additionally, many virulence studies
that have assayed the effect of Ply and LytA on virulence have found that deletions in ply
and lytA have the same phenotypes, thus suggesting that they are in the same pathway
[128-130].
Cholesterol dependent cytolysins (CDCs)
Cholesterol dependent cytolysins (CDCs) are produced by many Gram-positive
pathogens and share the ability to form large pores in the plasma membrane of
eurkaryotic cells. CDCs are in general secreted through the Type II (Sec) secretion
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machinery and bind to cholesterol on the surface of eukaryotic cells; there are exceptions:
Pneumolysin (Ply) does not contain a signal sequence required for Type II secretion, and
the receptor for Intermedilysin O (ILY) is human CD59. Once bound, the proteins
diffuse laterally and form oligomers of 35-50 monomers known as a pre-pore. The prepore then undergoes a massive conformational change that allows a transmembrane
hairpin to form and pierce the membrane of the eukaryotic cell. The pores cause
catastrophic damage to the cell, resulting in cell lysis and tissue damage, which leads to
increased inflammation [131, 132]. A few examples of CDCs produced by different
bacteria will be discussed below.
Perfringolysin O (Pfo)
The crystal structure of Ply, LLO and SLO has not been solved; so much of the
structural insights to the molecular mechanism of CDCs are based on the crystal structure
perfringolysin O (Pfo), a CDC from Clostridium perfringens. The subject of this work,
Ply shares 48% identity with the mature Pfo with strong homology occurring over their
entire primary structures [133]. Pfo can be roughly divided up into four domains.
Domain 1 is highly electronegative. Domain 4 contains the cholesterol binding domain.
It has been hypothesized that the cholesterol binding domain is located in the most
conserved region of the protein, the undecapeptide ECTGLAWEWWR. However, a
recent report shows that a threonine-leucine pair motif in loop L1 of the TMH is the
actual cholesterol binding domain [134]. This Thr-Leu (459-460 in Ply) pair binds to
cholesterol in the host cell membrane [135] (Fig. 1.4). In binding studies with purified
protein and liposomes, the amount of cholesterol needed in the liposomes is quiet high,
almost 1:1 cholesterol:phospholipids [131]. Monomers of the protein then assemble in a
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ring to form a pre-pore [136]. Upon pre-pore formation, domain 2 collapses, which
allows the transmembrane hairpins (TMH) of domain 3 to reach the host’s membrane and
pierce it [136, 137]. In solution, the TMH of domain 3 are held in a non-pore forming
alpha helical conformation through interactions with domain 2. The alpha helices of
domain 3 are packed against domain 2 less tightly in Ply compared to Pfo [135].
The pore formation of Ply has been illustrated in a Cryo-EM study using purified
Ply and liposomes [136]. Ply was applied to cholesterol containing liposomes and
allowed to form pre-pores and pores. These complexes were then examined using Cryoelectromicroscopy. The Pfo crystal structure was then fitted into the Cryo-EM images to
model the conformational changes that Ply undergoes in the pre-pore to pore transition.
Pre-pores are formed by the oligomerization of 30-40 monomers of Ply on the surface of
a host cell upon binding to cholesterol. The pre-pore is 290Å in diameter and 100Å in
height. Upon pore formation, the ring flattens down to 70Å in height and widens out to
400Å in diameter [136]. These data confirm studies assaying pre-pore to pore transitions
using Pfo mutants that had been loocked into monomer, pre-pore forms by engineered
disulfide bonds [131].
Listeriolysin O (LLO)
Listeriolysin O (LLO) is a CDC produced by Listeria monocytogenes and
contains an N-terminal signal sequence for secretion through the Sec-machinery. LLO is
most active at pH=5.5, which correlates with the requirement on LLO for
phagolysosomal escape. L. monocytogenes can be taken up by both phagocytic and nonphagocytic cells in a vacuole. Upon maturation through the endocytic pathway, and
acidification of the vacuole, the bacterium is released from the vacuole in an LLO-
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dependent manner. Phagosomal escape allows the bacterium to proliferate and spread to
an adjacent cell [138].
The exact mechanism of LLO-dependent release remains unclear. The pores that
LLO (and other CDCs) form are too small for bacteria to fit through and since the pores
occur inside a cell, it is unlikely that osmotic lysis of a vacuole could occur as the
cytoplasmic contents would quickly balance out the phagosomal contents. A recent
report shows that LLO induces recruitment of autophagy-markers of a L. monocytogenescontaining vacuole [139]. Autophagy is a mechanism to degrade damaged organelles or
intracellular contents in a targeted manner. The authors showed that LLO alone is
sufficient to induce autophagy and suggest that autophagy results in the breakdown of the
vacuole and release of bacteria into the cytoplasm. Direct evidence for such a model has
not yet been shown. In two different cell types, there is a role for autophagy in
phagosomal escape (MEFs) but not in the other (BMDMs). Thus, while the LLO is
clearly important for L. monocytogenes pathogenesis, the precise mechanism by which it
allows phagosomal escape is unknown.
Streptolysin O (SLO)
Streptolysin O (SLO) is another CDC that contains an N-terminal signal sequence
for Sec-dependent secretion into the extracellular milieu and is an important virulence
factor for S. pyogenes infections [140, 141]. Immediately down stream of the signal
sequence is a long leader sequence that has no homology to any other known CDC. S.
pyogenes has been shown to translocate a NAD+ glycohydrolase (SPN) into
keratinocytes in an SLO-dependent manner [142]. This mechanism termed cytolysinmediated translocation has been compared to the type III secretion systems of Gram-
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negative bacteria that directly inject bacterial effector proteins into host cells. The extra
leader sequence is necessary for CMT, as its removal results in the failure of SPN to be
translocated into host cells. This sequence is not sufficient for translocation, however, as
Pfo that contains this leader sequence of SLO is unable to translocate SPN when
expressed in S. pyogenes [143]. The original hypothesis for the CMT was that SLO
would create a pore through which SPN would be translocated [142]. However, recent
evidence shows that this mechanism cannot be the case. SLO that is locked in a pre-pore
state is still able to translocate SPN as well as pore forming SLO, indicating that the
ability to form pores is not required for SPN translocation. Monomer locked SLO can
translocate about half as much SPN as the wildtype or pre-pore locked SLO, indicating
that ability to aggregate is important for SPN translocation [144]. Thus, while SLO is
required for SPN translocation, the precise mechanism by which it occurs remains an
open area of investigation.
Intermedilysin O (ILY)
Intermedilysin O is produced by Streptococcus intermedius and is unique amongst
other CDCs in that it is specific to human cells as it binds to human CD59, a protein that
prevents the deposition of membrane attack complex proteins on host cells when
complement has been activated [145, 146]. ILY then binds to cholesterol via the
conserved cholesterol binding site. ILY disengages with human CD59 during the prepore to pore transition, so the cholesterol binding domain and anchoring in the membrane
is still required for pore formation [134, 147, 148]. CD59 is enriched on activated
neutrophils, a target of ILY and a prominent immune cell in the formation of an abscess,
a hallmark of S. intermedius invasive disease [131, 149]. It is possible, therefore, that
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ILY has evolved a way that target the specific immune cells that combat the type of
infection that S. intermedius causes.
Pneumolysin
Pneumolysin (Ply) is a member of the family of pore foming CDCs that differs
from all other members in that is does not contain an N-terminal signal sequence for
Type II (Sec) secretion [125]. Ply is important for both mouse models of colonization
and infection [119]. When used as an antigen, Ply confers partial protection against S.
pneumoniae infection [119].
Structure
Ply has an overall surface charge that is negative/acidic. However, one
purification study for Ply concluded that there is a hydrophobic nature to Ply, as a very
pure preparation of the protein could be obtained through the use of hydroxyapatite as an
eluent in phenyl-sephadex chromatography. This study has a caveat in that the majority
of the protein did not bind the column and a
wide peak of protein could be eluted with water, in apparent contradiction to the claim of
hydrophobicity. This water eluted fraction was then bound to a new column and eluted
with hydroxyapatite, which resulted in a very concentrated preparation of Ply [150].
Another method to purify Ply utilized ion-exchange chromatography, followed by
affinity chromatography on thiopropyl-Sepharose that makes disulfide bonds between the
protein and the column, which was eluted with DTT. The final step was gel filtration by
size. This method of preparation [151] yielded as much active Ply as the method
described above [150].
Activities
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The 53 kDa pore-forming toxin Ply has multiple, independent activities [1, 152]
(Fig. 1.4). Ply activates the classical pathway of the complement cascade by binding to
the Fc portion of IgG in a specific-antibody independent manner. Complement is an
immune system mechanism to recognize, tag and target foreign material for degradation
and clearance. Complement can be activated by the binding of a specific antibody to an
antigen on the bacterial cell surface, or by binding of C-reactive protein to the surface of
a bacterium. Domain 4 of Ply mimics the fold of the Fc portion of IgG, such that when
they are bound, it mimics the IgG clustering seen when a bacterium is opsonized. The
clustering of IgG and Ply set off a cascade of complement factors that is dependent of C2
and divalent cations (hallmarks of the classical complement cascade) [153]. When
exposed to serum, S. pneumoniae is rapidly killed in vitro, however, when the serum is
pre-treated with Ply or Ply and cholesterol, almost all of the bacterial cells survive
because the pre-treatment converts the complement components, rendering them inactive
[154].
Cytotoxic functions of Ply are initiated through the binding of cholesterol in
domain 4 of the protein. Membrane binding and cytotoxicity can therefore be prevented
with pre-incubation of Ply with cholesterol [155]. Since cholesterol does not inhibit
activation of complement by Ply, the regions involved in complement activation are not
the same as the regions required for cytotoxicity [154]. The IgG binding was mapped to
amino acids 384 and 385 [153] (Fig. 1.4). Ply also shares two regions of sequence
homology with C-reactive protein, and it was proposed that Ply could directly bind CRP
and activate complement [153, 154]. However, when these regions are mapped to the
structure of Ply, the two regions are discontinuous, making that hypothesis unlikely
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[135]. The mutations in the second region that decrease the activation of complement are
shared by the region that is responsible for IgG binding, so it is most likely that the
activation of complement is due to binding of IgG [135].
Polymorphonuclear leukocytes can phagocytose bacteria and produce a
respiratory burst of hydrogen peroxide and other reactive oxygen species that can kill
bacterial cells. At sublethal doses of Ply (as low as 1 hemolytic unit [HU] per 106
PMNL), the respiratory burst of PMNLs was reduced as well as the ability of the PMNLs
to chemotax. Also, the level of bacterial cell killing was reduced when PMNL were pretreated with Ply. Ply can also induce neuronal cell apoptosis in primary neurons via
mitochondrial damage in a TLR4-independent and caspase-independent manner (Braun
2007) [156].
Ply also acts as a cholesterol-dependent cytolysin (CDC), and can directly bind to
and kill cells through pore formation in their plasma membranes. Ply binds to cholesterol
in the host cell plasma membrane, oligomerizes and inserts itself into the eukaryotic
membrane, forming a pore 350 to 450Å in diameter [131, 136, 157]. Ply has been
studied since the early 1900s and was first purified in the late 1960s. In a 1971 study,
two doses (2400 HU/kg and 10,000 HU/kg) of a purified preparation of Ply were injected
into rabbits. Within 15 minutes both rabbits died. An analysis of their blood revealed
dramatically reduced RBC volume, increased RBC osmotic fragility, hemoglobinemia
and dramatically altered RBC morphology. The paper includes a figure of RBCs from
the rabbits before injection and 5 minutes post-injection. Pre-injection RBCs are discshaped; post-injection RBCs instead look like 8 or 9-sided stars—as if multiple pores had
been formed on them [158].
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This ability to form pores and subsequently destroy host cells, is thought to be a
major role of Ply in the spread of S. pneumoniae during an invasive infection from the
lungs to the bloodstream or from the bloodstream to the brain [159]. Virtually all clinical
isolates express Ply and strains deleted for ply are attenuated in animal models of
colonization and infection [119]. A toxoid (non-lytic) version of Ply has been shown to
constitute a protective antigen against subsequent S. pneumoniae challenge in mice [160,
161].
Regulation
Surprisingly, very little is known about the transcriptional control of ply. When
compared to growth in a rich broth medium, ply is not over- or under-expressed in blood,
but is down regulated in a number of other conditions: brain (three-fold), lung (five-fold),
agar (100-fold) and biofilm (five-fold) [162]. Ply is expressed during infection [129], so
the low transcription based on the microarray study above [162] must be sufficient to
produce enough Ply for virulence. Streptolysin O, a signal sequence containing CDC
produced by S. pyogenes, is controlled by a divergently transcribed TetR type
transcriptional regulator; the ply locus contains no such element [163].
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IgG binding motif

Cholesterol binding motif

Figure 1.4. Model of Ply structure. Model made with ModWeb software
and manipulated with MacPyMol software. Domains are color coded.
Blue, domain 1; green, domain 2; red, domain 3; yellow, domain 4. The
cholesterol binding motif is highlighted in cyan. The IgG binding motif is
highlighted in magenta.
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Localization
Ply functions extracellularly, but unlike all other known members of the Grampositive pathogen CDC family (e.g., Perfringolysin O, Streptolysin O and Listeriolysin
O), Ply may not be secreted through the canonical Sec machinery because it lacks an Nterminal signal sequence [125]. Ply also lacks other known signals for any of the
previously described secretion systems, and it does not contain any previously described
cell wall anchoring motif [125]. Early work on Ply reported that it has a cytoplasmic
localization in S. pneumoniae [127]. This report, along with the finding that Ply lacks a
signal sequence and with the observation that Ply is not found in culture supernatants
until cells have undergone autolysis suggested an cell lysis-dependent release of Ply
[125] [119]. The release of Ply into the host milieu upon autolysis has been a working
hypothesis in the field for the past 20 years, and as such, subsequent studies that have
analyzed Ply’s activity or presence, have only considered a cytoplasmic or lysis-mediated
extracellular location.
Recently, evidence has emerged contradicting this model. Certain strains have
been reported to release Ply into the culture supernatant in early stationary phase when
autolysis of the culture has not yet occurred [164]. Additionally, Ply has been reported to
be released in the absence of LytA, indicating an autolysis-independent release of Ply
[165].
In this work I confirm the lysis-independent export of Ply and build on this to
show that Ply localizes to the cell wall compartment. This cell wall localization is
surprising given that Ply lacks a signal peptide, and any known Gram-positive cell wall
anchor motifs. I show that this cell wall localized Ply has hemolytic activity, is
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accessible to protease and can be released by detergent. In contrast to the leaderless
protein described earlier, I show that exogenously added Ply does not re-associate with
the cell wall, further supporting the observations that Ply has an autolysis-independent
mechanism of release. I further identify the domains of Ply that are required for its
export and show that a signal sequence is not sufficient for Sec-dependent Ply secretion
in S. pneumoniae, but is sufficient in a surrogate host, Bacillus subtilis. Finally, using the
native ply sequence, I show that a signal sequence-less protein export pathway is
conserved in B. subtilis.
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CHAPTER 2: PNEUMOLYSIN LOCALIZES TO THE CELL WALL OF
STREPTOCOCCUS PNEUMONIAE

Portions of this chapter were published as:
Katherine E. Price and Andrew Camilli. Pneumolysin Localizes to the Cell Wall of
Streptococcus pneumoniae. J. Bacteriol. 2009. 191: 2163-2168.
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OVERVIEW
Ply functions extracellularly and yet unlike all other known members of the CDC
family, Ply has no N-terminal secretion signal peptide [125]. Early work on Ply reported
that it has a cytoplasmic localization in S. pneumoniae [127]. This report, along with the
observation that Ply is not found in culture supernatants until cells have undergone
autolysis suggested a cell lysis-dependent release of Ply. Autolysis is a well-studied
stationary-phase phenomenon that occurs in vitro [117]. LytA, a cell wall bound murein
hydrolase is required for autolysis as well as normal septation during bacterial
multiplication; two other minor lysins, LytC and CbpD also contribute to these processes
[118]. It is unclear whether autolysis is a laboratory artifact or not; however, strains
deficient in LytA are attenuated in mouse models of infection, which is suggestive of a
role for autolysis in vivo [122]. The release of Ply into the host milieu upon autolysis has
been a working hypothesis in the field for the past 20 years, and as such, subsequent
studies that have analyzed Ply’s activity or presence, have only considered cytoplasmic
or lysis-mediated extracellular locations for this protein.
Recently, evidence has emerged contradicting this model. Certain strains have
been reported to release Ply into the culture supernatant in early stationary phase when
autolysis of the culture has not yet occurred [164]. Additionally, Ply has been reported to
be released in the absence of LytA, indicating an autolysis-independent release of Ply
[165].
In this report we build on these studies to show lysis-independent export of Ply,
specifically to the cell wall compartment. This cell wall localization is surprising given
that Ply lacks not only a signal peptide, but also any of the known Gram-positive cell
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wall anchor motifs. Additionally we show that this cell wall localized Ply has hemolytic
activity, is accessible to protease and is detergent releasable.
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RESULTS
Hemolytic activity is contained in the cell wall fraction
While assaying hemolytic activity using the standard method we noted that
washed S. pneumoniae cells had much higher levels of hemolytic activity than the
supernatants despite the fact that the cells had not been lysed (Fig. 2.1A) suggesting a
surface-localized pool of Ply. To investigate this hypothesis, we repeated this experiment
with a capsular derivative of TIGR4. The whole cells of acapsular TIGR4 had nearly 20
times more hemolytic activity than its encapsulated parent strain (Fig. 2.1B), suggesting
that the putative surface-localized pool of Ply was not located in or held in place by the
capsule, and also that capsule interfered with contact between this surface-localized pool
of Ply and red blood cells in the assay. The high levels of activity in the culture
supernatants for the TIGR4 strain was likely due to lysed cell contamination, as the usual
levels of hemolytic activity in the supernatant are much lower than what was observed.
The next surface layer in S. pneumoniae is the cell wall, so mid-exponential phase
cultures of a serotype 4 wild type strain TIGR4 and a serotype 2 wild type strain D39
were fractionated into culture supernatant, cell wall and protoplast fractions and assayed
each fraction for hemolytic activity. The cell wall was isolated by enzymatic digestion
with mutanolysin and lysozyme in an osmotic stabilizing buffer, followed by collection
of the protoplasts by centrifugation. Upon hemolytic assay of each fraction, the cell wall
fraction was shown to contain the majority of the activity (Fig. 2.2). ply mutants in both
backgrounds had no hemolytic activity (Fig. 2.2). The TIGR4 acapsular strain showed
the same partitioning of hemolytic activity as its encapsulated parent strain, indicating
that the hemolytic activity in the cell wall was not reliant upon encapsulation (Fig. 2.1B).
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Also of note, the whole cell and cell wall fractions of acapsular TIGR4 have almost
identical hemolytic activities, suggesting that most of the active Ply is available on a
whole cell, again, supporting the autolysis-independent release of Ply hypothesis.
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Sup
Whole Cells

5.00
3.75
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0
TIGR4

ply- (TIGR4)
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Cell Wall
Protoplast

22.5
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7.5
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TIGR4

Acaps TIGR4

TIGR4 ply

Figure 2.1. Hemolytic assay of culture supernatant and whole cells. A,
encapsulated TIGR4 and ply. Whole cells have activity. Representative
sample from at least three experiments. B, Acapsular TIGR4. Acapsular
whole cells are more hemolytic than encapsulated whole cells. Surface
exposed Ply is not in or held in place by capsule. The data plotted is the
mean of three techincal replicates of one biological replicate.
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Supernatant
Cell Wall
Protoplast

10.0
7.5
5.0
2.5
0.0
TIGR4

TIGR4 ply

D39
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Figure 2.2. Hemolytic assay of culture supernatant, cell wall and protoplast
fractions of TIGR4 (serotype 4), D39 (serotype 2), TIGR4 ply and D39 ply.
The cell wall fraction has the most hemolytic activity of all fractions in both
wt strains, whereas no hemolytic activity was detected in the ply
derivatives. Dotted line is the limit of detection. Bars show the mean of
three biological replicates, error bars indicate +/-SEM.
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Consistent with the hemolytic assays, Western blotting revealed the presence of a large
portion of Ply in the cell wall fraction in the two different serotype strains grown to midexponential phase and very little Ply in the culture supernatants (Fig. 2.3). Antibodies to
a known cytoplasmic protein CodY only detected protein in the protoplast fraction
indicating that no detectable lysis had occurred (Fig. 2.3). Antibodies to a known TIGR4
cell wall protein RrgB detected protein primarily in the cell wall fraction of both wt
TIGR4 and TIGR4 ply, indicating that the cell fractionation method successfully
separated the cell wall from the protoplasts (Fig. 2.3). One difference between this study
and previous ones that found Ply in the cytoplasm is the addition of the oxygen
consuming commercial additive Oxyrase to the growth medium. To test if Oxyrase
played a role in Ply localization, cells were grown with or without Oxyrase, fractionated
and assayed for the presence of Ply by Western blot. Ply localized to the cell wall when
grown without Oxyrase (Fig. 2.4). Although a roughly equal amount of Ply is detected
by Western blot in the protoplast fraction as in the cell wall, we observed a lower
hemolytic activity in the protoplast fraction as compared to the cell wall fraction
(compare Figs. 2.2 and 2.3). The reason for this reduced activity is unknown, but we
have ruled out the possibility of an inhibitory compound in the protoplast by showing that
mixing the cell wall and protoplast fractions 1:1 yielded a precisely additive hemolytic
activity (Fig. 2.5).
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Figure 2.3. Western blot analysis of fractionated S. pneumoniae TIGR4, D39, TIGR4 ply
and D39 ply. Ply is found in the cell wall of both wt strains whereas the cytoplasmic
control protein CodY is found exclusively in the protoplast fraction. RrgB, a multimeric
cell wall protein specific to TIGR4 is found primarily in the cell wall lane of the two
TIGR4 strains. Ply is absent in the ply strain. Equal volumes of cell equivalents were
loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt, protoplast. This is a
representative Western blot of more than three independent experiments.
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Prt

CW

Sup

Prt

CW

Sup

TIGR4
+oxyrase
- oxyrase

Ply

Figure 2.4. Western blot analysis of fractionated S. pneumoniae TIGR4 growth with or
without oxyrase. Ply partitions in the same manner without the addition of oxyrase.
Equal volumes of cell equivalents were loaded on the gel. Sup, culture supernatant; CW,
cell wall; Prt, protoplast. This is a representative Western blot of two independent
experiments.
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7.5
5.0
2.5
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Figure 2.5. Hemolysis assay of fractionated S. pneumoniae TIGR4 and mixtures of
TIGR4 and TIGR4 ply fractions. Mixtures were one part each component. Hemolytic
units are exactly additive. Sup, culture supernatant; CW, cell wall; Prt, protoplast. This is
representative of two independent experiments.
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Ply is surface exposed
Accessibility to proteinase K was used to further assess the surface localization of
Ply on intact cells. Wild type TIGR4 cells were incubated for one minute with increasing
concentrations of proteinase K, fractionated and Ply was assayed by Western blotting.
Ply is rapidly depleted from the cell wall fraction but not from the protoplast fraction
(Fig. 2.6). Cytoplasmic CodY was not affected by any concentration of proteinase K
used. This result shows that Ply in the cell wall compartment is accessible to
exogenously added protease, and thus is surface exposed. There is an increase in the
amount of Ply signal in the protoplast of proteinase K treated cells for an unknown
reason. General increase in protein or of protein accumulation as a result of proteinase K
treatment can be ruled out as the amount of the cytoplasmic control protein CodY
remains constant. It is possible that Ply accumulates in the protoplast because a
component of Ply export pathway, or cell wall binding partner was degraded during
proteinase K treament.
Cell wall localized Ply is a common feature of S. pneumoniae
S. pneumoniae is known to be up to 10% different in genome content from strain
to strain, and although ply is highly conserved [166], it is possible that other gene
products specific to TIGR4 and D39 are contributing to the cell wall localization of Ply.
To determine whether or not cell wall localized Ply is a general phenomenon we
fractionated and assayed for the presence of Ply and CodY by Western blot a bank of
clinical isolates composed of sixteen additional serotypes. Although there are differences
in the ratios of cell wall localized Ply to protoplast localized Ply, all sixteen contain a
substantial amount of Ply in the cell wall and little in the culture supernatant, a
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representative blot from this survey is shown in Fig. 2.7. The serotype 23F strain was
unique amongst the 18 strains analyzed in this study in having much more Ply in the
protoplast than in the cell wall fraction (Fig. 2.7). However, Ply was nevertheless
detectable within the cell wall with no detectable Ply in the culture supernatant. Again,
the CodY cytoplasmic control revealed no detectable cell lysis in any of the cultures.
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Figure 2.6. Proteinase K treatment. Ply is surface exposed. Cells were treated with
increasing amounts of proteinase K for 1 minute at room temperature, treated with
protease inhibitor, fractionated into cell wall and protoplast compartments, and assayed
for the presence of Ply and CodY by Western blot analysis. Ply is hydrolyzed in the cell
wall by proteinase K treatment without any cell lysis. Equal volumes of cell equivalents
were loaded on the gel. CW, cell wall; Prt, protoplast. Representative Western blot of 3
independent experiments.
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Figure 2.7. Cell wall localization of Ply is a general phenomenon. Fractionation and
Western blot analysis of seven representative serotype strains from a bank of clinical
isolates. All isolates contain Ply in the cell wall fraction. Equal volumes of cell
equivalents were loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt,
protoplast. Representative Western blot of three independent experiments.
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Ply is localized to the cell wall across exponential and early stationary growth
phases
To determine if Ply’s localization changed at particular stages of growth, cells
were grown to stationary phase and samples were taken throughout growth. The samples
were separated into culture supernatants, cell wall and protoplast fractions and Ply was
detected by Western blotting as above. The fractions were normalized to the same
amount of cells by using equivalent O.D.600 units. Ply is found initially only in the
protoplast fraction at early exponential phase, but appears in the cell wall fraction at all
later stages of growth. Upon overnight growth, autolysis had occurred leaving most of
the Ply and approximately half of the CodY in the culture supernatant (Fig. 2.8).
Ply is non-covalently attached to the cell wall
Mid-exponential growth phase cells were treated with various compounds in order
to probe the nature of the attachment of Ply to the cell wall. High salt washes by both
monovalent and divalent cations, NaCl and MgCl2, respectively, were unable to release
Ply, indicating that Ply is not attached via ionic interactions (Fig. 2.9A and B). Ply was
not released by dithiolthreitol (DTT) or Na2CO3 indicating that the single Cys in Ply is
not involved in disulfide bond formation in the case of DTT, or thio-ester bond formation
in the case of Na2CO3 (Fig 2.9C). Treatment with 8 M urea, a denaturant, did not release
Ply from the cell surface, suggesting that Ply is not attached to the cell wall via
interaction with an easily denatured protein (Fig. 2.9C). In contrast to the above
treatments, SDS was able to release Ply from the cells (Fig. 2.9D). This result suggests a
hydrophobic, non-covalent interaction with a cell wall component.
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Figure 2.8. Ply is localized to cell wall fraction throughout exponential phase and into
stationary phase. Fractionation and Western blot analysis of cells collected and
normalized to optical density at various points throughout growth. Equal volumes of cell
equivalents were loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt,
protoplast. Representative Western blot of two independent experiments.
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Figure 2.9. Ply release assays. Cells were treated with increasing amounts (0-1 M) of
either monovalent cation (NaCl) (A) or divalent cation (MgCl2) (B), 8 M urea, 10 mM
DTT, 0.1 M Na2CO3 (C), 0.1% or 0.05% SDS (D) and separated into released proteins (S)
and attached proteins (P) and assayed for the presence of Ply and CodY by Western blot
analysis. A and B, High salt washes do not remove Ply from the cell surface. C, Urea
cannot release Ply from the cell surface. Neither Na2CO3 nor DTT can release Ply from
the cell surface. D, SDS washes do remove Ply from the cell surface. Equal volumes of
cell equivalents were loaded on the gel. Representative Western blots of two independent
experiments.

57

Ply binding partner studies
Since SDS releases Ply from cells, it is possible that Ply has an SDS-releasable
binding partner. Running a native gel and comparing to an SDS-PAGE gel may reveal
the presence of a binding partner indicated by a shift in molecular weight of Ply.
Cells were grown to mid-exponential phase, fractionated and resuspended in
sample buffer that contained no SDS and no beta-mercaptoethanol (!ME) (a reducing
agent). Purified Ply toxoid (PdB) was also mixed with sample buffer that contained no
SDS with or without !ME as a control. The samples were not boiled before loading them
onto a native gel. The gel was run and proteins were transferred to a nitrocellulose
membrane and assayed for the presence of Ply by Western blot with anti-Ply.
Ply was detected at its expected molecular weight in the whole cell, cell wall and
protoplast fractions (Fig. 2.10). The Ply that was detected in these lanes ran at the same
molecular weight as the purified Ply toxoid (PdB) prepared either with or without !ME.
Because Ply resolved to its expected molecular weight and the same molecular weight as
the purified Ply toxoid (PdB), it is unlikely that Ply has a tightly associated (SDS
releasable) binding partner.
It is possible that Ply is membrane associated and that SDS treatment is
solubilizing membrane resulting in release of Ply. If true, the possibility existed that
some membrane contaminated the cell wall preparations, which, even though no SDS is
used, could result from membrane blebbing or attachment of cell wall components with
integral membrane proteins or lipoteichoic acid. To assess how much membrane
contamination is in the cell wall preparations, a mid-exponential phase culture was
fractionated into supernatant, cell wall, protoplast, membrane and cytoplasm and assayed
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for the presence of Ply, CodY and a lipoprotein, PsaA, reported to be in the outer face of
the membrane [113] by Western blot. The amount of protein in each fraction was
quantified by densitometry using the Fuji Multi-Gauge software.
Ply is present in similar quantities in the cell wall, protoplast and cytoplasm and
in lesser quantity in the membrane fraction, suggesting that the majority of the Ply signal
in the protoplast is cytoplasm localized Ply (Fig. 2.11). It is possible that the small
amount of Ply in the membrane is membrane associated Ply that is in transit across the
membrane. However, since there is a smaller proportion of Ply in the membrane
compared to the cytoplasm, we can conclude that Ply is not primarily a membrane
protein.
PsaA is present in similar quantities in the cell wall, protoplast and membrane
and in lesser quantity in the cytoplasmic fraction. Unfortunately, there is PsaA that
partitions to the cell wall so we cannot conclude that there is no membrane contamination
of the cell wall fraction.
These results shows that in the cell wall fraction there are not only cell wall
proteins (see Fig. 2.3, RrgB) but also membrane proteins. The source of membrane
contamination must be from the protoplasts, most likely from non-lytic (there is no CodY
in the cell wall fraction) membrane blebbing or release during the cell wall digestion
process. However, given the low amount of Ply in the membrane, it is unlikely that the
entire Ply signal in the cell wall is due to membrane contamination—there simply isn’t
enough protein in the membrane fraction to account for the amount of protein in the cell
wall fraction.
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PdB

Whole cell

Prt

CW

Sup

TIGR4

Ply

Figure 2.10. Native Gel. Western blot analysis of supernatants (Sup), cell wall
(CW), protoplast (Prt), whole cells and purified Ply toxoid protein (PdB) run on a
gel containing no SDS. No Ply is detected in the Sup fraction. Ply is detected in
the CW, Prt and Whole cell fractions at the same molecular weight as the purified
protein (PdB). Equal volumes of cell equivalents were loaded on the gel.
Representative Western blot of two independent experiments.
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Figure 2.11. Western blot analysis of cell wall and membrane fractionated S.
pneumoniae TIGR4. Ply is found in the cell wall and protoplast. When protoplast were
separated into membranes and cytoplasms, the majority of the Ply is in the cytoplasmic
fraction. PsaA, a lipoprotein with a predicted location on the outer leaflet of the plasma
membrane is found in the cell wall and protoplast. When protoplasts were fractionated,
the majority of PsaA is found in the membrane fraction. The cytoplasmic control protein
CodY is found exclusively in the protoplast and cytoplasm fractions. Sup, culture
supernatant; CW, cell wall; Prt, protoplast; Mem, membrane; Cyto, cytoplasm.
Representative Western blot of five independent experiments for Sup, CW, Prt; of 2
independent experiments for Mem, Cyto. The numbers below the blot indicate the
percentage of each fraction. Note that Sup, CW and Prt add up to 1 and Mem and Cyto
add up to 1. Bands were measured and corrected for background. Equal volumes of cell
equivalents were loaded on the gel.
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Ply purified from the cell wall resolves to its expected molecular weight in a
native gel. However, it is still possible that Ply has a loosely bound partner or oligomeric
state that was not detectable with a molecular weight shift in a native gel. To ask whether
Ply has a binding partner in another way, a crosslinking assay with glutaraldehyde was
performed. Glutaraldehyde can covalently attach amine groups in proteins that are in
close proximity to each other. If Ply has a binding partner that glutaraldehyde can
crosslink, it would appear at a higher than expected molecular weight on a Western blot.
Cells were grown to mid-exponential phase, aliquots were resuspended in
increasing concentrations of glutaraldehyde; one aliquot was resuspended in buffer alone.
All aliquots were incubated for 15 minutes on ice. After the incubation with
glutaraldehyde, each aliquot was washed with 1 mL of TBS (to kill the activity of
glutaraldehyde with an excess of free amines) and was pelleted. The sup was removed
and discarded. The pellets were resuspended in sample buffer and were loaded and run
on a 4-12% gradient SDS-PAGE gel and transferred to a membrane for Western blotting.
Before blotting, the membrane was first stained with Ponceau S to visualize total protein
and scanned with a document scanner.
Figure 2.12A shows the Ponceau S staining of this membrane, figure 2.12B shows
the Western blot with anti-CodY (left) and anti-Ply (right). The Ponceau S stain shows
that with increasing amounts of glutaraldehyde, the amount of total protein entering the
gel decreases. This decrease in protein staining is presumably due to the cross-linker
making protein complexes too large to enter the gel, suggesting that enough
glutaraldehyde was used to cross-link Ply. In the Western blot, there is an appearance of
a band in the CodY blot that is the approximate size of a CodY dimer (58kDa) as
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expected. However, in the anti-Ply Western blot there are no bands other than the
expected size of a Ply monomer, which suggests that Ply does not share intimate contact
with other proteins.
Ply localization is not dependent upon LytA
LytA plays a role in normal cell wall growth and division in addition to its role as
a autolysin. It is possible that Ply may depend on the function of LytA during normal cell
growth for proper localization. To test this possibility a lytA strain was grown to midexponential phase, fractionated into culture supernatant, cell wall and protoplast and
assayed for the presence of Ply and CodY by Western blot to determine the localization
of Ply (Fig. 2.13). Ply is found in the cell wall in a lytA strain, indicating that Ply’s cell
wall localization in vitro is not dependent upon LytA.
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Figure 2.12. Ply does not have a binding partner. Gluteraldehyde crosslinking assay.
Ply is not cross-linked by gluteraldehyde. A, Ponceau S stain of membrane. Whole cells
were treated with and increasing concentrations of gluteraldehyde Lane 1, 8 and 15,
maker, lane 2 and 9,no gluteraldehyde, lane 3-7 and 10-14 increasing concentrations of
gluteraldehyde. B, Western blot of membrane in A. Left blotted with anti-CodY, right
blotted with anti-Ply. Representative of at least 2 independent experiments.
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Figure 2.13. Ply localization in a lytA background. Fractionation and Western blot
analysis of a lytA strain. Ply is found in the cell wall fraction. Equal volumes of cell
equivalents were loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt,
protoplast. Representative Western blot of two independent experiments.
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DISCUSSION
Pneumolysin is unique amongst the members of the cholesterol-dependentcytolysin family in that it contains no recognizable export sequence, and yet it is known
to function outside of the bacterial cell [125]. For the past 20 years, the model in the field
has been that Ply is released upon autolysis. This model is supported by the fact that Ply
is not found in large amounts in the culture supernatant until stationary phase is reached
and cells begin autolysing through LytA murein hydrolysis activity [119]. Additionally,
null mutations in lytA and ply are both attenuated in animal models of infection [122,
167], which has been interpreted to indicate that without autolysis Ply cannot be released
and, therefore, cannot function [119]. Contradicting that model, Briles and colleagues
reported that Ply is released into culture supernatants in vitro in a lytA null background
[165]. Our data support this model of autolysis-independent release of Ply, as we show
that Ply is localized to the cell wall in multiple serotypes at stages of growth where
autolysis is not occurring. Further supporting the autolysis-independent model of Ply
release, Ply is found in the cell wall in a lytA strain.
Initially we detected hemolytic activity on washed S. pneumoniae cells, and since
these cells were intact we hypothesized that there might be a surface exposed pool of Ply.
To test this hypothesis we performed two experiments: one was to test whole cells in an
acapsular background to see if the hemolytic activity was lost in the absence of capsule;
the other was to fractionate the cells into cell wall and protoplast components and
measure each fraction’s hemolytic titer. The acapsular strain yielded higher whole cell
hemolytic activity than its isogenic encapsulated strain, which indicated that the putative
surface exposed Ply was not located within or held in place by the capsule. When we
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performed hemolytic assays on cell wall and protoplast fractions we discovered that the
cell wall contained most of the cellular hemolytic activity, indicating a cell wall localized
pool of Ply.
Western blotting supported the notion that there is a cell wall localized pool of
Ply. Cytoplasmic contamination of the cell wall fraction was ruled out by probing the
same blot with antibody to a cytoplasmic protein CodY. CodY was only found in the
protoplast lanes and never in the cell wall fraction, indicating that no cytoplasmic
spillover occurred in the fractionation process. We confirmed Ply’s cell surface
localization by an independent assay: accessibility to extracellular proteolysis. Proteinase
K treatment resulted in the rapid and complete digestion of cell wall localized Ply while
not affecting intracellular pools of Ply or CodY. Thus, we conclude that a pool of surface
accessible Ply is present within the cell wall compartment of S. pneumoniae.
Although the serotype designation of S. pneumoniae refers to the makeup of the
capsule, different strains can be up to 10% different in genome content from each other.
It is therefore important to determine whether or not any given phenotype is general or
strain specific. We analyzed clinical isolates representing 16 additional serotypes for Ply
sub-cellular localization. Although we do not know the genome sequences of these 16
strains, it is reasonable to assume they contain substantial diversity. In all 16 additional
isolates, we found Ply in the cell wall, indicating that cell wall localized Ply is a general
feature of the species.
In addition to lacking a secretion signal, Ply lacks all known cell wall anchoring
motifs. We probed the chemical nature of the attachment of Ply to the cell wall by trying
to release Ply with various compounds that should disrupt either ionic interactions,
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thioester bonds, disulfide bonds, hydrophobic interactions or that denature proteins. Of
these, only a hydrophobic interaction with a cell wall component was supported, since the
detergent SDS could release Ply into the supernatant. This SDS releasability could
indicate that Ply is a membrane protein. To test this possibility, I fractionated protoplasts
into membranes and cytoplasms and probed for Ply, CodY and a known lipoprotein,
PsaA. PsaA is the lipoprotein substrate-binding component of a manganese ACB-type
transporter [113]. Surprisingly, PsaA is found in all fractions, including the cell wall.
This result suggests that there is membrane contamination of the cell wall preparation or
at least PsaA contamination of the cell wall preparation. When protoplasts were
fractionated, a small amount of Ply was found in the membrane, but more of it was found
in the cytoplasm. It is likely that Ply has a membrane transient state before it associates
with the cell wall. However, given the ratio of Ply in the membrane versus the
cytoplasm, it is unlikely that all the Ply signal in the cell wall is due to membrane
contamination. It is possible that PsaA is constantly released from the membrane and for
that reason is a poor choice for a membrane fraction control. In retrospect, a better
choice may have been to use integral membrane protein as a marker for membrane
contamination.
There is precedent for a cell wall bound protein to be SDS releasable.
Pneumococcal surface protein A (PspA) is a S. pneumoniae protein that is released by
SDS but not by sodium carbonate and was first incorrectly identified as a membrane
protein [168]. Later it was shown that PspA is a bona fide cell wall protein that binds
choline found on lipoteichoic acid via choline binding domains [85]. Ply does not
contain choline binding domains and is not released with excess choline [165], so it is
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unlikely that Ply is attached to the cell wall via choline. Nevertheless, Ply falls into a
category of SDS releasable, cell wall proteins.
Because Ply is released by SDS, we hypothesize that Ply is non-covalently linked
to the cell wall. This hypothesis is supported by our observation that after cell wall
digestion, Ply resolves at its expected molecular weight of 53 kDa. If Ply was covalently
linked to another protein, which was itself attached to the cell wall, or a large unit of cell
wall produced by mutanolysin and lysozyme cleavage, we would expect Ply to run at a
higher molecular weight than what its sequence predicts. Ply runs at its expected
molecular weight in a native gel, suggesting that the SDS releasable nature of Ply is not
due to an SDS soluble interaction with a binding partner. Additionally, Ply does not shift
in molecular weight when cross-linked with glutaraldehyde. These results together
suggest that Ply does not have a binding partner, or that its interaction with its binding
partner is transient.
Although we have shown the stable attachment of Ply to the cell wall in vitro, Ply
presumably must be released from the bacterial cell in order to function in vivo. That
whole cells of S. pneumoniae can efficiently lyse red blood cells in hemolysis assays in
vitro, supports this hypothesis. The mechanism by which Ply is released from the cell
wall in the host is yet to be determined. It is possible that there is a host-derived signal
that serves as a trigger to release Ply, or that host cell contact triggers Ply release.
Alternatively, the cell wall composition of S. pneumoniae may be different in vivo such
that Ply is not sequestered in the cell wall but is instead released from it.
Virulence studies with lytA strains having the same attenuated virulence as ply
strains in animal models of infection have been interpreted as Ply release and autolysis
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being synonymous, adding support to the autolysin-dependent release of Ply model [119].
However, in certain mouse strains that are highly susceptible to S. pneumoniae infection,
the phenotypes of a lytA and ply mutants can be separated [165]. We show here that Ply
localizes to the cell wall in vitro in a lytA strain, challenging the model of autolysisdependent release of Ply and supporting the model of autolysis-independent release of
Ply. However, it is possible that lytA strains fail to either properly express or localize Ply
in vivo.
This study does not address the mechanism by which Ply is transported across the
cytoplasmic membrane of S. pneumoniae. There are several examples of Streptococcal
proteins that are exported and localized to the cell wall and yet do not contain a signal
peptide nor a cell wall anchor motif. Among them are Enolase [76, 77] and Streptococcal
surface GAPDH (SDH) [78]. The mechanism for the export of these proteins is not
known. Thus, Ply may fall into a potentially large class of signal sequence-less proteins
that are exported across the cell membrane and attached to the cell wall through novel
mechanisms.
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CHAPTER 3: SCREEN FOR PNEUMOLYSIN EXPORT MACHINERY
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OVERVIEW
I hypothesize that there is an export pathway in S. pneumoniae for secreting Ply
across the cellular membrane, and that there are proteins involved in this export and cell
wall attachment of Ply. To find candidate genes for such factors I used a transposon
insertion library to screen for mutants with defects in cell wall localization of Ply. I
tested several methods to identify such mutants: a visual blood agar plate screen for the
presence or absence of Ply, an antibody-based enrichment scheme and a “brute force”
screen for hemolytic mutants. Only the last was a suitable method in my hands. Though
laborious, this method of screening should reveal candidate gene(s) for Ply secretion or
cell wall attachment.

72

RESULTS
For the brute force screen hemolysis assays were performed on 6,300 individual
Mariner mini-transposon insertion strains in the TIGR4 wild type strain that were
previously constructed and archived in 96 well plates by a former graduate student in the
lab, David Hava [169]. This library is predicted to cover only roughly 65% of annotated
genes. Briefly, whole cell pellets and culture supernatants of all 6,300 mutants were
screened for aberrant hemolytic activity in a 96-well plate format. Before hemolysis
assays were performed, the optical density (OD) of each strain was determined on a plate
reader to correlate hemolytic activity and OD (to throw out low hemolytic activity if due
to poor growth). See figure 3.1 for schematic representation of the screening procedure.
In all, 660 mutants were excluded from analysis due to poor growth.
Candidate clones were transformed into a fresh wild type strain background to
reduce the possibility that the phenotype was due to a spontaneous second site mutation
and tested for hemolytic activity and cellular localization.
A total of 17 candidate hits were identified with hemolytic activity. One hit was
in the ply gene itself (Fig. 3.2, #3), which validated the approach of the screen. 15 of the
other hits had subtle phenotypes in hemolytic assays and quantitative Western blotting of
supernatant, cell wall and protoplast fractions (Fig. 3.2). Three hits (Fig. 3.2, #17, #16
and #15) had at least a two-fold decrease in Ply localization in the cell wall as compared
to wildtype and were examined further.
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Figure 3.1. Schematic of screen for Ply export mutants.
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supernatant; CW, cell wall; Prt, protoplast. Representative Western blots of three
independent experiments.
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Analysis of SP2152-2153
Hit #17 in the screen was in SP2152, a gene encoding a hypothetical protein (see
Fig. 3.3A for a schematic of the gene). The product of the gene SP2152 has a predicted
three-dimensional structure homology to a LacY-type permease, and is located in an
operon with SP2153, another hypothetical protein coding gene, which itself has predicted
three dimensional structure homology to a sugar hydrolase [170, 171]. The SP2152 gene
was deleted via allelic exchange with spc resistance cassette by natural transformation
with a SOE PCR product. This mutant ("2152::spc), in contrast to the transposon mutant
(#17, 2152::Tn), had wild type levels of Ply in the cell wall (Fig. 3.2 and 3.3).
A marked difference between the two SP2152 clones is that the inserted
transposon has a transcription terminator while the spc marker does not. Since there is a
second gene in the operon, it is possible that the reduced levels of Ply in the cell wall in
the transposon mutant background was a result of changing levels of SP2153 protein (the
downstream gene product) and not SP2152 protein itself. The transcription of SP2153
was determined in all three backgrounds (wild type, 2152::Tn, "2152::spc) by qRT-PCR
and normalized to the housekeeping gene gyrB (Fig. 3.3C). The "2152::spc deletion
strain has 50-fold more SP2153 transcript than wild type, but the transposon mutant,
2152::Tn, had a negligible 1.7-fold more SP2153 transcript than wild type. This was one
biological replicate, done in technical triplicate.
These results show that SP2153, while over-expressed in "2152::spc, is
comparable to wild type in 2152::Tn, which suggests that the decrease in Ply is not due to
the under expression of SP2153. However, these results leave open the possibility that a
deletion of SP2152 can be overcome by over-expression of SP2153. To test this
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possibility, a marked (spc) deletion of the entire SP2152-2153 operon was constructed
(the mutant was confirmed by sequencing). This mutant was examined for Ply
localization and compared to wild type, the transposon mutant 2152::Tn and the single
deletion "2152::spc mutant (Fig. 3.3B). The double deletion shows wild type amounts of
Ply in the cell wall, suggesting that SP2152 and SP2153 proteins do not contribute to Ply
export and are false positive hits in the screen. Strangely, in this experiment, the
2152::Tn mutant does not show the same defect in cell wall localized Ply seen in 3.2. I
believe this sample in 3.3B to be anomaly as three biological replicates of the 17 hits
showed a defect in Ply cell wall localization in this background (2152::Tn).
Analysis of SP1887-1891 (ami locus)
An additional gene that showed reduced amounts of Ply in the cell wall was hit
#16, a transposon insertion in SP1889,the amiD gene (Fig. 3.4B). amiD encodes a
permease protein and is the middle gene of the ami operon, which codes for an
oligopeptide ABC-type transport system. The ami locus encodes an oligopeptide binding
protein (amiA, SP1891), two permease proteins (amiC, SP1890 and amiD, SP1889) and
two ATP binding proteins (amiE, SP1888 and amiF, SP1887) [172]. See figure 3.4A for
ami locus schematic. A marked (spc) deletion of this entire operon was constructed and
confirmed it by sequencing. This mutant ("ami operon::spc) was assayed for Ply
localization and compared to wild type and amiD (SP1889::Tn) transposon insertion
mutant (1889::Tn). The double deletion shows wild type amounts of Ply in the cell wall
(Fig. 3.4B). Therefore, the ami operon proteins mostly likely do not contribute to Ply
export and are false positive hits in the screen.
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Representative Western blot of two independent experiments.
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Analysis of SP1926-1924
Transposon mutant #15 (Fig. 3.2), an insertion in SP1926 had the most dramatic
phenotype of all the hits in the screen for mislocalization of Ply: no detectable Ply in the
supernatant and low levels of Ply in the cell wall and protoplast fractions as assayed by
anti-Ply Western blot (Fig. 3.2 and 3.5B). The transposon inserted 35 basepairs upstream
of SP1926, in a predicted promoter of the putative operon of hypothetical protein coding
genes SP1926-1924 (see figure 3.5A for SP1926 locus). SP1926 is a predicted
membrane protein [170, 171]. SP1925 and SP1924 are not predicted to be membrane
proteins [170, 171]. Interestingly, this putative operon is located directly upstream of ply.
There is a predicted promoter of ply, which overlaps with the coding sequence of
SP1924. All three genes in the operon are hypothetical genes whose protein products
share homology only to other genes that are found immediately upstream of ply in other
S. pneumoniae strains and lack homology to any other proteins found in Genbank.
Homologues of these genes are not found upstream of CDCs in other bacteria, which
lends support to the idea that these may be specific to Ply export.
Given this genetic arrangement, it was possible that the dramatic decrease in the
protein levels of Ply was a polar effect, such that the promoter upstream of SP1926,
which is disrupted in transposon hit #15, contributes to the expression of ply. To answer
this question, the transcripts of ply and SP1926 were measured by qRT-PCR in the wild
type and Tn mutant #15 strains. Ply transcription in the Tn mutant was down 17-fold
compared to wild type (Fig. 3.5C). SP1926 transcription was down in the Tn mutant 15fold. The decrease in transcription suggests two possibilities. First, that the primary
promoter of ply is the one located upstream of SP1926; therefore, the decrease of ply
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transcript (and subsequent protein levels) in the Tn mutant is due to the disruption of this
promoter. Second, that the gene products of SP1926-24 directly or indirectly affect ply
transcription; therefore, the reduced transcripts (and presumably protein levels) of
SP1926-24 are responsible for the reduced transcription of ply.
To test the second possibility a marked deletion of SP1926-25 was created. Ply
protein and ply transcript was measured in this mutant ("SP1926-25::spc), the transposon
insertion mutant (Tn #15) and wild type cells. An important note: the marked deletion
was made by inserting a Spec drug resistance cassette into the coding region of SP192625 like any marked deletion, but in the inverted orientation so that the read-through
transcription from the Spec promoter would not aberrantly over-express the ply gene.
Also of note, SP1924 was not deleted as it contains a putative promoter for ply.
The Western blot of #15 Tn and "1926-25::spc (inverted) (marked deletion) is
shown in figure 3.5B. The protein levels in the cell wall and protoplast fractions in the
marked deletion ("1926-25::spc) are at an intermediate level as compared to the Tn #15
mutant and wild type. When the ply transcript was measured by qRT-PCR, normalized to
the housekeeping gene gyrB, the levels of ply transcript in the #15 Tn and marked
deletions decreased; these decreases were significantly different from wild type (but not
each other) (Fig. 3.5D). Together these results suggest that genes SP1926-25 play a role
in ply transcription, as there is decreased ply transcript and protein in the marked deletion.
But because Ply is in the cell wall in the SP1926-25 mutant it can also be concluded that
SP1926-25 are not the Ply export pathway.
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Ply expression in candidate hits and a variety of sugar utilization genes
I was curious to see if there was a transcriptional effect of the transposon
insertions in either of the two other hits (SP2152 or SP1889). Perhaps the decrease in
cell wall localized Ply protein was due to an underexpression of ply. The expression of
ply was measured in the transposon hits in SP2152 and SP1889 (amiD) as well as in the
spc marked deletion of 2152 (2152::spc). The ply transcript was 6-fold higher in the
transposon insertion mutants compared to wild type (Fig. 3.6). Thus, the possibility that
the decreased protein levels of Ply was not due to decreased transcription of ply and
suggest that the reduced Ply protein in the cell wall in these mutants is due to a posttranscriptional process. The marked deletion of SP2152 ("SP2152::spc), however, had
only 2-fold higher ply transcript than wild type (Fig 3.6).
Ply expression in sugar regulatory and utilization mutants
When doing the analysis of ply expression in the transposon mutants in SP2152
and the amiD backgrounds, I had the idea of testing additional mutants in carbon
utilization or carbon catabolite regulation previously constructed by Ram Iyer, a former
postdoc in the lab. Ram showed that deletion of two sucrose uptake systems (sus and
scr) had differential effects on virulence and colonization [173]. Mutants in the Sus
sucrose ABC transporter operon had virulence defects in a murine lung model of
infection but did not have a colonization defect in the murine naso-pharynx colonization
model. Conversely, deletion of the Scr sucrose PTS system had a colonization defect in
the naso-pharynx but no virulence defect in the lung. Ram hypothesized that there are
different carbon sources available in different sites of the body, and the ability to utilize
these different carbon sources contributes to both virulence and colonization in S.
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pneumoniae. Perhaps ply is regulated in response to carbon source. Since Ram had
already created a bank of mutants in these operons and in the master carbon catabolite
repressor protein CcpA, I used these mutants to assay the amount of ply expression by
qRT-PCR in each of these strains [173, 174].
The largest difference in ply expression was in the hydrolase deletions of each
sucrose transporter scrH and susH (Fig. 3.7). In both of these strains ply expression
increased by 3.7-fold and 2.7-fold over wild type, respectively. Deletion of both
hydrolyases was not additive, but instead had only 2-fold more expression of ply over
wild type. Deletion of the entire sus and/or scr operon did not change ply expression
more than 2-fold compared to wild type. These results suggested that growth on sucrose
modestly represses ply expression, and thus ply may be under some form of carbon
catabolite regulation. Deletion of ccpA, the only known carbon catabolite regulator,
however, did not result in a change in ply expression. Thus, it is unclear if ply is
regulated by carbon source.
I do not believe further experimentation in this line of questioning is warranted by
the above results. However, if I were to pursue this further, I would suggest trying out
these mutants and wild type in minimal media with sucrose or other single carbon sources
to see if there are more marked differences in ply expression.
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DISCUSSION
Unfortunately, the brute force screen did not lead to the Ply export pathway. It is
possible that the export pathway is redundantly encoded or represents an essential
pathway. If the export pathway is essential, a new screen must be devised to uncover it,
perhaps using a temperature sensitive (i.e. conditionally lethal) approach. However, if
the pathway is redundantly encoded, then it will be exceedingly difficult to identify
through mutational screens. Instead, a biochemical approach would represent a more
fruitful approach. To speculate further, members of a redundantly encoded Ply export
pathway may be the Ami operon and the SP2152-2153 operons. It is curious that the
transposon mutants and the marked deletions of these two genes/operons had such
different phenotypes. It is also interesting that both transposons inserted in the predicted
membrane component of each operon. It is compelling to think that in the transposon
insertion mutant, the other components of the operon were attempting to pull Ply through
the non-existent (or mis-folded, non-functional) membrane protein pore, thus binding up
Ply, preventing its full export by the other, redundant system. In the marked deletion of
the whole operons, there are no intact components of the system to futilely bind Ply, thus
allowing the intact, redundant system to funnel all of Ply through its pore. These
observations might suggest a starting point for a biochemical approach.
Genes SP1926-1924, which lie upstream of ply, are not the export machinery but
may be directly or indirectly involved in the transcription of ply. The results suggest that
there are two promoters that drive ply transcription; one upstream of SP1926, and the
other directly upstream of ply either in the intergenic space between ply and SP1924 or
partially or wholly within the 3’ end of SP1924. A clean deletion of all three genes in the

87

SP1926-1924 operon would reveal if ply is transcribed from the SP1926 promoter
because it would also delete the putative promoter contained in the SP1924 sequence. A
clean deletion of all three genes would also rule out the role of SP1924 protein in the
transcription of ply. Additionally, the transcription start site(s) of these putative
promoters should be mapped to inform further studies of ply regulation.
Surprisingly, very little is known about the molecular details of ply transcription.
It is known that ply is more highly transcribed in blood than in the lung, brain, agar or
biofilms and the level of ply transcription in the blood is comparable to liquid culture
[162]. It is appealing to speculate that the putative sugar ABC-type transporter encoded
by SP1926-1924 may directly or indirectly activate the transcription of ply in response to
its substrate. It is possible, for instance that the sugar utilized by the system could vary in
quantity at different sites of the body. The sugar could act as an inducer of the ABCtransporter locus promoter, which could read through to transcribe ply. Alternatively, the
uptake or processing of the sugar could serve as an inducer of a transcription factor that
turns on the transporter and ply genes. When a bank of sucrose utilization mutants was
examined for changes in ply transcription, no significant differences were detected. So it
appears as though sucrose is not the putative inducer of such a system, at least not in rich
medium. It is possible that growth in minimal media with sucrose as the only carbon
source may reveal an effect on ply transcription.
A more trivial explanation as to why we discovered no export pathway for Ply is
that the screen was not comprehensive. The library used was composed of 6,300
mutants, representing roughly two-thirds of the genome. This is not an ideal amount of
coverage, additionally, not every strain grew up in the assay (660 mutants did not grow),
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effectively cutting our coverage down by 10.5%. Were I to re-do the screen, I would use
a library with more extensive coverage and in the acapsular background. The acapsular
background has higher whole cell hemolytic activity levels and might increase the
sensitivity of the hemolytic assay used in the screen. Hemolysis assays can be finicky
and are low through-put, so in addition to using an acapsular background for the screen, I
would try a different method of screening through the library that would be more highthroughput in nature. Specifically, I propose tagging Ply with an N-terminal His epitope
tag that can be labeled with a fluorescently conjugated Nickel-NTA molecule for use in
FACS sorting of cells. This strain would be used as the background strain for a
saturating transposon mutagenesis library with surface fluorescence as the read-out of Ply
mislocalization. The His-tagged Ply would first be tested for proper localization and then
the resulting library would be screened for Ply mis-localization via FACS sorting. To
sort the cells, the cells would be labeled with a membrane-impermeable fluorescent
nickel-NTA, which would bind the His-tagged Ply. Cells with surface localized Ply
would bind the fluorescent nickel-NTA, those with mislocalized Ply would not. Several
tag locations may have to be tested to find one that is surface exposed. These two
populations would be sorted with a FACS sorter into fluor positive and negative cells.
The negative cells would be enriched with successive rounds of labeling and sorting. The
resulting population would be sequenced and tested for Ply localization in the Tn
insertion and in deletions of the affected genes.
In the event the export pathway is essential for bacterial viability, this FACS
based screen could be adapted into a conditional screen, using for example, a transposon
with an outward reading inducible promoter. Cells would be grown in the presence of
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inducer, then the inducer would be removed, halting the transcript of the export pathway
gene(s). The cells would be incubated without inducer for a given amount of time to
deplete the export pathway proteins. Depleted export pathway cells would then be
treated with proteinase K to remove all surface associated Ply followed by washing to
remove excess proteinase K. These cells would be incubated for a given period of time
to allow for Ply exported if the pathway is still intact. Surface-exposed Ply would then
be labeled with fluorescent nickel-NTA and FACS sorted. The cells in the fluor-negative
population would be immediately placed back in culture with inducer to allow for
expansion of the export machinery pathway mutant. This conditional lethal screen will
only work if the lethality of the export pathway is not immediate and allows for
continued transcription and translation for a few generations.
In Chapter 4, a strain of B. subtilis that expresses ply will be described. This
mutant has cell wall localized Ply that is not only hemolytically active but also clearly
distinguishable from the non-hemolytic parent stain when plated on blood agar. When
plates are viewed with backlight on a light box, wild type B. subtilis are not hemolytic
and appear dark gray; in contrast the ply expressing strain has a dark gray rim with a light
center, presumably due to hemolysis directly underneath the colony (Fig 4.9). It may
therefore be possible to use this mutant background in a saturating mariner transposon
mutagenesis screen or alternatively, a chemical mutagenesis library to identify the export
components in this heterologous species. Mutants that are no longer hemolytic would be
picked as candidates for the Ply export pathway and would be followed-up as they were
in my screen (transformation into a fresh background, sequence Tn junctions, Western
blot Tn mutants, make deletions of genes and/or operons in B. subtilis and, if homologues
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exist, in S. pneumoniae, and Western blot the deletions). For chemical mutagenesis,
mutants that are no longer hemolytic would be tested and followed-up by cotransformation of nearby Tn marker(s) (from a Tn library made in each mutant) into a
fresh background, Western blotting, resequencing the whole genome on the Illumina,
making deletions in the affected genes in both B. subtilis and S. pneumoniae.
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CHAPTER 4: DOMAINS REQUIRED FOR PNEUMOLYSIN EXPORT
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OVERVIEW
One commonality to all known functions of Ply is where they take place—outside
the bacterial cell [154] [135] [156, 175]. Homologs of Ply, which share similar functions,
contain signal sequences to direct and facilitate their secretion through the type II (Sec)
secretion system. Ply, in contrast, does not contain a signal sequence [125] and was
initially hypothesized to be released by autolysis [119]. Autolysis is a stationary phase
phenomenon, where cells self-lyse primarily due to the action of the major autolysin, Nacetyl-muramidase, LytA [116].
There are other proteins lacking a recognizable signal sequence or cell wall
anchoring motif that “moonlight” on the bacterial surface such as enolase and
streptococcal surface GAPDH (SDH) [77] [76] [78] [79]. Enolase, however, has been
shown to re-associate with the cell surface [77] leaving open the possibility that a limited
number of cells autolyse and release their cytoplasmic contents, which then stick to the
surface of nearby intact, unlysed cells. A recent study analyzing the localization of SDH
in S. pyogenes showed that the protein could be held inside the cell with a hydrophobic
tail, lending support to the hypothesis that there is dedicated export pathway for this
protein [79].
Autolysis independent export of Ply was first suggested by a report of certain
strains releasing Ply into the culture supernatant during exponential growth. Strong
genetic evidence for this autolysis-independent export pathway of Ply was next reported
by Balachandran et al. [165], showing that one such strain releases Ply in a lytA deletion
background. Subsequently, we reported autolysis-independent export and, in addition,
showed that the exported Ply localizes specifically to the bacterial cell wall [176]. Here
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we build on these observations by showing that Ply does not re-associate with the cell
wall when added exogenously and describing the domains of the Ply protein that are
required for Ply export. Additionally, we show that a signal sequence is not sufficient for
Sec-dependent Ply secretion in S. pneumoniae, but is sufficient in a surrogate host
Bacillus subtilis. Finally, using the native ply sequence, we show that a signal sequenceless protein export pathway exists in B. subtilis.
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RESULTS
Ply released by autolysis cannot re-associate with S. pneumoniae
There are several examples of S. pneumoniae proteins that localize to the cell wall
despite lacking a signal sequence or cell wall anchoring motif. Many of these proteins,
however, have been shown to re-associate with the surface of S. pneumoniae. This reassociation leaves open the possibility of an autolysis-dependent release of these proteins
as opposed to a true export mechanism from intact, live cells. We have shown previously
that Ply localizes to the cell wall in a LytA-independent manner [176], but it is still
possible that limited lysis promoted by other, minor lysins releases Ply, which could then
re-associate with the cell wall of neighboring, intact cells. To test this possibility, the
wild type S. pneumoniae strain TIGR4 was grown overnight in broth to autolyse. The
supernatant was collected by centrifugation and filtered to ensure there were no cells
remaining. This cell-free supernatant containing Ply released by autolysis was added to a
ply mutant culture at the start of the growth curve. Cultures of wild type and ply deficient
strains with no added cell-free supernatant were grown as positive and negative controls
for the presence or absence of Ply, respectively. Cultures were grown to mid-exponential
phase, fractionated and assayed for the presence of Ply and CodY by Western blot to
detect Ply. The exogenously added autolysis-released Ply is detected only in the
supernatant and not in the cell wall or protoplast fractions (Fig. 4.1). This result indicates
that Ply released by autolysis cannot re-associate with S. pneumoniae, further supporting
the autolysis-independent model for Ply release and suggesting that there is a Ply export
pathway.
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Figure 4.1. Ply released by autolysis cannot re-associate with intact cells. A wt culture
was grown up overnight and allowed to autolyse. The supernatant was collected and
filtered and added to a ply culture. Wt and ply cultures without added sup from and
autolysed culture were grown up as positive and negative controls the the presence or
absence of Ply, respectively. All cultures were grown to mid-exponential growth phase,
fractionated into supernatant, cell wall and protoplast compartments, and assayed for
the presence of Ply and CodY by Western blot. Equal volumes of cell equivalents were
loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt, protoplast.
Representative Western blot from 2 independent experiments.
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In S. pneumoniae, Ply is incompatible with an exogenously added signal sequence
Ply, unlike all other described cholesterol-dependent cytolysins (CDCs), lacks a
known signal sequence [125]. To assess the ability of Ply to be secreted through the Secmachinery, the strain SSRrgB-Ply, in which a canonical Sec-signal sequence was fused to
Ply, was constructed (Fig. 4.2A). The signal sequence is derived from RrgB, an S.
pneumoniae secreted, cell wall anchored protein. The SSRrgB-Ply strain was grown,
fractionated and assayed for the presence of Ply and CodY by Western blot. There was
no detectable Ply in any fraction (Fig. 4.2B). The lack of detectable Ply could be
indicative of a defect in transcription, translation or stability of the modified protein. To
test the possibility that there was a defect in transcription, qRT-PCR was performed on
the ply locus in the wild type and SSRrgB-Ply fusion strains. The amount of ply transcript
detected in the SSRrgB-Ply fusion strain was comparable to wild type (Fig. 4.2C). Thus
the lack of detectable protein is likely a post-transcriptional effect, and indicates that the
Ply protein was either not fully translated or was translated and then degraded. Assuming
that the RrgB signal sequence on Ply is recognized by the signal recognition particle and
directs the precursor to the Sec machinery, this result suggests that the fusion protein, in
particular the Ply portion, is in some way incompatible with the Sec-machinery.
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Figure 4.2. SSRrgB-Ply Fusion RNA is made, but protein is not detected in S.
pneumoniae. A, Sequence of SSRrgB-Ply. In bold is the DNA (Top) and Amino Acid
(bottom) sequence of RrgB. Text not bolded is Ply sequence. The RrgB signal peptide
is underlined. The gray arrow indicates the site of signal peptidase cleavage. B,
Western blot of cell wall fractionation of SSRrgB-Ply and wt cells. Cultures were grown
to mid-exponential growth phase, fractionated into supernatant, cell wall and protoplast
compartments, and assayed for the presence of Ply and CodY by Western blot. Equal
volumes of cell equivalents were loaded on the gel. Representative Western blot of two
independent experiments. Sup, culture supernatant; CW, cell wall; Prt, protoplast. C,
qRT-PCR on the ply transcript in wt and SSRrgB-Ply cells. Values plotted reflect the
median fold change of the ply transcript of three replicates as compared to wt,
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normalized to gyrB, error bars indicate the range.

Expression of the SSRrgB-Ply fusion strain in Bacillus subtilis
To examine the secretion properties of the SSRrgB-Ply fusion further, the fusion
construct was introduced into B. subtilis. The SSRrgB-Ply fusion was placed under the
control of the Pspac* constitutively active promoter in the amyE locus on the
chromosome via allelic exchange with a suicide vector (Fig. 4.3A) [177] [178]. The
SSRrgB-Ply B. subtilis strain was grown to mid-exponential phase and fractionated; the
presence of Ply was detected by and used in hemolysis assays and Western blot. Ply was
detected in all fractions including the culture supernatant, which also had the highest
level of activity (Fig. 4.3B and Table 2). In the protoplast fraction, two species of Ply
were detected, one at the expected molecular weight of the mature, signal peptidase
cleaved form of the protein and one at the expected molecular weight of the pre-protein
with its signal sequence still attached. In contrast, only the mature, cleaved form was
detected in the cell wall and culture supernatant. There was no Ply detected in the parent
strain of B. subtilis JH642. Since the SSRrgB-Ply fusion is cleaved by signal peptidase and
secreted to the culture supernatant in B. subtilis, it suggests that the failure to secrete or
even detect the SSRrgB-Ply in S. pneumoniae is due to an incompatibility between Ply and
the Sec-machinery and may provide an explanation as to why ply does not contain a
signal sequence.
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Figure 4.3 SSRrgB-Ply in B. subtilis. A , Schematic of ply contruct in Bacillus subtilis.
The ply* indicates that the ply construct will be one of the following: full-length ply (wt
ply) or SSRrgB-ply fusion. B, SSRrgB-Ply can be secreted when expressed in B. subtilis.
SSRrgB-Ply was placed under the control of the Pspac* promoter in the AmyE locus on the
B. subtilis chromosome. All strains were grown to mid-exponential growth phase,
fractionated into supernatant, cell wall and protoplast compartments, and assayed for the
presence of Ply and CodY by Western blot. SSRrgB-Ply in B. s.; SSRrgB-Ply fusion in B.
subtilis; JH642, wt B. subtilis parent strain. Equal volumes of cell equivalents were
loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt, protoplast. Representative
Western blot of two independent experiments.
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The Ply homolog Pfo localizes primarily to the protoplast and weakly to the cell wall
in S. pneumoniae
To further investigate the hypothesized incompatibility between Ply and the Secmachinery, Perfringolysin O (Pfo), a closely related homolog of Ply, was expressed from
the ply locus in S. pneumoniae and assayed for its localization. The first construct made
was Pfo with its native signal sequence (Fig. 4.4B) precisely replacing the Ply coding
sequence. This allele appeared to be toxic to S. pneumoniae as the only viable
transformants recovered had mutations that destroyed the signal sequence. Together with
the SSRrgB-Ply fusion result, these data suggest there is Sec-incompatibility with CDC
proteins in S. pneumoniae, lending additional support to the hypothesis that the Sec
incompatibility seen with Ply and Pfo is due to the Sec machinery itself and not specific
sequences or residues of Ply.
We next expressed a signal sequence-less version of pfo from the ply locus (Fig.
4.4C and D). This mutant was not toxic to S. pneumoniae and was detectable with an
antibody to Pfo. The majority of Pfo localized to the protoplast fraction and no protein
was detected in the culture supernatant. Interestingly, a small portion of Pfo localized to
the cell wall fraction (Fig. 4.4D). This result suggested that the putative Ply export
pathway recognizes another mature CDC protein but less efficiently. Therefore, it may
be possible to identify domains or residues required for efficient export and/or cell wall
attachment.
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Figure 4.4 A and B. A, Amino acid alignment of Ply (top) and Pfo (bottom).
Sequence homology does not begin until the third amino acid of Ply (an Asn, N).
Fusions were made at this amino acid. B, DNA (Top) and Amino Acid (bottom)
sequence of Pfo with no signal sequence. The Pfo signal peptide is underlined. The
gray arrow indicates the site of signal peptidase cleavage. The gray sequence was not
included in the construct, thus deleting the Pfo signal peptide and four amino acids
that share no homology to Ply.
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Figure 4.4 C and D. Pfo expression in S. pneumoniae. Pfo, a Ply homolog, is
expressed in S. pneumoniae and a small amount localizes to the cell wall in S.
pneumoniae. Pfo was placed in the Ply locus (ply::pfo), grown to mid-exponential
growth phase, fractionated into supernatant, cell wall and protoplast compartments, and
assayed for the presence of Ply and CodY by Western blot. wt and ply deletion
(ply::spc) strains were grown as controls. Panel C was blotted with anti-Ply and antiCodY, Panel D was blotted with anti-Pfo and anti-CodY. Equal volumes of cell
equivalents were loaded on the gel. Representative Western blot of two independent
experiments.
103

Truncation analysis reveals domain 2 is necessary for Ply export
To determine which domain(s) might be important for Ply export and cell wall
localization, N- and C-terminal truncation analysis was used. Truncated sequences
corresponded to structurally assigned domains of Ply [135]. All truncated products have
a C-terminal HA epitope tag for Western blot detection (see model of Ply structure and
schematic of truncation mutants, Fig. 4.5A and B).
Full length Ply with an HA tag (Ply-HA) was exported and localized to the cell
wall like the native Ply (Fig. 4.5C). The N-1 N-terminal truncation, which lacks a
portion of domain 1 (amino acids 1-21), was detected at its expected molecular mass and
was localized to the cell wall and protoplast fractions similar to the full length Ply-HA
(Fig. 4.5C). The N-2 mutant, which lacks a portion of domain 1 and domain 2 (amino
acids 1-57), was also detected at its expected molecular mass, but was only found in the
protoplast and not in the cell wall or supernatant fractions (Fig. 4.5C). Similarly, the N-4
mutant, which lacks portions of domains 1, 2 and 3 (amino acids 1-197), was detected at
its expected molecular mass, but was only found in the protoplast and not in the cell wall
or supernatant fractions (Fig. 4.5C). Both N-2 and N-4 proteins were weakly expressed,
which may indicate that these truncated proteins are somewhat unstable, conceivably as a
result of their failure to be exported.
For the C-terminal truncations, when domain 4 was deleted (C-1) (amino acids
360-471), there is no detectable protein, mostly likely do to degradation of an unstable
protein (Fig. 4.5D). When domain 4 and a portion of domain 2 (amino acids 343-471)
were truncated (C-2), the protein was detected at its expected molecular mass, but was
only found in the protoplast and not in the cell wall or supernatant fractions (Fig. 4.5D).
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A further C-terminal truncation of Ply lacking domain 4, and portions of domain 2 and 1
(amino acids 319-471) (C-3) was detected at its expected molecular mass, but was only
found in the protoplast and not in the cell wall or supernatant fractions (Fig. 4.5D). This
C-3 mutant was also weakly expressed.
In both sets of truncations, when a portion of domain 2 was deleted, the mutant no
longer localized to the cell wall, was absent from the culture supernatant, but was found
in the protoplast. This suggests that domain 2, which comprises a beta-sheet between
domains 1 and 4 in Ply (Fig. 4.5 C and D), is necessary for export.
Replacement of domain 2 with a flexible linker no longer localizes to the cell wall
One caveat to the conclusion that domain 2 is necessary for Ply export is that all
the truncation mutants lacking a portion of domain 2 are also missing portions of other
domains. To more rigorously test this hypothesis, domain 2 was replaced with flexible
linkers (gly-gly-ser repeats), leaving the rest of the protein unchanged. The N-terminal
portion of domain 2 was replaced with 2 repeats, while the C-terminal portion of domain
2 was replaced with 6 repeats. These repeat lengths, which were based on the known
length and flexibility of this linker [179], were chosen to maintain the spacing of the
remaining domains relative to each other. The domain 2 replacement mutant (D-2) was
detected at its expected molecular mass, but was only found in the protoplast and not in
the cell wall or supernatant fractions (Fig. 4.6). The localization of the D-2 mutant
recapitulates the truncation analysis, providing further evidence for the role of domain 2
in Ply export.
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Figure 4.5 A and B. A, Model of Ply structure. Model made with ModWeb software
and manipulated with MacPyMol software. Domains are color coded. Blue, domain 1;
green, domain 2; red, domain 3; yellow, domain 4. B, Schematic of primary sequence of
Ply and truncation mutants. Domains are color coded as in A.
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Figure 4.5 C and D. Ply truncation mutants. Domain 2 of Ply may be required for
export. Truncations of Ply were made from the N and C termini, tagged with an HAepitope tag at the C-terminus of the construct and crossed into the ply locus on the S.
pneumoniae chromosome. Strains were grown to mid-exponential growth phase,
fractionated into cell wall and protoplast compartments, and assayed for the presence of
Ply and CodY by Western blot. C, N-terminal truncation mutants. D, C-terminal
truncation mutants. Equal volumes of cell equivalents were loaded on the gel. Sup,
culture supernatant; CW, cell wall; Prt, protoplast.
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Figure 4.6. Domain 2 replacement does not localize to the cell wall. Domain 2 was
replaced with flexible linker of GGS repeats of appropriate length to maintain the
spatial orientation of the remaining domains, tagged with a C-terminal HA epitope tag
and crossed into the ply locus on the S. pneumoniae chromosome. The schematic of the
replacement mutant is color-coded by domain structure. Blue, domain 1; green, domain
2; red, domain 3; yellow, domain 4. ply-HA and D2 strains were grown to midexponential growth phase, fractionated into supernatant, cell wall and protoplast
compartments, and assayed for the presence of Ply and CodY by Western blot. Equal
volumes of cell equivalents were loaded on the gel. Sup, culture supernatant; CW, cell
wall; Prt, protoplast.
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Domain 2 swaps between Ply and Pfo show that Ply domain 2 is necessary for Ply
export
Given that Pfo localizes to the cell wall of S. pneumoniae with low efficiency and
that domain 2 is required for Ply export, we hypothesized that domain 2 of Ply is a signal
for, or possibly directly involved in, Ply export in S. pneumoniae. To test this hypothesis,
domain 2 swaps between Ply and Pfo were constructed and tested. Replacement of Pfo’s
domain 2 with that of Ply resulted in an unstable protein as no protein was detected in
any fraction using either Pfo or Ply antibodies (Fig. 4.7). Additionally, this mutant strain
had a slow growth rate. Taken together these results suggest that the modified Pfo
protein is unstable and somewhat toxic to S. pneumoniae.
On the other hand, replacement of Ply’s domain 2 with that of Pfo resulted in a
protein that is detected at its expected molecular mass, but is only found in the protoplast
and not in the cell wall or supernatant fractions (Fig. 4.7). This result supports the
hypothesis that domain 2 of Ply is necessary for, and possibly directly involved in,
export. One caveat to this result is that this hybrid protein, when released by osmotic
lysis of protoplasts, is not hemolytically active, which may indicate that the protein does
not fold properly, thus resulting in its failure to be exported. However, we would expect
that such a misfolded protein would be degraded by cellular proteases, as appears to have
happened for several of the mutant ply and pfo alleles constructed in this study. Thus the
weight of the evidence from the truncation and domain replacement or swap experiments
supports a role for domain 2 in export of Ply.
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Figure 4.7. Ply Domain 2 is necessary for Ply export to the cell wall in S. pneumoniae.
Domain 2 of Ply was replaced with domain 2 of Pfo and crossed into the ply locus on
the S. pneumoniae chromosome. ply-HA, ply with Pfo’s D2-HA and ply deletion
strains were grown to mid-exponential growth phase, fractionated into supernatant, cell
wall and protoplast compartments, and assayed for the presence of Ply and CodY by
Western blot. Equal volumes of cell equivalents were loaded on the gel. Sup, culture
supernatant; CW, cell wall; Prt, protoplast. Representative Western blot of two
independent experiments.
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Expression of ply in B. subtilis
To test if the export pathway that handles Ply in S. pneumoniae is conserved in
other Gram-positives, we generated a B. subtilis strain that expresses native ply under the
control of the Pspac* promoter in the same manner as the SSRrgB-Ply fusion (Fig. 4.2A).
The ply expressing B. subtilis strain was grown to mid-exponential phase, fractionated,
assayed for the presence of Ply and CodY by Western blot and hemolysis assays. Ply
was detected in all fractions, with the strongest band in the cell wall, which also had the
highest level of hemolytic activity (Fig. 4.8 and Table 1). This result suggests that the
putative Ply export pathway is conserved in B. subtilis, or, alternatively, that Ply is
autosecretory.
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Figure 4.8. Ply localizes to the cell wall when expressed in B. subtilis. ply was placed
under the control of the Pspac* promoter in the AmyE locus on the B. subtilis
chromosome. Strains were grown to mid-exponential growth phase, fractionated into
supernatant, cell wall and protoplast compartments, and assayed for the presence of Ply
and CodY by Western blot. 2394, acapsular TIGR4 S. pneumoniae; ply B. s.; ply in B.
subtilis; JH642, wt B. subtilis parent strain. Equal volumes of cell equivalents were
loaded on the gel. Sup, culture supernatant; CW, cell wall; Prt, protoplast.
Representative Western blot of two independent experiments.
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Hemolytic Units
Strain

Sup

CW

Prt

Acaps TIGR4

0

24

3

Ply with Pfo!s D2

0

0

0

ply

0

0

0

SSRrgB-Ply B.s.

12

0

0

Ply B.s.

0

96

3

JH642 (B.s. parent)

0

0

0

Table 1. Hemolytic Units of various strains.
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ply in B. subtilis

JH642 B. subtilis
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Figure 4.9. Ply expressing B. subtilis on blood agar is differentially hemolytic
compared to its parent strain JH642. Top left, Ply expressing B. subtilis alone. Top
right B. subtilis JH642 alone. Bottom, Ply expressing B. subtilis and its parent strain
JH642 were grown to mid-exponential phase, mixed 1:1, plated on blood agar and
grown at 37°C (normal CO2, not in 5% CO2 incubator) overnight. Dark gray colonies
are the parent strain, colonies with light centers (red centers) and gray outer edges are
the Ply expressing strain. Experiment and photo done by Neil Greene.
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DISCUSSION
Several proteins without signal sequences have been found on the cell surface in
S. pneumoniae; these include enolase and GAPDH [77] [180]. Some of these so called
“leaderless, moonlighting” proteins have been shown to re-associate with the cell surface
when exogenously added to cells [77]. Because these proteins can re-associate with the
cell surface, limited autolysis is still a possible mechanism for release and localization of
these proteins. Similar to these leaderless, moonlighting proteins, Ply is localized to the
cell wall despite not containing any recognizable signal sequence or a cell wall anchoring
motif [176] [125]. We have shown that Ply is cell wall localized in a lytA-independent
manner [176], however, the possibility still remains that limited autolysis caused by other
lysins may release Ply, which could then re-associate with cells.
To test the possibility that Ply can re-associate with cells, exogenous Ply that had
been released by autolysis was applied to a ply culture at the start of the growth curve.
We found that Ply remained in the supernatant and did not re-associate with cells.
Combined with our previous work showing Ply in the cell wall fraction in a lytAindependent manner [176], we conclude that there must be an autolysis-independent Ply
export pathway and that Ply localized to the cell wall is not the result of autolysis.
It is striking that Ply is not secreted through the Sec-machinery like all other
known members of the cholesterol-dependent cytolysin family. Is the Ply not secreted
through the Sec-machinery simply due to the lack of a signal sequence, or is there an
incompatibility between Ply and the Sec machinery. To address this question, we
expressed Ply containing a known functional signal peptide from RrgB, an S. pneumoniae
secreted, cell wall localized protein [83]. However, when we expressed this SSRrgB-Ply
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fusion in S. pneumoniae there was no detectable Ply protein. We showed that
transcription of this gene was normal, indicating that the defect in expression is posttranscriptional in nature. Assuming the RrgB signal peptide directs the fusion protein to
the Sec-machinery, we hypothesize that Ply is incompatible with the Sec-machinery in S.
pneumoniae. There is precedence for degradation of Sec-incompatible proteins when
they are forced through the Sec-machinery [54] [55]. This prompted us to further
investigate this incompatibility.
Two possibilities that could explain the observed post-transcriptional failure of
SSRrgB-Ply to be secreted are: 1) incompatibility between the SSRrgB-Ply fusion protein
and the Sec-machinery of Gram-positive bacteria, i.e., the defect lies with the substrate,
or 2) incompatibility between SSRrgB-Ply and specifically the S. pneumoniae Secmachinery, i.e., the defect lies with the S. pneumoniae Sec-machinery. To test the first of
these possibilities, we expressed SSRrgB-Ply in the heterologous Gram-positive host B.
subtilis. Strikingly, the SSRrgB-Ply protein in B. subtilis is expressed and secreted. This
result indicates that the incompatibility observed between SSRrgB-Ply and the Secmachinery of S. pneumoniae is due to components of the S. pneumoniae Sec-machinery
and not the SSRrgB-Ply protein itself.
Given that the culprit of incompatibility of SSRrgB-Ply and the Sec-machinery was
the Sec-machinery, we reasoned that natural signal sequence-containing CDCs might also
be incompatible with the Sec-machinery in S. pneumoniae as well. Thus, we expressed a
closely related homolog of Ply, Perfringolysin O (Pfo), from the ply locus and determined
its localization. We expressed two versions of Pfo, one with and one without its native
signal sequence. Similar to the SSRrgB-Ply result, Pfo with its signal sequence was not

116

only undetectable, but in addition appeared to be detrimental to cell growth since all
viable transformants had frameshift mutations within the signal sequence or lacked the
signal sequence all together. In contrast, a construct of Pfo lacking its signal sequence
was tolerated by S. pneumoniae, and was detected mainly in the protoplast fraction but,
surprisingly, with a small amount detected in the cell wall fraction. This result indicated
that the putative Ply export pathway can recognize and secrete Pfo, but with lower
efficiency. We do not know if this is the same pathway used to export the signal
sequence-less, moonlighting proteins enolase and GAPDH. Testing of this possibility
awaits identification and inactivation of this putative export pathway.
Though the identity of the hypothesized Ply export pathway remains at large, we
can nonetheless begin to characterize domains of Ply that are required for its export and
possibly cell wall localization. To this end, we used a series of terminal truncations and
internal domain replacements to deduce that domain 2 is required for proper Ply
localization. Domain 2 is a beta-sheet formed by two noncontiguous regions of Ply
(amino acids 22-57 and 343-359). The function of this domain in the biology of Ply is to
prevent the alpha helices of domain 3 from changing conformation into the pore forming
transmembrane beta-sheets prematurely and is the domain most likely responsible for the
vertical collapse of the protein that allows the transmembrane beta-sheets to reach the
target membrane and pierce it [136] [137]. It is possible that in the absence of domain 2
the domain 3 alpha helices are not stabilized and form beta-sheets that night be able to
insert into the bacterial cell’s membrane or result in a conformation not recognized by the
putative export pathway, thus preventing its export.
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Given that domain 2 is required for Ply export and that a signal sequence-less
version of Pfo is somewhat competent for export and localization to the cell wall, we
determined if swapping domain 2 between Pfo and Ply would result in a decreased
amount of Ply in the cell wall and conversely, an increased amount of Pfo in the cell wall
in S. pneumoniae. Ply with Pfo’s domain 2 fails to get exported, further suggesting that
domain 2 is necessary for Ply export. Unfortunately, Pfo with Ply’s D2 is undetectable in
S. pneumoniae, so we cannot conclude whether the Ply domain 2 is sufficient for export.
It may be possible in future studies to identify critical residues in domain 2 by sitespecific mutagenesis.
It appears that there is a domain 2 dependent Ply export pathway in S.
pneumoniae. It is possible that this putative export pathway is specific to S. pneumoniae
or instead might be conserved among other bacteria. To begin testing how conserved this
putative pathway is, a B. subtilis strain that expresses native Ply under the control of a
constitutively active promoter was constructed. Ply localizes in B. subtilis much like it
does in S. pneumoniae, indicating that the putative Ply export pathway is conserved in B.
subtilis. However, in the absence of knowledge of the components of this export
pathway, we cannot rule out the alternative mechanism of autosecretion of Ply, even
though Ply lacks any recognizable type I autosecretory domain [181].
This work shows that cell wall localized Ply is exported from the cytoplasm in an
autolysis-independent, domain 2-dependent manner. The incompatibility with the Secmachinery exhibited by Ply (and Pfo when expressed in S. pneumoniae) is not observed
when Ply is expressed in B. subtilis. These results indicate that S. pneumoniae Secmachinery cannot accommodate a CDC and may provide insight as to why Ply, unlike all
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other CDCs, does not contain a Sec signal sequence. One possible evolutionary scenario
is that an ancestral Ply existed in S. pneumoniae that contained a signal sequence and was
secreted through the Sec machinery, however, a mutation in a Sec gene resulted in
incompatibility specifically with Ply. In a subsequent mutational event Ply lost its signal
sequence through deletion and became a substrate for an as yet unidentified export
pathway for signal sequence-less proteins thus restoring virulence.
Though the Ply export pathway has not yet been identified in this work, we
nevertheless show that there is a Sec-independent mechanism for Ply export, which is
domain 2-dependent. The putative export pathway is conserved in other Gram-positives
as expressing native Ply in B. subtilis results in cell wall localization of the protein. This
strain is clearly distinguishable from its parent strain when plated on blood agar (Fig.
4.9). This strain may be suitable as a tool to discover components of the export pathway.
Whatever the Ply export pathway is it represents a potential target for a therapeutic agent
against S. pneumoniae and perhaps other Gram-positive bacterial pathogens.
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CHAPTER 5: SUMMARY AND PERSPECTIVES
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SUMMARY AND PERSPECTIVES
Streptococcus pneumoniae causes a wide range of disease at different sites in the
body and can also asymptomatically colonize the human naso-pharynx. One protein
required for both virulence and colonization is pneumolysin (Ply) [1]. Ply is a multifunctional protein that forms pores in eukaryotic cells, directly lysing them, which
damages tissues and can lead to more invasive disease and exacerbation of disease by the
influx of immune cells and inflammatory molecules [135] [182] [157]. Ply can also
directly modulate the immune system with its non-lytic functions. These include, binding
the Fc portion of IgG, futilely activating complement in the blood, decreasing the amount
of available complement proteins, which allows the bacterium to resist complementmediate killing [154] [153]. With this single protein—Ply—S. pneumoniae can modulate
the immune system and directly damage its host.
The mechanism of Ply’s functions and effects on virulence and colonization have
been well documented. What remains poorly understood is the mechanism of Ply’s
export from the bacterial cell. Ply contains no signal sequence and is not secreted
through the Sec-machinery [125]. How then, is Ply exported? This work challenges the
long-standing model in the field that Ply is released upon autolysis [119] [122]. I
supported the findings of Briles and colleagues [165] and showed that Ply is released in
an autolysis-independent manner. However, in contrast to all studies examining Ply’s
localization, I showed that Ply is localized to the cell wall fraction in 18 different
serotype strains and that this localization is independent of lytA. I demonstrated that cell
wall localized Ply is accessible to proteinase K and is releasable by SDS. These results
reveal that Ply is surface exposed and non-covalently attached to the cell wall [176]. I
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showed that there is a putative Ply export pathway as Ply cannot re-associate with the cell
wall. This putative export pathway is conserved in B. subtilis and is dependent on
domain 2 of Ply in S. pneumoniae. I showed that a signal sequence is not sufficient for
Ply secretion in S. pneumoniae, but is sufficient in B. subtilis. These results suggest that
there is incompatibility between Ply and the Sec-machinery of S. pneumoniae, which may
provide an evolutionary explaination for why Ply contains no signal sequence. There is
potential that this unidentified export pathway may transport other leaderless proteins
found on the cell surface of S. pneumoniae. Whether the putative export pathway
secreted Ply alone or many proteins, it represents a potential drug or vaccine target for
treating and preventing S. pneumoniae infections.
More studies on the mechanism of cell wall attachment could be done to clarify
and deepen our understanding of the mechanism of Ply cell wall attachment. A few such
studies would be to perform limited cell wall digestions with just lysozyme or
mutanolysin and see if the banding pattern of Ply changes on a native gel. However,
since the crosslinking assays on whole cells and running whole cells and cell wall
digested fractions on native gels revealed no binding partners or shifts in mobility, it is
unlikely that these experiments would reveal a mechanism of attachment. A genetic
approach may be more promising. For example temperature sensitive mutants in the
teichoic acid synthesis and assembly genes would reveal if Ply is attached to teichoic acid
or a teichoic acid attached molecule [183]. If Ply is not attached to teichoic acid, we can
assume that the attachment of Ply to the cell wall is then between Ply and the
peptidoglycan or a peptidoglycan attached molecule. In this case, mutations or
antibiotics that subtly affect peptidoglycan structure may yield additional information.
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For example mutations in murN or murM that affect the incorporation of crossbridges
into the peptidoglycan could be used to assay if Ply is preferentially attached to the
crossbridges or the stem peptides that do or do not contain the crossbridges [184].
In experiments to characterize the putative Ply export pathway, I showed that Ply
is localized in the cell wall throughout exponential phase and into early stationary phase.
About 40% of the total Ply signal is located in the cell wall in mid-exponential phase, and
this fraction also retains the most activity. When an acapsular strain was assayed for the
sub-cellular localization of Ply, it showed the same cell wall partitioning of Ply as the
encapsulated parent strain, indicating that the cell wall localization does not require an
intact capsule nor the capsule synthesis or export genes for its localization.
Acapsular whole cells have the same level of hemolytic activity as its own cell
wall fraction and the cell wall fraction of its encapsulated parent. This finding supports
the proteinase K result of surface accessibility. It suggests that most of the active Ply is
available on the surface of a whole cell, but is obstructed by the capsule. This may
indicate that S. pneumoniae has devised a clever way of having pre-loaded, active Ply on
the surface, so that it can be released quickly when needed, but saved and sequestered
when not. Cell wall localization, therefore, may be a way to titrate/pinpoint the time and
place of Ply deposition.
If this hypothesis is correct and Ply is tightly (but non-covalently) bound to the
cell wall for quick release or precise delivery when needed, how is it released from the
cells when it needs to act, and what is the signal for release? I have shown that the
presence or absence of capsule makes a marked difference in whole cell Ply activity.
Therefore, one possibility is that the amount of capsule elaborated by a cell might
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regulate the release of Ply. There have been studies done on the amount of capsule
expressed by S. pneumoniae cells in proximity to host epithelial cells [13] [14]. In one
elegant microscopy study, there is a chain of S. pneumoniae with a visible gradient of
capsule that increases with distance away from the epithelial cell. The bacterial cell
closest to the epithelial cell is nearly acapsular, the bacterial cell farthest away is heavily
encapsulated and the bacterial cells in between have intermediate levels of encapsulation.
Since these bacterial cells are in a chain, they are clonal, so the authors suggest that
variation of the capsule must be due to regulation of the capsule and not a mutation in the
capsule locus [14]. It is possible that this putative proximity-regulated capsule is a
mechanism to release active Ply onto a host cell in close proximity to the bacterium.
Such a model would be difficult to test directly, but it may be possible to image
such an interaction with immuno-fluorescence labeling of Ply with a fluorescent antibody
or label a His-tagged Ply with fluorescent-NTA. The bacteria would be allowed to
interact with the epithelial cells, the cells fixed and Ply labeled and visualized with a
fluorescence microscope. I hypothesize that Ply is released from the cells closest to the
epithelial surface, where the capsule is the thinnest. If this hypothesis is correct, I would
expect to see the least labeling of Ply on the bacterial cells proximal to the epithelial
cells. I would also expect to see Ply on the epithelial cells that originated, presumably,
from the adjacent bacterial cells.
Given the difficulty I have had with immuno-fluorescently labeling Ply on the
bacterial surface, it might be wise to indirectly test this hypothesis, by using mutants that
express different amounts of capsule on their surfaces (as described, [12] in hemolysis
assays. The prediction would be that the amount of capsule would inversely vary with
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the amount of hemolytic activity of whole cells: the more capsule, the lower the activity;
the less capsule, the higher the activity.
Another indirect test of this hypothesis is to address whether Ply release requires
contact. If we consider the hypothesis that down regulation of capsule reveals active Ply,
we might expect contact or close proximity to be required for pore formation. However,
given that the role of Ply in the blood stream is to bind IgG and activate complement
away from the bacterial cell, contact-dependent release would be difficult to explain as
this mechanism of Ply defense occur in solution, away from the bacterial cell. It is
possible that Ply could be released or stay cell-associated, depending on the environment.
Contact dependent release could be determined by doing hemolysis assays as
usual, but with a barrier in between bacteria and RBCs—like dialysis tubing with pore
small enough for Ply to get through (Ply is approximately 55 x 30 x 110 Å) [135] [182],
but smaller than the size of the bacterium (0.5 !m). If RBCs are not lysed, it would
suggest that contact is required. If RBCs are lysed, direct contact is not required. With
either result, we get a clue as to the nature of the putative signal for release. If contact is
required, then the signal for Ply release is not soluble and may be membrane bound. If
contact is not required, then there may be instead a soluble signal for Ply release.
We already know that the standard hemolysis assay contains the (or at least a)
signal for Ply release. To identify the minimal requirements of the signal for Ply release,
the same lysis assay could be done but with cholesterol containing liposomes as have
been described for use in purified protein pore-formation studies [136] [182] [185]. The
composition of the liposome would be varied to test for an insoluble release agent (in the
case of contact-dependent release), or soluble components would be added into the
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system to test for a soluble release agent (in the case of contact-independent release),
until liposome lysis is achieved.
In vitro, detergents are the only chemicals tested that released Ply (in the absence
of eukaryotic cells). NaCl, MgCl2, Sodium Carbonate, Urea and DTT could not release
Ply, but it is possible that Ply behaves differently in vivo or in the presence of cells. For
instance, Ply activity is very sensitive to reducing agents in hemolysis assays, but DTT, a
reducing agent fails to remove Ply from the surface. Godoy et al. showed that B. fragilis
can grow in tissue culture with Chinese hamster ovary (CHO) cells under 5% CO2
conditions [186]. B. fragilis, when grown without the presence of CHO cells, can only
tolerate nanomolar concentrations of oxygen [187]. This result strongly suggests that
there is a reducing environment proximal to host cells, which creates a redox potential
between the host cell surface and the extracellular space. It is possible that the redox
potential is the signal for Ply release. So, while DTT created a reducing environment in
the in vitro experiment, it did not create a redox potential and therefore Ply was not
released.
Additional studies on the mechanism of cell wall localization and attachment
could be done to characterize the requirements of the putative Ply export pathway. A few
examples are to see how Ply localizes in the presence of various antibiotics that interfere
with transcription, translation, cell wall synthesis or proton motive force. Tests with
these inhibitors would reveal if Ply localization requires active transcription, translation,
growing cell wall or an energy gradient, respectively. I propose that these experiments
could be done in a modified pulse-chase experiment, where the pre-existing surface
localized Ply is removed with proteinase K treatment followed by washing to remove
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proteinase K and then treatment with the compounds. Time points would be taken and
samples would be assayed for the presence of Ply and CodY by Western blot to follow
the new Ply that is exported to the cell surface.
In order for Ply to be attached to the cell wall, it must first be secreted though the
bacterial plasma membrane. Paradoxically, unlike all other known members of the CDC
family, Ply does not contain a signal sequence and is not secreted through the type II
(Sec) machinery [125]. Furthermore, as shown in this work, when supplied a signal
sequence, Ply cannot be exported, and in fact, no Ply is detected. Ply is incompatible
with the Sec system in a way reminiscent MalE-LacZ fusion studies done by Beckwith
and colleagues [54, 55]. MalE is involved in the uptake and utilization of maltose,
contains a signal sequence and is located in the periplasm of E. coli, whereas, LacZ is a
cytoplasmic protein involved in lactose metabolism. Fusion proteins were made that
contained varying lengths of the MalE N-terminus fused to full-length LacZ. Viable cells
expressing the fusions were found to be lac- and had LacZ in the insoluble (inner
membrane) fraction of the cell. The membrane targeting was shown to be due to the
MalE signal sequence and the retention at the membrane was hypothesized to be due to
incompatibility of LacZ with the Sec-machinery and that LacZ was “literally stuck” in
the membrane [54, 55].
Attempts to make a fusion that included a very large portion of MalE were toxic.
The authors hypothesize that the Sec-compatible protein MalE is translated and
translocated and when the Sec-incompatible LacZ portion of the fusion protein comes to
the Sec-machinery, it cannot be exported nor can the export be aborted. This leads the
authors to conclude that there are a limited amount of Sec-systems in a cell or that they
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may be spatially restricted, such that the jamming of the Sec-machinery by the MalELacZ fusion prevents the secretion of other, essential proteins [54]. The SSRrgB-Ply
fusion strain may, therefore, be incompatible with the Sec-machinery like the MalE-LacZ
fusions. However, instead of remaining at the membrane, SSRrgB-Ply is either degraded
by proteases or translation/translocation is aborted through an alternate mechanism.
There are two major players in secretion that could contribute to Secincompatibility: the secretion machinery and the protein substrate. When I tested the
localization of SSRrgB-Ply in B. subtilis, I saw that it is secreted. This result not only
shows that the SSRrgB-Ply fusion is functional, but also that the Sec-machinery of B.
subtilis is capable of secreting it. Furthermore, this result suggests that the
incompatibility between Ply and the S. pneumoniae Sec-machinery may lie with the
components of the Sec-machinery itself, which hints at the underlying reason for Ply’s
lack of a signal sequence. Supporting this hypothesis, when a secreted homolog of Ply,
Pfo with its native signal sequence, was cloned into the ply locus in S. pneumoniae, the
resulting strain had an even more severe phenotype than was seen with SSRrgB-Ply—it
was toxic to S. pneumoniae. The only viable transformants had mutations in the signal
sequence or had deleted the gene all together. This result shows that the Sec machinery
of S. pneumoniae is incapable of secreting at least two members of the CDC family.
When expressed in B. subtilis, Pfo with its native signal sequence is secreted [188],
lending support to the hypothesis that the Sec-machinery is altered in S. pneumoniae
compared to other bacteria.
Careful analysis of the Sec components of S. pneumoniae, B. subtilis and a more
closely related bacterium with a Sec-secreted CDC, Streptococcus pyogenes, might prove
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a useful starting point for analysis of the defect in the S. pneumoniae Sec machinery.
First, though, the absolute requirement of the Sec machinery for SSRrgB-Ply secretion
should be established. Dependence on the Sec-machinery can be shown with a
temperature-sensitive allele of SecA (SecAts) [189]. The SecA-dependency of SSRrgB-Ply
would be tested in the SecAts background. This mutant would be grown at the permissive
temperature, then aliquoted into two cultures, one would be kept at the permissive
temperature, and one would be shifted to the non-permissive temperature. Secreted Ply
would be analyzed by Western blotting the culture supernatants of both cultures.
Secreted flagellin protein (Hag) would serve as a SecA-independent control and secreted
pectate lyase protein (Pel) would serve as a SecA-dependent control [189]. If SSRrgB-Ply
is not secreted at the permissive temperature, then it is SecA-dependent. If SSRrgB-Ply is
secreted at the non-permissive temperature, then it is SecA-independent. SecAindependent secretion would be an unexpected result, however: If the SSRrgB-Ply protein
ran at the expected molecular mass of the pre-protein (and not the signal sequence
cleaved, mature protein size), it would indicate that the putative Ply export pathway can
recognize SSRrgB-Ply and export it. Since Sec-secretion is co-translational, exported but
uncleaved SSRrgB-Ply would never be observed in a wild-type cell because the Secindependent pathway never has access to its substrate.
I hypothesize that the failure of the SSRrgB-Ply protein to be expressed is a result
of an altered Sec component in S. pneumoniae. To test this hypothesis, B. subtilis sec
genes could be replaced with S. pneumoniae sec genes. Assuming they are viable, these
B. subtilis mutants would be assayed for their ability to secrete SSRrgB-Ply by hemolysis
assays and Western blots. If there were a defect in Ply secretion in the sec mutants, we
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would conclude that this sec gene product of S. pneumoniae is indeed responsible for the
defect in SSRrgB-Ply secretion in S. pneumoniae. The reciprocal experiment could also be
done, where genes of the S. pneumoniae Sec machinery are systematically replaced with
genes of the B. subtilis Sec machinery and assayed for SSRrgB-Ply localization. Results of
which would implicate specific genes as the culprit of Sec-incompatibility.
The Sec-machinery is essential, but it still may be possible to obtain point mutants
in the S. pneumoniae sec genes by gene-targeted mutagenic PCR that are viable, but alter
secretion of proteins, specifically SSRrgB-Ply. Viable mutants would be assayed in a brute
force screen for their ability to translate and secrete SSRrgB-Ply in S. pneumoniae by
hemolysis assays and Western blots for the presence and localization of Ply. If such a
mutant was found, the sec gene mutated by mutagenic PCR would be sequenced and
compared to the corresponding sec gene of B. subtilis and S. pyogenes. This mutant
allele could be tested for sufficiency to secrete SSRrgB-Ply by using it to complement the
B. subtilis mutant expressing the homologous S. pneumoniae sec genes.
When Pfo was made to look like Ply by deleting its signal sequence, it behaved
like Ply. The protein was not toxic and, unlike its signal sequence-containing
counterpart, a small amount of the protein localized to the cell wall. This result suggests
that the putative Ply export pathway can recognize and export Pfo, but less efficiency.
Pfo and Ply share approximately 48% identity [133]; therefore there may be domains or
residues required for recognition and export of the proteins that are different between the
two. Through truncation analysis and domain replacement, I found that domain 2 of Ply
is required for export of Ply. This requirement seems to be specific to Ply’s domain 2
because when I expressed a hybrid allele of ply that contained Pfo’s domain 2, this
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mutant failed to localize to the cell wall. This specificity suggests that the putative Ply
export pathway recognizes and may directly interact with domain 2. Alternative, domain
2 may possess some sort of autosecretory function, perhaps through direct or indirect
interaction with the plasma membrane. When comparing the sequences of domain 2 in
Ply and in two Sec-secreted homologs, Pfo and Slo, I noticed that residues that are
conserved in Pfo and Slo but are different in Ply are more hydrophobic and create a
hydrophobic patch in Ply’s domain 2 (Fig. 5.1A and B). It may be possible to identify
critical residues of that mediate Ply mislocalization by site-directed mutagenesis of
domain 2, specifically in this hydrophobic patch.
Domain 2 is responsible for the vertical collapse of the Ply protein transition from
pre-pore to pore [137] [136]. The collapse allows the pore-forming beta-sheet
transmembrane hairpins (TMH) of domain 3 to reach the host membrane and pierce it.
The TMH portion of domain 3 is held in place in an alpha-helical structure through
interactions with domain 2. It is possible that when domain 2 is deleted, the alpha helices
in domain 3 are not stable and unfurl into the TMH beta-sheets. It is possible that this
putative pre-triggering of domain 3 is responsible for the failure of the D2 protein to be
exported. It is possible, for instance, that the putative Ply export pathway does not
recognize this form of the protein or, alternatively, that the domain 3 TMH beta-sheet
could insert into the S. pneumoniae membrane, preventing Ply’s association with its
native export pathway. This second possibility could be tested by fractionating the D2
mutant into membrane and cytoplasmic fractions and measuring the amount of Ply by
Western blot.

131

Figure 5.1A. Sequence alignment of Perfringolysin (Pfo), Streptolysin O (Slo) and Ply.
Domain 2 is boxed. Colors are coded by polarity. Red, polar, acidic ; Blue, polar, basic;
Green, hydrophilic; Black, hydrophobic.
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Pfo

Ply

Figure 5B. Domain 2 beta-sheet of Pfo (left) and Ply (right) (Pfo structure was
“mutated” to Ply sequence in Swiss PDB viewer). Domain 2 is oriented as it is
in figure 4.5A. Hydrophobic patch discussed in text is circled in white. The
residues that are shown are those that are the same in Pfo and Slo, but different
in Ply plus the hydrophobic residues in domain 2, regardless of homology
among proteins (see Fig. 5.1A). Warm colors=hydrophilic, Cool
colors=hydrophobic.
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To test if the putative domain 2 dependent Ply export pathway was conserved in
other bacteria, I expressed Ply (in its native form, without a signal sequence) in the
heterologous Gram-positive host B. subtilis. To my delight, B. subtilis exports Ply to the
cell wall. This result suggests that the putative Ply export pathway is conserved in Grampositives and may lend weight to the hypothesis that Ply may be exported by a pathway
capable of exporting other leaderless proteins.
The B. subtilis Ply expressing strain has a striking phenotype on blood agar. It is
clearly distinguishable from its parent strain by having a light colony center due to
hemolysis of RBCs, and thus could be the starting strain for a screen to find the export
pathway of Ply in this heterologous host. If such a pathway was found in B. subtilis,
mutation(s) in the homologous genes in S. pneumoniae could be made and assayed for
export. If the pathway is identified in S. pneumoniae, the localization of several other
leaderless proteins could be tested in this background to see if the putative Ply export
pathway is used for the export of other proteins. There is no guarantee that the export
pathways are the same in B. subtilis and S. pneumoniae, but it is the most parsimonious
explanation for my results
The original screen that I did in S. pneumoniae revealed no export pathway. What
it did reveal, however, was a hint at ply transcription control. I learned that there are
likely two promoters for ply and that the promoter three genes upstream of ply is likely
the strongest contributor to ply transcription. It is unclear whether the gene products
encoded by SP1926-1924 contribute to ply transcription. A clean deletion of this putative
operon should definitively answer this question.
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The putative promoters of ply could be mapped to begin the analysis of ply
transcriptional control. To test if the gene products of SP1926-1924 play a direct role in
ply transcription, electrophoretic mobility shift assays could be performed using
combinations of purified SP1926, SP1925 and SP1924 proteins and DNA from each
promoter.
One piece of data that was initially upsetting is now perhaps opening up a new
area of investigation. PsaA is found in all fractions assayed, including the membrane and
cell wall fractions, which opens up the possibility that there is membrane contamination
in the purified cell wall fraction. I do not believe this is sufficient evidence to retract the
claim that Ply localizes to the cell wall. There is not enough Ply in the membrane to
account for the amount of Ply in the cell wall if this Ply is simply a result of membrane
contamination and an artifact of cell wall digestion. Sodium carbonate, which cleaves
thio-ester linkages of lipoproteins does not release Ply, so Ply does not contain a cryptic
lipodation signal. In addition, a known covalently attached cell wall protein RrgB is in
the cell wall fraction, suggesting that the “cell wall fraction” contains almost all the cell
wall proteins. It is interesting, however, that a membrane protein is found in such high
quantity in the cell wall fraction. It could be that PsaA in the cell wall is an artifact of
fractionation similar to the non-lytic release of membrane in response to cell wall
synthesis inhibitors but not transcription or translation inhibitors [190]. The membrane
protein in the cell wall fraction could also represent a mechanism to regulate the amount
of protein in the membrane. It could be a mechanism of getting rid of old protein in
general, or substrate binding proteins in particular when they are not required. It could
also be a mechanism of jettisoning bacterial proteins as decoys or inflammatory response
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modulators. Thus, the equivalent localization of the PsaA lipoprotein to all cellular
fractions present a new puzzle that could be investigated as a study separate from mine.

Conclusion:
In this work I show that Ply is localized to the cell wall of S. pneumoniae where it is
surface accessible and non-covalently attached. I show that the export of Ply is
dependent upon domain 2. When a signal sequence Ply fusion (SSRrgB-Ply) is expressed
in S. pneumoniae, the protein is not detectable and is either not translated at all, or is
quickly degraded. However, when expressed in the heterologous host B. subtilis, the
signal sequence Ply fusion protein is detectable and secreted. Together with the toxicity
of a signal sequence containing homolog of Ply (PfoSS) when expressed in S.
pneumoniae, these results suggest that the culprit in the Ply (and Pfo)/Sec incompatibility
is the Sec machinery itself. This incompatibility hints at an evolutionary reason as to
why Ply is the only CDC that does not contain a signal sequence. Perhaps a mutation
occurred in the Sec machinery that no longer supported the secretion of Ply. The current
putative Ply export machinery, which is conserved in distantly related species, B. subtilis,
was then able to take over, thus allowing the continued export of this important virulence
and colonization factor. This new/default pathway of secretion may have additionally or
alternatively been selected for based on its proposed ability to pinpoint and or titrate the
amount of Ply delivered to a particular site. The new Sec-independent pathway may have
allowed or enhanced the ability of Ply to modulate the immune system in ways that have
not been described for other secreted CDCs. Since S. pneumoniae is an obligate
colonizer of the human host, this ability to precisely deliver Ply from a cell surface
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reservoir of Ply may have allowed for colonization without infection or with controlled
infection, allowing the host and, therefore, S. pneumoniae to survive.
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MATERIALS AND METHODS
Strains and growth conditions
The S. pneumoniae strains used in this study are listed in Table 1. S. pneumoniae
was grown to an OD600=0.3 in Todd-Hewitt broth supplemented with 0.5% yeast extract
(THY) plus 5 !L/mL Oxyrase (Oxyrase, Inc., Mansfield, OH). These cultures were
mixed with glycerol to a final concentration of 20% glycerol, aliquoted into 300 !L
“starter cultures” and stored at -80°C. Starter cultures were thawed and diluted into THY
broth plus Oxyrase and grown to mid-exponential phase, OD600=0.4-0.5.
The Bacillus subtilis strains were grown on LB plates overnight and were used to
inoculate THY broth to a starting OD600=0.01-0.02. Cultures were grown shaking at
37°C to an OD600=0.4-0.5.
Strain construction
The S. pneumoniae strains listed in Table 1 were constructed using the SOE
(splicing by overlap extension) PCR method [191]. All constructs were confirmed by
sequencing. In all marked deletions of a gene, an “up”, “drug resistance cassette” and
“down” PCR product was made using F1/R1, F2/R2 and F3/R3 primers, respectively.
The “up” and “drug resistance cassette” products were spliced together using F1/R2. The
“up- drug resistance cassette” and “down” products were spliced together using F1/R3.
This final PCR product was used to transform AC2394.
For truncation analysis of ply and replacement of ply with pfo “up”, “ply (or
pfo)”, “drug resistance cassette” and “down” products were made with using primers
F1/R1, F2/R2, F3/R3 and F4/R4, respectively. The “up” and “ply” products were spliced
together with F1/R2. “up-ply” and “drug resistance cassette” products were spliced
together with F1/R3. “up-ply-drug resistance cassette” and “down” products were
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spliced together with F1/R4. This final PCR product was used to transform KP1
(AC2394, ply::spc).
Replacement of Ply domain 2 with flexible linkers or with Pfo’s Domain 2 were
made by SOE PCR where the arms of the primers contained the new sequence. These
primers were used to create “up-domain 1 of Ply” “Ply middle” and “Domain 4 of Plydrug resistance cassette-down” and were spliced together as usual and used in
transformation of KP1. Replacement of Pfo domain 2 with Ply domain 2 was made in
the same manner, with the arms of the primers containing ply sequence
The B. subtilis strains expressing SSRrgB-Ply and Ply were constructed by first
amplifying the SSRrgB-Ply and Ply sequences from the genomic DNA (gDNA) of strains
SSRrgB-Ply and AC2394, respectively. These PCR products we cloned into the bluntended cloning vector, pCRscript (Stratagene) to introduce EcoRV and SacI restriction
enzyme sites. The insert was cut from the vector and ligated into a prepared integrative
plasmid pAWS8 [177]. pAWS8 contains the yeast aconitase gene acoI under the control
of the constitutively active Pspac* promoter between two segments of the non-essential
AmyE gene. acoI was removed from pAWS8 by cutting first with HindIII, blunting the
plasmid with Klenow, and then cutting the plasmid with SacI, thus removing acoI and
creating a blunt end and a SacI overhang. The ply insert (with a blunt 5’ end and a 3’
SacI overhang) was ligated into the cut vector with T4 DNA ligase (NEB) for 1 hour at
room temperature and transformed into DH5alpha E. coli (for the ply construct) and
JM107 E. coli (for the SSRrgB-Ply construct). Colonies were picked and plasmids were
isolated with the Qiaquick miniprep kit (Qiagen). The resulting plasmids were used in a
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transformation into B. subtilis strain JH642 [178, 192]. Colonies were tested for double
cross-over by amylase activity assays, colony PCR and sequencing.
Fractionation of S. pneumoniae and B. subtilis
Cells were grown to an OD600=0.4-0.5 and centrifuged at 4,000 x g for 7 minutes.
The culture supernatants were saved and proteins were precipitated with 10% (vol/vol)
TCA and resuspended in 70 !L 50 mM Tris pH 7.5. The cell pellets were washed once
with THY and resuspended in 70 !L cell wall digestion buffer (1x protease inhibitor
cocktail (Roche), 300 U/!L mutanolysin, 1 mg/mL lysozyme in a 30% sucrose 10 mM
Tris pH 7.5 buffer) and incubated at 37°C for 2 hours rocking. Protoplasts were
separated from the cell wall by centrifugation at 13,100 x g for 10 min. Protoplasts were
resuspended in 70 !L 10 mM Tris buffer pH 7.5. Membrane and cytoplasmic fractions
were collected as described [193]. Briefly, protoplast were resuspended in 1mL of 100
mM Tris, 1 mM EDTA [pH=7.5] and allowed to osmotically lyse on ice for 15 minutes.
Debris and unlysed protoplasts were removed by centrifugation at 5,000 x g for 10
minutes at 4°C. The supernatant of this spin containing lysed protoplasts were spun at
100,000 x g for 30 minutes at 4°C. The supernatant was removed and saved as the
cytoplasmic fraction. The pellet was washed 3 times with 10mM Tris 100mM EDTA pH
7.4 and resuspended in 70 !L of 1% Triton X-100 in 10mM Tris pH 7.4. Cytoplasms
were TCA precipitated as described above for Sups and resuspended in 70 !L 10 mM
Tris buffer pH 7.5.
Hemolytic assays
Hemolytic assays were performed as in [165] with some modifications. Samples
of culture supernatants (not TCA precipitated), cell walls and protoplasts were pooled
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and 100 !L of each fraction was two-fold serially diluted in assay buffer (10 mM DTT
and 0.1% BSA in PBS) in a 96 well, V-bottom plate. 50 !L of triple washed 2% sheep
RBCs were added to the dilutions and incubated for 1 hour at 37°C. Plates were spun at
233 x g for 10 min. and hemolytic units were determined by eye. Hemolytic units are
equal to the reciprocal of the highest dilution at which there was 100% lysis. Cell wall
and protoplast hemolytic units were divided by ten to normalize them to the same volume
as the culture supernatant.
Western blotting analysis
Equal volumes of samples (cell equivalents) were boiled in SDS sample buffer
(50 mM Tris-Cl pH 6.8, 2% SDS, 0.5% bromophenol blue, 10% glycerol, 100 mM !mercaptoethanol), cooled and loaded to an SDS-PAGE gel and run for 25 min at 75V and
additional 90 min at 125V. Proteins were transferred to a nitrocellulose membrane at
30V for 75 minutes. Western blots were performed using the Snap-ID system (Millipore)
according to the manufacture’s directions. Membranes were cut and blocked with NAP
blocker (GBiosciences) diluted 1:2 in TBS. Primary antibody to either Ply (Statens
Serum Institut) at 1:1000, CodY (a gift of A.L. Sonenshein) at 1:10,000, RrgB [83] at
1:2500, Pfo (a gift of R. Tweten) at 1:1000 or HA (Santa Cruz) at 1:2500 in NAP block
diluted 1:4 in TBS was applied to membrane for 10 minutes at room temperature.
Membranes were washed three times with TBS. Cy5 conjugated antibody (Invitrogen)
was applied to membrane at a 1:2500 dilution in NAP (Diluted 1:4 with TBS) for 10
minutes. Membranes were washed as above scanned with the Fuji FLA-9000 at 635nm
excitation and with the DBR filter.
Proteinase K treatment
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Cells were grown to OD600=0.6, pelleted, washed once and resuspended in PBS.
Cells were treated with various concentrations (0.05, 0.1, 0.2 !g/mL) of proteinase K for
1 min at room temperature. The cells were washed once with protease inhibitor cocktail
(Roche) and were then fractionated into cell wall and protoplasts as above. 10 !L of each
sample were run on an SDS-PAGE gel and assayed for the presence of Ply and CodY by
Western blot.
Released protein assay
Cells were grown to OD600=0.6, pelleted and washed once in PBS. Cells were
then treated with 500 !L of various compounds (0.1, 0.2, 0.5 and 1 M NaCl and MgCl2;
10 mM DTT; 0.1 M Na2CO3; 8 M Urea; 0.1, 0.05, 0.01, 0.005, 0.001% SDS or H2O) for
15 min at room temperature. Cells were pelleted and supernatant proteins were
concentrated with TCA as above. Protein pellets were resuspended in 100 !L 50 mM
Tris pH 7.5. Cell pellets were resuspended with 100 !L 50 mM Tris pH 7.5. 10 !L of
each sample was run on an SDS-PAGE gel and assayed for the presence of Ply and CodY
by Western blot.
Native Gel
Cells were grown to mid-exponential phase and two, 1mL samples were taken. 1 mL of
sup was collected from the cultures, concentrated and resuspended in sample buffer that
contained no SDS or DTT. Both cell pellets samples were washed once, and one sample
was resuspended in sample buffer that contained no SDS or DTT, the other sample was
cell wall digested. The protoplasts were collected by centrifugation and resuspended in
10 mM Tris pH 7.5 . The cell wall and protoplasts were resuspended in sample buffer
that contained no SDS or DTT. Purified Ply toxoid (PdB) was mixed with sample buffer
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that contained no SDS or DTT. The samples were not boiled. All the samples were
loaded onto a 10% polyacrylamide gel that contained no SDS and run at 75V for 25
minutes and 125V for 1.5 hours in running buffer that contained no SDS. The gel was
transferred to a nitrocellulose membrane and Western blotted with anti-Ply.
Glutaraldehyde cross-linking assay
Cells were grown to mid-exponential phase, split into 6x1 mL aliquots and were
washed with PBS. Each pellet was resuspended in increasing concentrations of
glutaraldehyde; one pellet was resuspended in buffer alone. All aliquots were incubated
for 15 minutes on ice. After the incubation with glutaraldehyde, each aliquot was washed
with 1 mL of TBS (to kill the activity of glutaraldehyde with an excess of free amines)
and was pelleted. The sup was removed and the pellets were resuspended in 50 !L of 1x
protein sample buffer and 10!L was loaded on a 4-12% gradient SDS-PAGE gel and
transferred to a membrane to detect the presence of Ply and CodY by Western blot.
Re-association assay
A TIGR4 culture was allowed to grow overnight and autolyse. The supernatant
was separated from the cell debris by centrifugation (4,000 x g for 7 minutes). The
resulting supernatant was filtered through a 0.22 !m filter to remove any remaining cells.
This cell-free supernatant was then applied to a ply culture and allowed to incubate with
ply cells throughout growth. Wt cultures and ply cultures with THY alone served as
positive and negative controls for the presence and absence of Ply, respectively. All
cultures were grown to an OD600=0.6, fractionated and assayed for the presence of Ply
and CodY by Western blot
qRT-PCR
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RNA was isolated from cultures at OD600=0.6 using the Mirvana RNA Extraction
Kit (Ambion) followed by DNase treatment with TURBO DNase Kit (Ambion). The
resulting cDNA was converted into cDNA by amplification with random primers in the
iScript cDNA synthesis kit (Biorad). This cDNA was diluted 2-fold in RNase free water
and used in a qRT-PCR reaction with primers to gene of interest and a housekeeping
gene gyrB as a control.
Model of Ply
The molecular model of Ply was made using ModWeb program and manipulated in
MacPyMol software. The file name is f762084ab553efb3f1d160fb503794ed.pdb.
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Table 2. Strains used in this study
Strain

Strain Name

Relevant genotype

AC353
STM 226
AC1770
AC409
AC324
AC1356
AC1357
AC1359
AC1362
AC1363
AC1365
P1807
AC2394
KP1
KP2
KP3
KP4
KP5
KP6
KP7
KP8

TIGR4
ply::Tn
D39
D39 ply
WU2
AC1356
AC1357
AC1359
AC1362
AC1363
AC1365
lytA
Acaps TIGR4
ply
Ply-HA
N-1
N-2
N-4
C-1
C-2
C-3

KP9

SSRrgB-Ply

KP10

PfoSS

KP11

KP13

PfoNoSS
Ply with Pfo
D2
Pfo with Ply
D2

KP14

D2

KP15

Ply in B.s.

KP16
JH642

SSRrgB-Ply
in B.s.
JH642

TIGR4, SmR derivative
AC353 ply::magellan2
D39
D39 ply::Em
WU2
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
lytA
AC353, acapsular
AC2394 ply::spc
ply tagged with HA epitope, CmR
KP2, AA 1-21 removed
KP2, AA 1-57 removed
KP2, AA 1-197 removed
KP2, AA 360-471 removed
KP2, AA 343-471 removed
KP2, AA 319-471 removed
AC2394, SS from RrgB fused to
ply, CmR
AC2394, Native pfo (with SS) in
ply locus, CmR
AC2394, pfo without SS in ply
locus, CmR
AC2394, Ply with Pfo D2 in ply
locus, CmR
AC2394, Pfo with Ply D2 in ply
locus, CmR
AC2394, Ply's D2 replacement
with GGS linkers, CmR
JH642, Ply under control of
Pspac* at AmyE locus in B.
subtilis CmR
JH642 SSRrgB-Ply under control
of Pspac* at AmyE locus in B.
subtilis, CmR
B. subtilis trpC2, pheA1

KP12

Serotype

Reference or
Source

4
4
2
2
3
1
6A
6B
23F
8
9V
4
4
4
4
4
4
4
4
4
4

[169]
[169]
[125]
C. Rosenow
J. Yother
J. Weiser
J. Weiser
J. Weiser
J. Weiser
J. Weiser
J. Weiser

[194]
R. Iyer
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

4

This Study

4

This Study

4

This Study

4

This Study

4

This Study

4

This Study

B. subtilis

This Study

B. subtilis
B. subtilis

This Study
Hoch
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KP17
KP18
KP19
KP20
KP21
KP22
KP23

1926::Tn
1889::Tn
2152::Tn
Ami::spc
2152::spc
2152-2153::spc
1926-1925::spc

AC353 SP1926::magellan2
AC353 SP1889::magellan2
AC353 SP2152::magellan2
AC2394, ami operon::spcR
AC2394, SP2152::spcR
AC2394, SP2152-2153::spcR
AC2394, SP1926-1925::spcR

This Study
This Study
This Study
This Study
This Study
This Study
This Study
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Table 3. Primers used in this study
Strain
KP1

Primer
KP064
KP101
KP102
KP103
KP104
KP032
KP033
KP034
KP031
KP032
KP064

Primer Name
Up F1
Up R1
F2
R2
F3
Down R3
Cat F3
Cat R3
Down F4
Down R4
Up F1

KP036
KP035

KP5

KP094
KP032
KP064

Ply HA 1 R2
Ply HA 1 F
Ply HA 1 Cat
SOE F
Cat F3
Cat R3
Down F4
Down R4
Up F1
(PLY)UP17
R1
(UP)PLY17F
2
Down R2
Up F1
(PLY)UP16
R1
(UP)PLY16
F2
Down R2
Up F1

KP6

KP089
KP090
KP032
KP035

(PLY)UP14R
(UP)PLY14F
Down R2
Ply HA 1 F1

KP036

Ply HA 1 R1
Ply HA 1 Cat
SOE F2
Down R2

KP2

KP3

KP037
KP033
KP034
KP031
KP032
KP064
KP095

KP4

KP096
KP032
KP064
KP093

KP037
KP032

sequence 5' --> 3'
TTCTGGAGTTTCCCGATTTC
ccgggccccccctcgaggtcttctacctcctaataagttcctgga
cttattaggaggtagaagacctcgagggggggcccggtaccgagg
gcattctcctctcttataatttttttaatctgttatttaaatagtttatag
cagattaaaaaaattataagagaggagaatgcttgcgaca
GCCCATTTACGTCCCATTAG
gatctcgaggtcgacggtat
ttctcctctcTTATAAAAGCCAGTCATTAGGCCT
gcttttataaGAGAGGAGAATGCTTGCGACA
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
atcCTAagcatagtctggtacatcgtaggggtaGTCATTTTCTACCTT
ATCTTCTACCTG
AGGCGAAAAGCAGATTCAGA
AGAAAATGACtacccctacgatgtaccagactatgctTAGgatctcgag
gtcgacggtat
gatctcgaggtcgacggtat
ttctcctctcTTATAAAAGCCAGTCATTAGGCCT
gcttttataaGAGAGGAGAATGCTTGCGACA
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
cagtaaatctccgttcatCTTCTACCTCCTAATAAGTTCCTGG
A
ATTAGGAGGTAGAAGatgaacggagatttactgctggatca
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
actattttgaaaggtcatCTTCTACCTCCTAATAAGTTCCTGGA
ATTAGGAGGTAGAAGatgacctttcaaaatagtacagactatgttgag
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
gagatagacttggcgcatCTTCTACCTCCTAATAAGTTCCTGG
A
ATTAGGAGGTAGAAGatgcgccaagtctatctcaagttgga
GCCCATTTACGTCCCATTAG
AGGCGAAAAGCAGATTCAGA
atcCTAagcatagtctggtacatcgtaggggtaGTCATTTTCTACCTT
ATCTTCTACCTG
AGAAAATGACtacccctacgatgtaccagactatgctTAGgatctcgag
gtcgacggtat
GCCCATTTACGTCCCATTAG
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KP7

KP8

KP038

Ply HA 2 F

KP039

Ply HA 2 R
Ply HA 2
Cat SOE F
Down R2
Ply HA 3 F

KP040
KP032
KP041
KP042

KP9

KP10

KP11

KP043
KP032
KP064

Ply HA 3 R
Ply HA 3
Cat SOE F
Down R2
Up F1

KP191

rrgB SS R1

KP190
KP032
KP064
KP196

rrgB SS F2
Down R2
Up F1
Ply::Pfo R1

KP198

Ply::Pfo F2

KP199
KP197
KP032
KP064

KP200

Ply::Pfo R2
Ply::Pfo F3
Down R3
Up F1
Ply::noSS
Pfo R1
Ply::noSS
Pfo F2

KP199
KP197
KP032

Ply::Pfo R2
Ply::Pfo F3
Down R3

KP201

CAGTCGCCTCTATCCTGGAG
agatcCTAagcatagtctggtacatcgtaggggtaTCTGTAAGCTGTA
ACCTTAGTCTC
AGCTTACAGAtacccctacgatgtaccagactatgctTAGgatctcgaggt
cgacggtat
GCCCATTTACGTCCCATTAG
CAGTCGCCTCTATCCTGGAG
agatcCTAagcatagtctggtacatcgtaggggtaCGCAACTACATTG
TCACGTA
TGTAGTTGCGtacccctacgatgtaccagactatgctTAGgatctcgaggt
cgacggtat
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
tgctttatttgccatcccagccgcaaaaactgttgcagctgaaaacaggctactcgctgt
cagtaataaggcagcaagcattgttaaaaatttgttgattgatttcatCTTCTACC
TCCTAATAAGTTCCTGG
ATTAGGAGGTAGAAGatgaaatcaatcaacaaatttttaacaatgcttgct
gccttattactgacagcgagtagcctgttttcagctgcaacagtttttgcggctgggatg
gcaaataaagcagtaaatgactt
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
AAATCTTATCATCTTCTACCTCCTAATAAGTTCCTGG
AGGAGGTAGAAGATGATAAGATTTAAGAAAACAAA
ATTAATAGC
GACCTCGAGATCTTAATTGTAAGTAATACTAGATCC
AGGG
ACTTACAATTAAGATCTCGAGGTCGACGGTAT
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
ACTTTGATTCATCTTCTACCTCCTAATAAGTTCCTGG
AGGAGGTAGAAGATGAATCAAAGTATTGATTCTGG
AATATCA
GACCTCGAGATCTTAATTGTAAGTAATACTAGATCC
AGGG
ACTTACAATTAAGATCTCGAGGTCGACGGTAT
GCCCATTTACGTCCCATTAG
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KP12

KP064

KP211
KP032

Up F1
Ply with Pfo
Domain 2
R1
Ply with Pfo
Domain 2
F2
Ply with Pfo
Domain 2
R2
Ply with Pfo
Domain 2
F3
Down R3
Up F1
Pfo with Ply
Domain 2
R1
Pfo with Ply
Domain 2
F2
Pfo with Ply
Domain 2
R2
Pfo with Ply
Domain 2
F3
New Pfo
with Ply
Domain 2
R3
New Pfo
with Ply
Domain 2
F4
Down R3
Up F1
Ply domain
2 R1
Ply domain
2 F2
Ply domain
2 R2
Ply domain
2 F3
Down R3

KP245
KP246

Ply in B.s. F
Ply in B.s. R

KP212
KP213
KP214

KP13

KP215
KP032
KP064
KP216
KP217
KP218
KP219

KP229

KP14

KP228
KP032
KP064
KP208
KP209
KP210

KP15

TTCTGGAGTTTCCCGATTTC
AaatttattaccagtctttttaccttCctttggaacaaaactttcaattttatctccattacta
gcCAAGAGTTTCTTTTTATCGTAATTCA
GaaggtaaaaagactggtaataaattTatagttgtagaacgtcaaaaaagatccctta
caacatcaccaAGTGATATTTCTGTAACAGCTACCA
AgttgtttctatataatctgTtttattgtgaacagcCGCAACTACATTGTC
ACGTAAA
AcagattatatagaaacaacTtctacagagtattctAACGGAGATTTACT
GCTGG
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
aAACTCATCGGGTAGCTGATTACCCTCTTTGAtGAAA
CGATTTTCAATACTTTCTCCCTGATGGGTtaaaacttcatttct
attgtaacttaagc
aTCAAAGAGGGTAATCAGCTACCCGATGAGTTtGTTG
TTATCGAAAGAAAGAAGCGGAGCTTGTCGACAAAT
ACAgtagatatatcaataattgattctgtaaatgac
aGCTGTAACCTTAGTCTCAACATAGTCTGtACTATTTT
GAAAGGTagcaactgagttatcttttaagaaaac
aCAGACTATGTTGAGACTAAGGTTACAGCtTACAGAa
agggaaaaataaacttagatcatagtg

gtacatcgtaggggtaattgtaagtaatactagatccaggg

gtattacttacaattacccctacgatgtaccaga
GCCCATTTACGTCCCATTAG
TTCTGGAGTTTCCCGATTTC
AGAAATATCACTagaaccaccagaaccaccCAAGAGTTTCTT
TTTATCGTAATTCATAG
AAGAAACTCTTGggtggttctggtggttctAGTGATATTTCTGT
AACAGCTACC
AGTAAATCTCCGTTagaaccaccagaaccaccagaaccaccagaacca
ccagaaccaccCGCAACTACATTGTCACGTAA
AATGTAGTTGCGggtggttctggtggttctggtggttctggtggttctggtgg
ttctAACGGAGATTTACTGCTGG
GCCCATTTACGTCCCATTAG
TAAGGAGGTGTTATATATGGCAAATAAAGCAGTAA
ATGACTTT
CTAGTCATTTTCTACCTTATCTTCTACCTG
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KP16
KP20

KP21

KP22

KP244
KP246
KP135
KP136
KP137
KP138
KP141

SS Ply B.s.
F
Ply in B.s. R
1889 F1
1889 R1
1889 F3
1889 R3
1889 F2

KP142
KP143
KP144
KP145
KP146
KP149

1889 R2
2152 F1
2152 R1
2152 F3
2152 R3
2152 F2

KP150
KP143
KP144
KP149

KP179
KP119

2152 R2
2152 F1
2152 R1
2152 F2
2152-2153
F3
2152-2153
R3
2152-2153
R2
1926 F1

KP192

1926 R1

KP194
KP195
KP193
KP128

1926 F2
1926 R2
1926 F3
1926 R3

KP177
KP178

KP23

TAAGGAGGTGTTATATatgaaatcaatcaacaaatttttaacaatgc
CTAGTCATTTTCTACCTTATCTTCTACCTG
acaaaccaaaactgcccaag
cccctcgaggtcgactatttgcctcctttctcagtcaa
TTAAAAAAATTATAAgagtagaaatgacaaaagaaaaaaatg
cccctttatcatcagcaagc
gaaaggaggcaaatacgatatcaagcttatcgataccgt
ttgtcatttctactcTTATAATTTTTTTAATCTGTTATTTAAAT
AGTTTATAG
tgcctctgttgtaacgcaag
cccctcgaggtcgacttgtttttcctcctgatgtctaac
TTAAAAAAATTATAAaatagtgagtgaggtgattccatg
tcttgacctgcttgtgttgc
caggaggaaaaacaacgatatcaagcttatcgataccgt
acctcactcactattTTATAATTTTTTTAATCTGTTATTTAAAT
AGTTTATAG
tgcctctgttgtaacgcaag
cccctcgaggtcgacttgtttttcctcctgatgtctaac
caggaggaaaaacaacgatatcaagcttatcgataccgt
TTAAAAAAATTATAAtcaggcaactgtttctaccaa
TTTTTGCTGGTATGGGTGCT
ttaagttgcaagTTATAATTTTTTTAATCTGTTATTTAAATA
GTTTATAG
TTGGCAAAGATGTTCTCAACC
TTAAAAAAATTATAATTACTTTGATAATCATAGTAT
AACATATTTG
GATTATCAAAGTAATTATAATTTTTTTAATCTGTTAT
TTAAATAGTTTATAG
ACATCTCCTCTCcgatatcaagcttatcgataccgt
taagcttgatatcgGAGAGGAGATGTTGTAGCTCTT
AGCCAACAAATCGTTTACCG
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