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ABSTRACT

Lysozyme resistance of Listeria monocytogenes
by
Thomas Patrick Burke Il
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Daniel A. Portnoy, Chair

Bacterial pathogens must survive exposure to antibacterial molecules of the innate
immune system in order to successfully establish infection. Such is the case with Listeria
monocytogenes, a Gram-positive bacterial pathogen that is the causative agent of listeriosis, a
deadly foodborne disease dangerous to pregnant women and immunocompromised individuals.
L. monocytogenes is highly resistant to antibacterial molecules of the innate immune system such
as lysozyme, a potent cell wall-degrading enzyme found throughout the body of all animals.
Nearly 100 years ago, Alexander Fleming discovered lysozyme and observed that pathogenic
bacteria were lysozyme-resistant, while non-pathogens were lysozyme-sensitive. Curiously, non-
pathogenic lysozyme-sensitive bacteria encode the same cell wall enzymes as pathogenic
lysozyme-resistant bacteria. It therefore remained unclear what distinguished pathogens from
non-pathogens in regards to lysozyme resistance. In this work, a forward genetic screen was
performed to identify additional factors required for lysozyme resistance in L. monocytogenes
and subsequent investigations were made to uncover how these molecules regulated one another.

The screen for lysozyme-sensitive mutants identified a number of cell wall-related
enzymes, such as the peptidoglycan deacetylase pgdA; however no enzymes were identified that
were unique to L. monocytogenes. Rather, the screen identified two regulators of gene
expression, the non-coding RNA RIi31 and the transcription factor DegU, which upregulated
expression of cell wall-modifying enzymes. Mutants of rli31 and degU were similarly sensitive
to lysozyme as mutants of pgdA, suggesting that the regulators were absolutely required for
lysozyme resistance. These data suggested that high lysozyme resistance of L. monocytogenes
was not due to the acquisition of novel cell wall-modifying enzymes, but was due to upregulation
of cell wall enzymes that were distributed among both pathogenic and non-pathogenic bacteria.
This logic provides an alternative example of how virulence phenotypes are acquired by bacteria,
many of which originate via horizontal gene transfer. We propose that pathogen-specific
regulation of broadly distributed genes represents another mechanism by which pathogens
acquire virulence.

Non-coding RNAs are an increasingly appreciated class of gene regulators in bacteria,
with over 200 non-coding RNAs having been identified to date in L. monocytogenes. The
mechanism of RIi31 function was investigated and multiple lines of evidence suggested that the



uncharacterized protein SpoVG was as an intimately related, opposing regulator to RIi31.
Neither RIi31 nor SpoVG was epistatic with any of the fourteen lysozyme-sensitive mutants, and
the data suggested that RIi31 and SpoVG both regulated an unknown lysozyme-resistance gene.
The cell wall morphology of the spoVG mutant suggested that this unknown gene may be
required for producing extracellular polysaccharide. Separately from the lysozyme-resistance
phenotypes of these mutants, RIi31 inhibited expression of the carbohydrate import protein
Lmo0901, while SpoVG was independently required for Lmo0901 expression. The 5° UTR of
SpoVG contained 14/14 nucleotides of perfect complementarity to RIi31, yet Rli31 did not
regulate SpoVG mRNA nor protein abundance. This suggested that the SpoVG mRNA may
function as an RIi31 decoy target that regulates its activity. In summary, these data described a
complex model whereby RI1i31 and SpoVG independently and oppositely regulate multiple target
genes, but may also regulate one another.

Attempts were made to better characterize SpoVG, whose function remained unclear.
SpoVG was required for swarming motility of L. monocytogenes, and suppressor mutations of
this phenotype mapped to RNAse J1, Rho, and NusG. SpoVG was then described as an RNA-
binding protein that interacted with multiple SRNAs in vitro but did not bind RNAs with known
protein-binding partners such as SRP RNA. Together, these results suggested that SpoVG is a
pleiotropic RNA-binding protein that interacts closely with SRNAs, and we propose that SpoVG
is similar in function to the well-described RNA chaperone Hfg in Gram-negative bacteria.

In conclusion, this study described the genes required for lysozyme resistance of L.
monocytogenes, and identified a complex regulatory mechanism required for their expression.
From these data, we determined that high lysozyme resistance in pathogens is due to
upregulation of common cell wall enzymes. We conclude that the non-coding RNA RIi31 and
the RNA binding protein SpoVG are important regulators of lysozyme resistance genes in L.
monocytogenes. Together, this study provides a comprehensive examination of lysozyme
resistance genes in a bacterial pathogen.



Each living creature must be looked upon as a microcosm —
a little universe —formed of a host of self-propagating
organisms, inconceivably minute and
as numerous as the stars of heaven.

Charles Darwin
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Chapter 1

An introduction to Listeria monocytogenes



1.1 Listeria monocytogenes, a deadly foodborne pathogen

Listeria monocytogenes is a Gram-positive bacterial pathogen that is found ubiquitously
in the environment and can cause deadly disease in humans upon ingestion. The organism lives
as a saprophyte on decomposing plant matter, but can be found in soil, environmental water
sources, and animal feces (1, 2). L. monocytogenes can infect a plethora of vertebrates via oral
ingestion, including wild birds, deer, aquatic animals, and domesticated cattle, where it
proliferates in the organism before being shed in feces back into the earth (3, 4). This cycle
allows for the bacterium’s persistence in the environment, and subsequently contributes to its
prevalence in human food sources and food processing plants (5). Removal of the bacterium
from food processing plants is complicated by its ability to grow at low temperatures, survive
high concentrations of salt, and resist killing by disinfectants (5). Transmission to humans often
occurs through food products that do not require cooking, such as soft cheese, and the pathogen
is found in approximately 4% of raw milk (6). L. monocytogenes can also be found in a variety
of other human food products including fruits, salads, sausages, and smoked fish (7, 8). Over 500
deaths are reported in the United States per year due to listeriosis, and the economic impact of
the pathogen is estimated at over 2.5 billion dollars per year (9, 10).

Healthy individuals can normally clear infection by L. monocytogenes, while
immunocompromised individuals may contract listeriosis. Listeriosis imposes a 20-30%
mortality rate in humans, making it one of the most deadly bacterial diseases (8). The normal
route of L. monocytogenes infection occurs after ingestion of high numbers of bacteria, many of
which are eliminated upon entry to the acidic stomach (11). The bacteria then traverse the small
intestine, where they invade the intestinal epithelium. M-cells and goblet cells are implicated as
the initial entry sites of L. monocytogenes, after which the bacteria escape into the blood and the
mesenteric lymph nodes (12-14). Upon entry into the blood, L. monocytogenes travels to the
liver and spleen, where it can efficiently replicate and infect the gallbladder (15). If uncontrolled,
the pathogen will infect other organs, reseed the intestine, and cause systemic infection. High
numbers of bacteria in the blood can lead to eventual entry to the brain, causing meningitis and
eventual death of the infected individual (8). L. monocytogenes is able to cross both the blood-
brain barrier as well as the placental barrier, which leads to miscarriage of the fetus and makes
pregnant women a high risk group for L. monocytogenes infection (8).

The immune response to L. monocytogenes infection

The early stages of L. monocytogenes infection result in robust expression of the cytokine
IFN-pB (16). The majority of IFN- 8 is produced upon detection of the pathogen associated
molecular pattern (PAMP) cyclic diadenosine monophosphate (c-di-AMP) (17-19). This
molecule is bound directly by the host adaptor protein STING, which then signals through the
kinase TBK1 and the transcription factor IRF3 to produce IFN-B (20-22). Apart from c-di-AMP,
a small amount of IFN- B is likely due to infrequent bacteriolysis in the cytosol, which can
stimulate both IFN-B production and cell death (23). Bacteriolysis releases DNA into the host
cytosol that is detected by a DNA sensor, cGAS, which then activates STING through the
production of another cyclic dinucleotide, c-GMP-AMP (24). Bacteriolysis also activates
formation of the Aim2 inflammasome, a large multi-protein complex that detects bacterial-
derived ligands and activates pro-inflammatory proteases named caspases (23, 25-27). Caspase
activation leads to processing of the pro-inflammatory cytokines IL-1p and IL-18 and activates a
specialized form of inflammatory cell death termed pyroptosis (28-31). L. monocytogenes



mutants with weakened cell walls undergo increased bacteriolysis in the host cytosol and
robustly activate pyroptosis, resulting in attenuation in vivo (23, 32).

Clearance of L. monocytogenes from infected mice occurs approximately 5 days
postinfection, which is due to INF-y activated macrophages and an acquired immune response
characterized by an abundance of cytotoxic CD8" T-cells (33). Antigen-specific effector and
long-lived CD8" T-cells play a major role in clearing infected cells and in protecting the
organism from future challenge of L. monocytogenes (8, 33, 34). Genetic manipulability and the
robust induction of CD8" T-cells makes L. monocytogenes a useful tool to induce host immune
responses, and attenuated strains are being developed for use as anti-cancer therapies in humans
(35).

1.2 Molecular determinants of infection and the pathogenicity island

The cellular infectious lifecycle of L. monocytogenes is well understood. The bacteria are
able to infect a variety of cell types, including phagocytic cells such as macrophages and
dendritic cells, and non-phagocytic cells such as hepatocytes and epithelial cells (8). Upon entry
into the phagosome, expression of the pore-forming toxin Listeriolysin O (LLO) allows L.
monocytogenes to escape to the cytosol (36-40). LLO belongs to the family of cholesterol
dependent thiol-activated cytolysins and uses host cholesterol as a receptor for membrane
docking (41). Upon membrane binding, LLO monomers oligomerize into large ring-shaped
structures that then undergo a conformational change resulting in pore formation (42, 43). Pores
measure approximately 30-50 nm in diameter, allowing the pathogen to escape into the cytosol
by a mechanism that remains to be fully elucidated (44). LLO is sufficient for L. monocytogenes
escape to the cytosol and expression of LLO in the non-pathogen B. subtilis allowed for escape
to the cytosol of certain cell types (45). LLO is a primary virulence factor for L. monocytogenes
pathogenesis and is completely required for virulence. hly mutants are over 10° fold attenuated
upon in vivo infection of mice compared to Wt bacteria, and fail to induce protective immunity
(46, 47).

Upon entry to the cytosol, L. monocytogenes expresses the protein ActA, which is
necessary and sufficient for actin-based motility of the bacterium (48-50). ActA functions as a
mimic of host WASP, which activates the Arp2/3 complex to polymerize actin (51, 52). Actin
polymerization results in propulsion of the bacterium through the cytosol, forming “comet tails”
of host actin (Figure 1.1)(53). Importantly, actin-based motility allows L. monocytogenes to
spread from cell-to-cell without abandoning the sanctuary of the host cytosol. Propulsion of the
bacterium into the plasma membrane forms pseudopods that extend into neighboring cells,
resulting in the formation of a double-membrane (53). L. monocytogenes then escapes this
vacuole using LLO, is released into the cytosol of the nearby cell, and the cell-to-cell spreading
process is reinitiated (53).
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Figure 1.1: Cell-to-cell spread of L. mbnocytdgenes. Figure adapted from (53).

actA and hly are two of the eight major virulence factors used by L. monocytogenes for
intracellular infection and cell-to-cell spread. Among the other virulence factors are two
phospholipases that help with autophagy avoidance and with escape from the vacuole, plcA and
plcB, and a master virulence transcription factor, prfA (8, 54). These eight genes are encoded
together on one chromosomal locus termed the pathogenicity island. Each gene is regulated
transcriptionally by the PrfA protein, which itself is regulated by a small molecule cofactor,
glutathione, and by the redox state of the bacteria (55). The pathogenicity island is specific to
pathogenic species of Listeria, and is not found in the closely related Listeria innocua (56). The
pathogenicity island of L. monocytogenes and numerous other pathogens are therefore thought to
have been acquired via horizontal gene transfer (56, 57). Apart from the classical pathogenicity
island, numerous other genes contribute to pathogenesis of L. monocytogenes that are not
regulated by PrfA and may be conserved in non-pathogenic bacteria. Such is the case with
proteins required for L. monocytogenes resistance to lysozyme, as discussed later.

Genetic manipulability, tissue culture models of infection, and in vivo models of infection

L. monocytogenes has served as a useful model organism with well-established assays for
laboratory growth, tissue-culture models of infection, and in vivo models of infection. The
organism robustly grows in aerobic or anaerobic conditions and can achieve an ODgg of
approximately 4.0 in BHI, a rich media. Numerous genetic tools are available for manipulation
of the L. monocytogenes genome, including site-specific integration vectors (58), plasmids used
for constructing in-frame deletion mutants by homologous recombination (59), and a small non-
polar transposon used for mutagenesis (60).

A variety of cell types are amenable to L. monocytogenes infection in tissue culture,
including: fibroblasts (61), macrophage-like cell lines, primary bone-marrow derived
macrophages (BMMs)(62), and others. Growth in primary BMMs over the course of 8 hours is
used as a metric for escape, survival, and growth in macrophages, while infection of fibroblasts
over the course of 3 days produces zones of dead cells where L. monocytogenes has proliferated,
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which can be used as a metric for cell-to-cell spread (61, 62). L. monocytogenes has a well-
established mouse model of infection, in which mice are typically infected by tail vein injection
and spleens and livers are harvested at 48 hours postinfection. To examine the organism’s ability
to cross the placental barrier, a guinea pig model of infection has been established (14, 63-65).
The many barriers to oral infection have limited the usefulness of oral models of infection (the
natural method of infection) in mice; however recent advancements have made oral infection a
reliable and reproducible model for understanding L. monocytogenes pathogenesis (66).

1.3 The cell wall and resistance to lysozyme
Alexander Fleming and the history of lysozyme

Lysozyme is a potent antibacterial enzyme found in high concentrations throughout the
entire body of all vertebrates (67, 68). It was originally reported as an antibacterial molecule by
Alexander Fleming in 1922 (Figure 1.2), where he immediately made a number of astute
observations in his report, “On a remarkable bacteriolytic element found in tissues and secretions
(69).” First, he observed that nasal mucus and many other human secretions were capable of
robustly killing Micrococcus lysodeikticus (originally named by Fleming but later renamed
Micrococcus luteus). Second, Fleming observed that lysozyme killed non-pathogens better than
pathogens. Third, Fleming later reported that repeated subculture of bacteria with lysozyme
increased their resistance to the enzyme (70). His search for an effective antibacterial molecule
to kill pathogens led to the revolutionary discovery of penicillin in 1928, for which he would
eventually receive the Nobel Prize along with Ernst Chain and Howard Florey, who learned to
purify the molecule and produce it on a large scale (71).

|
Figure 1.2 Sir Alexander Fleming, who discovered lysozyme

e ——
= oy 3

&
in 1922 (69).

It remained a mystery for nearly 40 years how Fleming’s lysozyme killed bacteria,
despite significant efforts to identify the enzyme’s substrate (72, 73). In 1959, Salton and
Ghuysen discovered that lysozyme digestion of cell walls produced equimolar concentrations of



N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), thereby making the pivotal
discovery of the composition of the bacterial cell wall (74-78).

Fleming observed that lysozyme is found ubiquitously in the body, is found at extremely
high concentrations in tears, and is stable in solution at room temperature for years (68-70).
Indeed, more recent studies determined that lysozyme is found in tears at concentrations greater
than 1 mg/ml and at concentrations of approximately 10 pg/ml in the blood (79-81). Itis
secreted by granulocytes at high concentrations and is found in the lysosomes of phagocytic cells
such as macrophages (82, 83). Lysozyme can be purified to high concentrations from egg
whites and it is highly stable in solution, making it a useful tool to study protein biochemistry
(68, 69). For these reasons, lysozyme was the first enzyme whose structure was solved by X-ray
crystallography in 1965, and was the second protein structure elucidated, after myoglobin in
1960 (84, 85).

Peptidoglycan and the molecular determinants for lysozyme resistance

Long alternating residues of NAG and NAM form the sugar backbone of the bacterial
cell wall, and short amino acid chains that stem from NAM are cross-linked to form a lattice of
sugars and peptides termed peptidoglycan (86). Over twenty layers of peptidoglycan in Gram-
positive bacteria compose the cell wall, while in Gram-negative bacteria peptidoglycan can be as
thin as one or perhaps only a few layers (87). Peptidoglycan is a highly dynamic structure that is
constantly remodeled by proteins that incorporate new material to the bottom peptidoglycan
layers, termed penicillin binding proteins (PBPs), and by peptidoglycan degrading enzymes
found on the outer layers, termed autolysins (86, 88). Overabundance of autolysins results in cell
lysis; therefore expression of these enzymes is likely to be tightly regulated.

Pathogenic bacteria such as S. aureus and L. monocytogenes are highly lysozyme-
resistant and can tolerate concentrations of lysozyme greater than 1 mg/ml (89, 90). Despite
immense interest in lysozyme biochemistry and despite the original observation by Fleming in
1922 that lysozyme was unable to kill pathogenic bacteria, it was not until the year 2000 that the
first lysozyme resistance gene, pgdA, was characterized in bacteria (91). PgdA is a cell wall
enzyme that deacetylates the amino group of NAG, while another enzyme, the O-
acetyltransferase OatA, O-acetylates NAM (89, 91). These modifications convert peptidoglycan
into a poor lysozyme substrate. To date, PgdA and OatA are the best characterized and most
critical factors used by bacteria to maintain lysozyme resistance. Certain pathogenic bacteria
such as L. monocytogenes encode both enzymes, but the pgdA enzyme is more critical for
maintaining lysozyme resistance in L. monocytogenes (92). Other pathogens such as
Staphylococcus aureus rely principally on oatA (89, 93, 94).

Alternative lysozyme resistance mechanisms exist in bacteria; however their functions
appear less significant and are less well understood than the mechanisms of PgdA and OatA.
Teichoic acid plays a complementary role to oatA in Staphylococcus aureus (95). In
Streptococcus suis, mutation of a sugar transferase required for carbohydrate-based capsule
formation resulted in increased lysozyme resistance (96). It remained unclear how capsule
affected the ability of lysozyme to degrade the cell wall and whether this process involved pgdA.
An opposite effect was observed in lactic acid bacteria, where formation of the carbohydrate-
based B-glucan increased lysozyme resistance (97). Certain Gram-negative bacteria produce
periplasmic lysozyme inhibitors, Ivy, PliC and PIiG, that directly bind to lysozyme (98-101).
Finally, the cell wall modifying enzyme PbpX is required for lysozyme resistance in B. subtilis,
however the function of this protein remains unknown (102, 103).



Killing of bacteria by lysozyme

L. monocytogenes has served as a robust model organism to study lysozyme resistance
because it encodes both pgdA and oatA, it is genetically manipulatable, and the in vivo murine
model is well established (92). L. monocytogenes mutants that lack pgdA are attenuated
approximately 10°-fold below Wt in spleens and livers of mice upon i.v. infection, while mutants
lacking oatA are attenuated approximately 10-10%fold (92, 104, 105). Accordingly, pgdA oatA
double mutants were significantly more attenuated than either single mutant in vivo (92).
Macrophages, serum, neutrophils, and intestinal lysozyme have all been attributed to killing
lysozyme-sensitive bacteria in vivo (105-107). Infection of macrophages with lysozyme-sensitive
bacteria induced secretion of host IFN-B and IL-1p, and infected macrophages underwent
increased pyroptosis that was Aim2 dependent (92). These responses were due to small amounts
of bacteriolysis that was dependent on host lysozyme (92).

The principal mechanism by which lysozyme kills bacteria is through its enzymatic
activity, where it cleaves the backbone of peptidoglycan; however the protein also contains a
highly charged region that can kill bacteria non-enzymatically (108). Other molecules produced
by the immune system termed cationic antimicrobial peptides (CAMPs) function by a similar
mechanism. These small peptides retain a high positive charge and bind to bacterial membranes
to form pores, lysing the bacteria (94, 109). Analogous to lysozyme resistance, pathogenic
bacteria are highly CAMP resistant while non-pathogens are CAMP sensitive. Resistance to
CAMPs is mediated through enzymes that alter the charged state of the cell wall, either through
D-alanylation of teichoic acid by proteins of the DIt operon or through modification of
phospholipids by the enzyme MprF (109, 110). L. monocytogenes dlt or mprF mutants are
sensitive to CAMPs and attenuated 10-fold during in vivo infection (109-111). D-alanylation of
teichoic acid plays a role in lysozyme resistance of B. subtilis and S. aureus (94, 112), which
may function in repelling lysozyme by charge.

1.4 Small non-coding RNAs, an emerging class of gene regulators in bacteria

The advent of tiling array and RNA-seq technologies over the past decade has created a
new paradigm for our understanding of gene regulation in bacteria. Hundreds of non-coding
RNAs have been discovered in L. monocytogenes and other organisms, which can function in cis
or in trans. Cis regulatory RNA elements are transcribed with their regulated transcript, such as
riboswitches, which regulate expression of their downstream gene (113). Trans encoded RNAs
are independently transcribed and regulate target RNAs through base-pairing interactions (114).
Trans encoded sRNAs can regulate gene expression through four mechanisms. First, the majority
of SRNAs regulate translation by pairing with a complementary RBS of a target gene (114).
Secondly, SRNAs can pair with the coding region of a target mMRNA, directing it to RNAse E
mediated degradation (114). Third, SRNAs can activate gene expression by relieving the
formation of an inhibitory hairpin in the 5> UTR of an mRNA that occludes the RBS (114, 115).
Lastly, SRNAs can interact with proteins to either inhibit their function or to act together as a
ribonucleoprotein complex (116, 117).

Investigations into small non-coding RNA (sRNA) based gene regulation has principally
occurred in Gram-negative bacteria such as Salmonella and E. coli, which often differ from
SRNA mediated gene regulation in Gram-positive bacteria because of the requirement for the
RNA chaperone protein Hfg. Hfg is a small RNA binding protein that oligomerizes into a
homohexamic ring structure and mediates SRNA:mRNA interactions (118). Hfq serves as a
platform for RNA interactions and functions closely with RNAse E to either induce cleavage of



target RNAs or to protect RNA from cleavage (118). Mutants of hfg in Gram-negative bacteria
display pleiotropic phenotypes, as the protein is required for an abundance of SRNA mediated
regulation (119, 120). However, hfqg mutants in Gram-positive bacteria, such as Staphylococcus
aureus and L. monocytogenes, are viable and display less significant morphological or virulence
phenotypes (119-121).

L. monocytogenes has served as a popular model organism for investigating SRNA
mediated regulation in Gram-positive bacteria. Multiple studies have extensively identified cis,
trans, and anti-sense RNAs, totaling over 200 non-coding regulatory RNAs (122-126).
Identifying targets and phenotypes for these RNAs, however, remains a challenge. Target
prediction programs that use base-pairing algorithms such as TargetRNA2, RNAPredator, and
BLAST can help identify genes with high complementarity to a SRNA; however these programs
can often generate dozens or perhaps hundreds of potential candidates (127-129). Target
predictions are also complicated by the numerous mechanisms by which RNAs can regulate one
another. For example, decoy RNAs can target SRNASs to sequester them from a target RBS (130,
131), and SRNAs can target the protein-coding region of an mRNA (114). For these reasons it
remains challenging to discern which predictions may be decoys, which are noise, and which are
bona fide SRNA targets.

1.5 SpoVG

SpoVG is conserved across the firmicute clade and has been studied since 1981, when it
was the first gene cloned from B. subtilis (132). spoVG in Bacillus subtilis is a Sigma H
dependent gene expressed during sporulation, where mutants are defective in late stage
sporulation (132, 133). spoVG mutants display pleiotropic phenotypes in a variety of firmicutes,
including: asymmetric division defects in B. subtilis (134), capsule formation defects in
Staphylococcus aureus (135), decreased secretion of extracellular enzymes in S. aureus (136),
increased sensitivity to methicillin in S. aureus (137), and suppressing ppGpp related defects in
L. monocytogenes (138). The mechanism of SpoVG regulation has remained unknown and
SpoVG contains no detectable homology to any protein of known function, however one study
described it as a site-specific DNA binding protein (139). Translation of SpoVG in S. aureus is
regulated by an sSRNA, SprX (140), and SpoVG protein abundance is increased in mutants of
another SRNA, RsaA (141).

Biochemical studies have characterized the crystal structure of SpoVG from B. subtilis
and from Staphylococcus epidermidis at 3.0 A° and 1.8 A° resolution, respectively (142, 143).
SpoVG is a small protein of approximately 100 amino acids, and dimerizes in the asymmetric
unit of the crystal structure. The protein contains four B-strands that overlay a C-terminal a-helix.
Two paralogs of spoVG exist in L. monocytogenes and are transcribed together in a two-gene
operon (125). The proteins are 84% identical, differing mostly at the C-terminal a-helix. Lastly,
a phosphopeptide was identified from the second paralog of spoVG, Imo0197 (144), indicating
that post-translational modifications may regulate the protein activity.

1.6 Metabolism of 6-carbon sugars in L. monocytogenes

L. monocytogenes is routinely cultured in brain-heart infusion (BHI) media for standard
laboratory assays. This rich media contains mammalian cell lysate and is supplemented with
glucose, which L. monocytogenes and many other bacteria prefer as a sugar source (145).
Defined minimal media have been developed for L. monocytogenes using glucose as the lone
carbon source, and growth is supported by substituting glucose with other 6-carbon sugars such



as fructose, mannose, and NAG (145, 146). Growth is also supported using disaccharides of 6-
carbon sugars, including trehalose, cellobiose, and chitobiose (145). Glycerol is the only non-6-
carbon sugar source known to support growth of L. monocytogenes. Attempts to grow the
bacteria in other carbon sources were unsuccessful, including case amino acids, 5-carbon sugars
such as arabinose and ribose, pyruvate, and succinate (145).

These data imply that L. monocytogenes is highly dependent on 6-carbon sugars for
growth. Importation of carbohydrates in bacteria occurs through the phophoenolpyruvate (PEP)-
phosphotransferase systems (PTSs), and indeed the L. monocytogenes genome encodes more
PTS system components than any other known bacterium (147). PTS systems function in the
recognition, import, and phosphorylation of specific sugars into the cell using a phosphoryl relay,
and a given PTS system is specific for a given sugar or sugar class (147). First, the phospho
group is transferred from PEP to the protein El, then to HPr. These two proteins contain no
specificity for a given sugar and are required for all PTS systems. HPr then transfers the
phosphor group to the sugar-specific PTS component I1A, then to 1B, and finally to the
incoming sugar. The sugar is transported across the membrane by an integral membrane protein,
I1IC (147, 148). The PTS classes are highly redundant in L. monocytogenes, and multiple PTS
systems are often dedicated to importing a single sugar (148).

Among the PTS families are importers for N’,N’-diacetylchitobiose and cellobiose, the
disaccharide breakdown products of chitin and cellulose, respectively. Chitin and cellulose are
the two most abundant polysaccharides on Earth (129, 149). Cellulose consists of $-1,4 linked
glucose molecules and forms the cell walls of plants, while chitin consists of B-1,4 linked NAG
and forms the cell walls of fungi and crustaceans. Importantly, NAG contains nitrogen, making
chitin a preferable energy source in low-nitrogen environments (150).



Chapter 2

Listeria monocytogenes is resistant to lysozyme through the regulation, not the acquisition,
of cell wall-modifying enzymes

Sections of this chapter were published in:
Burke, T.P., Loukitcheva, A., Zemansky, J., Wheeler, R., Boneca, 1.G., & Portnoy, D.A. (2014).
Listeria monocytogenes Is Resistant to Lysozyme through the Regulation, Not the Acquisition,
of Cell Wall-Modifying Enzymes. Journal of bacteriology, 196 (21), 3756-3767.
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2.1 Summary of results

Listeria monocytogenes is a Gram-positive facultative intracellular pathogen that is highly
resistant to lysozyme, a ubiquitous enzyme of the innate immune system that degrades cell wall
peptidoglycan. Two cell wall modifying enzymes, pgdA and oatA, confer lysozyme resistance to
L. monocytogenes, however these enzymes are also conserved in lysozyme-sensitive, non-
pathogens such as Bacillus subtilis. We sought to identify additional factors responsible for
lysozyme resistance in L. monocytogenes. A forward genetic screen identified 174 transposon
insertion mutants that were killed by lysozyme and insertions mapped to 13 individual genes.
Four of these thirteen mutants were killed exclusively by lysozyme and not other cell wall
targeting molecules. These genes were: the peptidoglycan deacetylase pgdA, the putative
carboxypeptidase pbpX, the response regulator degU, and a highly abundant non-coding RNA,
rli31. Both degU and rli31 mutants had reduced expression of pbpX and pgdA, yet DegU and
RI1i31 did not regulate one another. Since pbpX and pgdA are also present in lysozyme-sensitive
bacteria, this suggested that the acquisition of novel enzymes was not responsible for lysozyme
resistance, but rather, the regulation of conserved enzymes by DegU and RI1i31 conferred high
lysozyme resistance to L. monocytogenes. Each lysozyme-sensitive mutant identified in this
study was attenuated for virulence in mice. Greater than 95% of lysozyme-sensitive bacteria
were killed within 30 minutes of intravenous infection, suggesting that they were killed in the
blood. This phenotype was recapitulated using purified blood, where the most lysozyme-
sensitive mutant lost over 1,000-fold CFU within 30 minutes. Collectively, these data indicate
that lysozyme resistance is a highly regulated, essential determinant of L. monocytogenes
pathogenesis and is required to avoid the enzymatic activity of lysozyme present in the blood.

Introduction

Lysozyme is a ubiquitous bactericidal enzyme found in the blood, bodily secretions, and
phagocytic cells of all animals (67, 81, 83). Lysozyme degrades the bacterial cell wall by
hydrolyzing the B1-4 linkage between the N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM) residues that comprise the peptidoglycan backbone, often resulting in bacteriolysis
(86). Not surprisingly, many pathogens have evolved mechanisms of lysozyme resistance (151,
152). The best characterized mechanisms of lysozyme resistance involve the acetylation state of
the peptidoglycan, catalyzed by the deacetylase PgdA and/or the acetyltransferase OatA. PgdA
deacetylates the amino group of NAG while OatA O-acetylates NAM, converting the sugar
backbone into a poor lysozyme substrate (89, 91). pgdA mutants of Streptococcus pneumoniae
and oatA mutants of Staphylococcus aureus are lysozyme-sensitive, and in each case lysozyme-
sensitive mutants are attenuated in animal models of infection (89, 91, 92, 105).

L. monocytogenes is a facultative intracellular pathogen of animals and humans that
causes severe disease in pregnant women and immunocompromised individuals (8). Both PgdA
and OatA contribute to lysozyme resistance in L. monocytogenes and pgdA mutants are
attenuated during oral and intravenous (i.v.) infection of mice (92, 104, 105). Indeed, pgdA oatA
double mutants are extremely lysozyme-sensitive and more than 1000-fold less virulent in mice
(92). Attenuation of lysozyme-sensitive mutants in vivo has been attributed to intestinal
lysozyme and survival in macrophages (105). In vitro, pgdA oatA double mutants show
increased killing upon phagocytosis by macrophages and undergo bacteriolysis in the
macrophage cytosol leading to induction of macrophage cell death by pyroptosis (92).
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Gram-positive pathogens such as L. monocytogenes, B. anthracis, S. aureus, and S.
pneumoniae are extremely lysozyme-resistant, while many related, but non-pathogenic species,
are lysozyme-sensitive (112). One possible explanation for the evolution of lysozyme resistance
is the acquisition of enzymes such as PgdA and OatA (93). However, this is probably not the
case since pgdA and oatA are conserved in many non-pathogenic members of the Bacilli and
Staphylococci (112). Why, then, are L. monocytogenes and other pathogens so lysozyme-
resistant? In this study we sought to answer this question by performing a forward genetic screen
for lysozyme-sensitive mutants in L. monocytogenes. Rather than identify novel cell wall
modifying enzymes, the screen identified a transcription factor (DegU) and an abundant non-
coding RNA (RI1i31) necessary for lysozyme resistance in L. monocytogenes.

2.2 Results:
2.2.1 A screen to identify lysozyme-sensitive mutants

To identify genes required for lysozyme resistance in L. monocytogenes, a library of
approximately 40,000 distinct transposon mutants was generated using a Himarl transposon
delivery vector in wild-type (WT) L. monocytogenes 10403S (60). Bacteria were plated on BHI-
agar at a concentration of approximately 200 CFU/plate and replica-plated onto BHI-agar plates
containing 1 mg/ml lysozyme. This concentration of lysozyme was chosen because it was
sufficient to completely restrict growth of ApgdA (data not shown), had no effect on WT
bacteria, and is a relevant concentration during infection (80, 81). BHI plates were visually
compared to BHI-lysozyme plates for the loss of individual colonies (Figure 2.1A). Screening
was repeated using a previously described Tn917 library (153), totaling over 50,000 screened
colonies. 174 mutants were identified and the insertion sites were defined by a nested PCR
based sequencing method (see Materials and Methods). For each gene identified, transposon
insertions were transduced into a WT background and re-screened using a lysozyme-disk-
diffusion assay (data not shown). Transposon insertions mapped to 13 individual genes, with
most genes being identified by multiple independent transposon insertions (Table 2.1).
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Figure 2.1 A screen to identify lysozyme-sensitive mutants in L. monocytogenes

(A) L. monocytogenes transposon mutants were replica plated from BHI (left panels) onto BHI-
lysozyme plates (right panels) containing 1mg/ml chicken egg white lysozyme (Sigma). Arrows
indicate colonies defective on BHI lysozyme plates. (B,C,D) Strains were grown in 2ml BHI
overnight shaking at 37° and 30 pL was spread onto BHI agar. Filter disks containing 1mg of
lysozyme were placed onto the agar, incubated overnight at 37°, and zones of clearance were
measured. Means and standard deviations from at least 3 separate experiments are presented,
where *** indicates P < 0.001. The dotted line indicates zone of inhibition by lysozyme in WT
bacteria.
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Lysozyme sensitive mutants identified in L. monocytogenes

# of unique Killing by Killing by

# Gene Gene Name Description insertions CAMPs antibiotics
1 Imo0415 pgdA Peptidoglycan deacetylase 2 - -
2 Imo0540 pbpX Putative carboxypeptidase 4 - -
3 Intergenic rli31 Non-coding RNA 1 - -
4 Imo2515 degU Orphan response regulator 4 - -
5 Imo0290 yycl Regulator of WalRK 2-component system 2 ++ ++
6 Imo0971 ditD Operon that adds D-ala to techoic acid 4

7 Imo0973 ditB Operon that adds D-ala to techoic acid 10

8 Imo1741 virS 2-component system kinase 3 ++ ++
9 Imo1745 VirR Response regulator 6 ++

10 Imo1746 - ABC family transporter, vir operon 9 ++

11 Imo2219 prsA2 Extracellular chaperone 1 ++
12 Imo2473 - Unknown 3 ++
13 Imo2768 - Unknown 2 ++ -

Table 2.1 — Lysozyme sensitive mutants identified in L. monocytogenes

For killing by CAMPs and antibiotics: - indicates no killing, + indicates moderate killing, and +
+ indicates significant killing for the indicated strains, as observed for the data presented in
Figure 2.1. Two-component system is abbreviated as TCS.

To compare sensitivity of these strains to one another and to WT, mutants were tested for
their susceptibility to lysozyme by disk diffusion (Figure 2.1B,C), confirming that all of the
identified mutants were significantly more susceptible to lysozyme than WT L. monocytogenes.
The screen was validated by identification of pgdA and prsA2 mutants, both of which have been
shown to be required for lysozyme resistance in L. monocytogenes (92, 154). Insertions in oatA
were not identified in the screen, however this was not surprising as the oatA phenotype is only
significant when paired with ApgdA (Figure 2.1D and (92)) and oatA mutants grew on lysozyme
plates (data not shown). All mutants grew normally in broth other than the prsA2 mutant, which

had delayed growth kinetics (Figure 2.2).
WT

Arli31
ApgdA
ditB::Tn
ditD::Tn
Almo2473
VirR::Tn
virS::Tn
degU:.:Tn
Imo2768 ::Tn
Imo1746 ::Tn
pbpX::Tn
= wall::Tn
Time (h) — AprsA2
Figure 2.2 Growth in liquid media of lysozyme-sensitive mutants
Stationary phase cultures of the indicated strains were diluted to an ODggo 0f 0.05 in sterile
filtered BHI. Cultures were shaken in a 96 well plate over time and turbidity was monitored
every 10 minutes. Data are representative of at least 3 separate experiments.
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The screen for lysozyme-sensitive mutants identified seven genes that have been
previously shown to regulate cell wall and membrane architecture. Of these, the enzyme PrsA2
is a posttranslocation chaperone required for activity of numerous secreted proteins (154, 155).
Wall is a negative regulator of the essential two-component system WalRK, which is required
for expression of autolysins and other cell wall related enzymes (156-160). Lastly, multiple
genes were identified in the vir operon, which regulates the dIt operon, and is the only two-
component system required for L. monocytogenes virulence (111). The dlt operon is required for
D-alanylation of teichoic acid (110) and mutants deficient in dItD result in increased autolysis
(161).

Apart from pgdA, the contribution of the remaining six genes to lysozyme resistance or to
the cell wall architecture was unknown. Imo2473 encodes an uncharacterized protein that has
been hypothesized to function in the synthesis of peptidoglycan precursors (23), and Imo2768
encodes an uncharacterized membrane protein with an ABC transporter domain. Imo0540
(hereafter referred to as pbpX) is the homolog of pbpX in B. subtilis, which is required for
lysozyme resistance in B. subtilis (102). pbpX encodes a -lactamase domain, however it has
been reported in Mycobacterium smegmatis that PbpX does not contribute to -lactam antibiotic
resistance. Rather, it was proposed to function as a D,D-carboxypeptidase important for
peptidoglycan cross linking, however this has never been confirmed biochemically (103). DegU
is an orphan response regulator that regulates flagellar and chemotaxis genes in L.
monocytogenes and is severely attenuated during infection of mice (162-166). Interestingly, one
report suggested that, of 15 response regulators in L. monocytogenes, degU was the only mutant
attenuated in mice (167). The phenotype of the degU mutant, however, has remained
unexplained since flagellar and chemotaxis genes are not required for virulence (163, 164, 167).
Lastly, rli31 encodes an uncharacterized non-coding RNA, and rli31 mutants are attenuated
fivefold in spleens and livers of infected mice for unknown reasons (122, 123).

Because the rli31 mutant was identified from only one unique transposon insertion, we
sought to confirm that the rli31 transposon (position 578,052 on L. monocytogenes genome
CP002002.1) disrupted function of the SRNA and not neighboring genes. An rli31 deletion
mutant was constructed (see Materials and Methods) and shown to be sensitive to lysozyme
(Figure 2.1C). rli31 was then integrated with its native promoter on a unique locus of the
chromosome using the plasmid pPL2 (58), which conferred complete lysozyme resistance to
Arli31 (Figure 2.1D). Lysozyme resistance of Arli31 was also complemented by the non-
integrative, high copy number plasmid pAM401 encoding the rli31 gene and native promoter
(Figure 2.1D). Arli31 mutants had identical susceptibilities to lysozyme as rli31::Tn as shown by
disk diffusion (Figure 2.1D) and these strains behaved identically in all assays.

Nine lysozyme-sensitive mutants are killed by cationic peptides and display increased
sensitivity to p-lactam antibiotics

Seven genes identified in the screen are known to broadly affect cell wall homeostasis
and their phenotypes were likely not specific to lysozyme resistance. To determine if the
phenotypes of the remaining mutants were specific to lysozyme, the lysozyme-sensitive mutants
were treated with CRAMP, a cationic antimicrobial peptide (CAMP, Figure 2.3A) and with
cefuroxime and penicillin G, two B-lactam antibiotics (Figure 2.3B, C). Mutants of dItA and
mprF served as positive controls for susceptibility to CAMPs and were both killed in this assay.
DItA is required for D-alanylation of teichoic acid (110) and mprF is required for the transfer of
L-lysine onto phospholipids (109), both of which confer a positive charge to the cell surface
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leading to CAMP resistance. The pgdA mutant served as a control that is only killed by lysozyme
and was not killed in either assay (Figure 2.3). As predicted, the 7 genes known to be involved
with cell wall homeostasis were killed by both CRAMP and/or had increased susceptibility to -
lactam antibiotics. It was consistently observed that Imo2473 and prsA2 mutants were Killed by
CRAMP; however these mutants were the least susceptible and exhibited only a small amount of
additional killing compared to WT bacteria. These two mutants were the most susceptible to
penicillin, suggesting that their role in lysozyme susceptibility is primarily due to cell wall and
not membrane integrity.
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Figure 2.3 Treatment of lysozyme-sensitive strains with CRAMP and cell wall acting
antibiotics

(A) A final concentration of 10ug/ml of purified mouse CRAMP (Anaspec) was added to the
indicated strains of mid-exponential phase L. monocytogenes at 37° in BHI and turbidity was
monitored at 10 min intervals. Data are representative of at least 3 separate experiments and
divided into 3 panels for clarity. (B,C) 30 uL of overnight L. monocytogenes were plated onto
BHI and disks containing 700 ng cefuroxime (B) or 500 ng of penicillin G (C) were added.
Plates were incubated overnight at 37° and zones of inhibition were measured. Data are shown as
the means of at least 3 separate experiments and error bars represent standard deviations of the
mean, where * indicates P < 0.05 and *** indicates P <0.001 as determined by unpaired two-
tailed T-test.

Four mutants (pgdA, rli31, degU, and pbpX) were equally resistant to both antibiotics and
CAMP treatment as WT bacteria. To further determine if these mutants were killed by
antimicrobial peptides, the pgdA, degU, pbpX, and rli31 mutants were also treated with high
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concentrations of a cationic peptide derived from human (RAWVAWRNR) and chicken
(NAWVAWRNR) lysozyme (Figure 2.4). Identical phenotypes were observed between each
mutant and WT bacteria, while dItA and mprF mutants were killed by both peptides (Figure 2.4).
Together, these data led to the conclusion that four L. monocytogenes genes are specifically
involved with lysozyme resistance. Two of these genes were cell wall acting enzymes (pgdA and
pbpX) with relatively well known or predicted functions; however the rli31 and degU mutant
phenotypes were completely uncharacterized with regard to lysozyme sensitivity. We chose to
focus on characterizing the lysozyme susceptibility phenotype of the rli31 mutant.
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Figure 2.4 Treatment of lysozyme-sensitive strains with cationic peptides derived from
chicken and human lysozyme
A final concentration of 1 mg/ml of the cationic peptide derived from (A) human and (B)
chicken lysozyme (ELIM Biopharm) was added to the indicated strains of mid-exponential phase
L. monocytogenes at 37° in BHI and turbidity was monitored at 10 min intervals. Data are
representative of at least 3 separate experiments.

RIi31 is a constitutively expressed, abundant RNA

To better characterize the rli31 mutant phenotype, the relative expression of R1i31 was
analyzed at various stages of growth in broth by Northern analysis using a probe specific for
RIi31. RIi31 was constitutively expressed during all growth phases, from early-exponential
(ODggo= 0.3) to mid-exponential (1.3 and 2.3) and stationary phase (3.9) (Figure 2.5A). RIi31
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migrated at its predicted size of 144 nucleotides (123) and was not processed into smaller
fragments. In addition, RIi31 was observed to be strikingly abundant. Upon staining total RNA
from L. monocytogenes lysates with a non-specific nucleotide dye, RIi31 was observable in WT
L. monocytogenes lysates alongside other abundant RNAs such as the ribosomal 5S and the 6s
SRNA (Figure 2.5B). This band was confirmed as RIi31 by Northern analysis using a probe
specific for RIi31 (Figure 2.5C). The appearance of RIi31 as the only RNA between 100 and 170
nucleotides was surprising, as over 40 non-coding RNAs are predicted to existin L.
monocytogenes corresponding to this length (123).

A
— -

D P

Absorbance

150_-: g h
i b b

C - .
Figure 2.5 RIi31 is highly abundant and expressed at all growth phases
(A) 20 pg of total RNA collected at the indicated phases of growth in BHI was separated on 6%
polyacrylamide. Nucleotides were transferred to a nylon membrane, probed using **P labeled
TB13 primer, and imaged with Typhoon. (B) 20 pg of total RNA collected at mid-exponential
phase in BHI at 37° from 1.WT, 2.Arli31, 3.Arli31+pAM401:rli31 was separated on 6%
polyacrylamide and stained with SYBR Gold (Invitrogen). The arrow indicates Rl1i31 and L
indicates the ladder. (C) RNA from (B) was transferred to a nylon membrane, probed using **P
labeled TB13 primer, and imaged with Typhoon
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2.2.2 Characterization of the rli31 mutant phenotype

To determine how the rli31 mutant was Killed by lysozyme, cell walls from WT L.
monocytogenes and the rli31 mutant were purified and the muropeptide compositions of these
strains were analyzed by reverse-phase HPLC (Figure 2.6A). O-acetylation and covalently
attached modifications were also analyzed by omitting hydrofluoric acid treatment during the
cell wall purification (Figure 2.6B). Muropeptide composition was confirmed by mass
spectrometry and the abundance of eluted molecules was measured as a percent of total
absorbance at 206nm (Table 2.2). In these analyses, the cell walls of the rli31 mutant contained a
similar abundance of O-acetylated muropeptides as WT bacteria, while multiple species of N-
deacetylated glycans were less abundant (GICNMTriPpapnn2, for example: 8.49% to 5.72%,
Table 2.2). The analysis also identified a significant increase in muramyl-tripeptides in the rli31
mutant (3.85% to 5.27%) and an increase in 3-4 (D-ala — DAP) linkages (3.62% to 5.65%),
indicating a difference in peptide cross linking. The difference in acetylation suggested that pgdA
was misregulated in the rli31 mutant. The alterations in cross-linking suggested that pbpX may
also contribute to the rli31 mutant phenotype.

Cell wall analysis of the rli31 mutant

% of total peaks, purified peptidoglycan

WT Arli31 Peak
8.11 8.02 GIcNACMTriPDAPNH,
8.49 5.72 GIcNMTriPDAPNH,
GlcNAcMTriPDAPNH,-
9.74 9.91 GIcNAcMTetraPDAPNH,
GlcNMTriPDAPNH,-

13.85 10.53 GIcNAcMTetraPDAPNH,
GIcNMTriPDAPNH,-

7.47 5.09 GlcNMTetraPDAPNH,
% of total peaks, extracted cell walls
WT Arli31 Peak
3.85 5.27 GIcNACMTriPDAPNH,
7 5.52 GIcNMTriPDAPNH,
2.66 2.82 GIcNM(OACc)TriPDAPNH,
GlcNACMTriPDAPNH,-
3.62 5.65 GIcNAcMTetraPDAPNH,
GlcNMTriPDAPNH,-
8.07 9.23 GIcNAcMTetraPDAPNH,
GlcNMTriPDAPNH,-
6.97 4.76 GlcNMTetraPDAPNH,
GIcNAcM(OAC) TriPDAPNH,-
2.52 3.63 GlcNAcMTetraPDAPNH,
GIcNAcM(OAC) TriPDAPNH,-
4.62 4.1 GlcNMTetraPDAPNH,

Table 2.2 — Cell wall analysis of the rli31 mutant
HPLC analysis of the muropeptide composition of WT and Arli31 L. monocytogenes.
Deacetylated muropeptides are indicated in red and O-acetylated muropeptides are indicated in
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blue. Abbreviations for muropeptides are as follows: GIcNAc, N-acetylglucosamine; GIcN,
glucosamine; M, N-acetylmuramic acid; TriPDAPNH2, L-alanyl-y-D-glutamyl-amidated
mesodiaminopimelic acid; TetraPDAPNH2, L-alanyl-y-D-glutamyl-amidated
mesodiaminopimelyl-D-alanine; and Oac, O-acetylated.

A genetic approach was then undertaken in which suppressor mutations were generated
in the Arli31 background that restored lysozyme resistance to this mutant. Individual rli31
colonies were subcultured in broth with increasing concentrations of lysozyme (50, 100, 200,
500, 1,000 pg/ml) until these uniquely derived mutants were resistant to Img/ml lysozyme
(Figure 2.6C). Three of these strains were then deep sequenced and single nucleotide
polymorphism (SNP) analysis revealed that all 3 strains had a single thymidine insertion 16
nucleotides upstream of the pgdA transcriptional start site, position 436,736 on the chromosome
(Table 2.3). gPCR analysis of pgdA transcript levels in these strains revealed a 3.1(+/- 0.39)-fold
upregulation of pgdA. These data strongly suggested that the rli31 phenotype could be
complemented by overexpression of pgdA.
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Figure 2.6 Characterization of the rli31 mutant phenotype
(A,B) HPLC analysis of the muropeptide composition of WT and Arli31 L. monocytogenes.
Deacetylated muropeptides are indicated in red and O-acetylated muropeptides are indicated in
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blue. Abbreviations for muropeptides are as follows: GIcNAc, N-acetylglucosamine; GIcN,
glucosamine; M, N-acetylmuramic acid; TriPDAPNH2, L-alanyl-y-D-glutamyl-amidated
mesodiaminopimelic acid; TetraPDAPNH2, L-alanyl-y-D-glutamyl-amidated
mesodiaminopimelyl-D-alanine; Oac, O-acetylated. (A) Samples were treated with hydrofluoric
acid. (B) Samples were not treated with hydrofluoric acid to retain covalent modifications. (C)
Multiple rli31 and pgdA mutants were independently passaged with increasing concentrations of
lysozyme (50, 100, 200, 500, 1,000 pug/ml) in BHI broth shaking at 37°. The resulting strains
were grown to mid-exponential phase and treated with 1mg/ml lysozyme along with the parent
strain Arli31. Turbidity was monitored at 10 minute intervals. (D) PgdA and PbpX transcripts of
indicated strains were measured by gPCR, normalized to BglA, and compared to transcript levels
in WT L. monocytogenes. Error bars represent standard deviations of the means. Statistics were
performed using a two-tailed T-test assuming a null hypothesis of one, where ** indicates P <
0.01.

Together, the biochemical and genetic analyses suggested that the rli31 mutant phenotype
was due to misregulation of pgdA and possibly pbpX. To determine if RIi31 regulated pgdA or
pbpX, RNA was purified from WT bacteria and the rli31 mutant and real-time PCR (QPCR) was
performed using DNA oligonucleotides specific for these 2 genes. These data showed that pgdA
was significantly downregulated (8-fold below WT) and pbpX was slightly downregulated in the
rli31 mutant (3-fold below WT, Figure 2.6D). These qPCR data matched the biochemical and
genetic analyses and provided an explanation for the lysozyme sensitivity of the rli31 mutant.

| Variants identified in rli31 mutant suppressor strains |

Strain Location Reference Alteration Description
Arli31 suppressor 1 436736 - T 16nt upstream of pgdA transcriptional start site
Arli31 suppressor 2 436736 - T 16nt upstream of pgdA transcriptional start site
Arli31 suppressor 3 436736 - T 16nt upstream of pgdA transcriptional start site
2418019 A Intergenic region, 5' of Imo2387

Table 2.3 Variants identified in Arli31 suppressor strains that were lysozyme-resistant

RIi31 functions independently of DegU

It remained unclear why the degU mutant was lysozyme-sensitive and if this phenotype
involved RIi31. RNA was purified from WT and the degU mutant and qPCR was performed
using primers specific for transcripts of pgdA, pbpX, and rli31. Significant downregulation of
pgdA (18-fold below WT) and of pbpX (8-fold below WT) were consistently observed in the
degU mutant (Figure 2.6D). However no difference in abundance of RIi31 was observed
between WT and the degU mutant. Additionally, there was no change in the amount of degU
transcript in the rli31 mutant. These data suggested that lysozyme sensitivity of the degU mutant
was due to regulation of pgdA and pbpX and was independent of rli31.
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Figure 2.7 The rli31 mutant phenotype is principally due to regulation of pgdA and pbpX
The indicated strains were grown to an ODggo 0f 0.5 and the indicated concentrations of
lysozyme were added. Bacteria were plated for CFU at the given intervals. Data are the average
of at least 3 independent experiments and error bars specify standard deviation of the mean.
Two-tailed T-tests indicate statistical difference between (A) degU::Tn vs. Arli31 degU::Tn, (B)
ApgdA vs. ApgdA rli31::Tn, (C) ApbpX vs. ApbpX rli31::Tn, (D) AoatA vs. AoatA rli31::Tn,
(E) ApgdAAoatA vs. ApgdAAoatA rli31::Tn, and (F) ApgdA pbpX::Tn vs. ApgdA pbpX::Tn
rli31::Tn, where ** indicates P < 0.01, * indicates P<0.05, and ns indicates no significant
difference.

These data suggested that the lysozyme-sensitive phenotypes of the rli31 and degU
mutants were both due to regulation of pbpX and pgdA. To determine if RIi31 and DegU
functioned epistatically, the degU mutation was transduced into Arli31 and the resulting double
mutant was treated with 10 ug/ml lysozyme (Figure 2.7A). The rli31 degU double mutant was
killed significantly more than either single mutant upon treatment with lysozyme. Because
DegU regulates chemotaxis and motility genes, any regulation of DegU by RI1i31 would result in
a motility phenotype. Upon inoculation into semisolid agar, neither the rli31 mutant nor the
rli31 overexpression construct displayed a motility defect, while the degU mutant was not
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motile, as expected (Figure 2.8). These data suggested that R1i31 and DegU both regulated pgdA
and pbpX, but by independent mechanisms.

WT Arli37

rli31:pAMA401 degU:Tn

Figure 2.8 DegU and RIi31 do not regulate one another
The indicated strains of L. monocytogenes were grown overnight in BHI at 30° and 1 pl of
culture was inoculated into 0.35% BHI agar and incubated at 30° for 2 days.

The rli31 mutant phenotype is due to regulation of pgdA and pbpX

To determine if the lysozyme sensitivity of the rli31 mutant was exclusively due to
regulating pgdA and pbpX, the rli31 transposon was transduced into the ApgdA mutant and the
resulting double mutant strain was treated with a concentration of lysozyme that did not fully kill
either single mutant (167 pg/ml). In this assay, the double mutant was significantly more
attenuated than either Arli31 or ApgdA alone (Figure 2.7B). A similar phenotype was also
observed with the pbpX rli31 double mutant (Figure 2.7C), the oatA rli31 double mutant (Figure
2.7D) and the oatA pgdA rli31 triple mutant (Figure 2.7E). The pgdA pbpX rli31 triple mutant
was then compared to the pgdA pbpX double mutant (Figure 2.7F). The differences between
these strains were small compared to the other experiments, where only a 2 to 10-fold difference
was observed between these strains at 1h and 2h, and no statistical difference existed at 4h.
These data suggested that the majority of the rli31 mutant phenotype was attributed to regulation
of pgdA and pbpX. However, because the rli31 phenotype was somewhat additive when paired
with the pgdA pbpX double mutant at 1h and 2h, this suggested that the target of RIi31 must have
a small, additional function distinct from pgdA and pbpX regulation that are required for
lysozyme resistance in L. monocytogenes.

The rli31 phenotype was additive with the pgdA and oatA phenotypes in vitro, yet it
remained unclear how the rli31 phenotype affected the pgdA and oatA phenotypes during
infection. Upon intravenous (i.v.) infection of CD-1 mice, the oatA rli31 double mutant was
significantly more attenuated than oatA alone (Figure 2.9A). When infected with strains
harboring pgdA mutations, however, CFU were barely recoverable from infected mice. The
dynamic range was small and no statistical difference was observed between pgdA and pgdA
rli31 using a total of 10 mice. Despite this, the difference between the pgdA oatA double mutant
and the pgdA oatA rli31 triple mutant was significant (Figure 2.9B). These data provided in vivo
evidence that R1i31 functioned independently of PgdA and OatA.

In summary, the data suggested that the rli31 mutant phenotype was due to
downregulation of pgdA and pbpX, yet R1i31 contained no detectable complementarity to these
genes and was not completely epistatic with the pgdA pbpX double mutant. We therefore
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conclude that downregulation of pgdA and pbpX is most likely an indirect consequence of rli31
regulating another, yet to be identified target gene(s).

A B

108 Livers Spleens

108 Livers Spleens
.4 .
-e- 107k '

7
E 10 . (Pf o c 10:4®
S 100]® & a ? g 10% -
— . = ‘. L
> wg o P S 10 :
(&) 105+ - O 104 n .
‘l 102---i-!-&¢- ------- C
TTIZ0 . E— T
TLSEL S SRR
S g
& & ST S8
Y? é’ §§-‘7 \g 8.‘7
§ &

Figure 2.9 The rli31 phenotype is additive with pgdA and oatA in vivo

Data shown represent CFU in organs of CD-1 mice that were infected i.v. for 48h. Data shown
are the combination of two separate experiments totaling 10 mice. * indicates P <0.05 and ***
indicates P < 0.0001, as determined by two-tailed Mann Whitney T-test between WT and the

indicated group.

2.2.3 Understanding how lysozyme-sensitive bacteria are killed during infection

To evaluate the contribution of the four genes that were required for resistance to the
enzymatic activity of lysozyme, the phenotypes of these mutants were analyzed in vivo. 6-8 week
old CD-1 female mice were infected i.v. and CFUs were evaluated in spleens and livers after
48h. pgdA and degU mutants were attenuated 3-5 logs, while rli31 and pbpX mutants were
attenuated fivefold (Figure 2.10A).
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Figure 2.10 Serum Kills lysozyme-sensitive L. monocytogenes

(A) Data shown represent CFU in organs of CD-1 mice that were infected i.v. for 48h. Data
shown are the combination of two separate experiments totaling at least 8 mice per group. A
two-tailed Mann Whitney T-test was used for statistical analysis for each group compared to
WT, where * indicates P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.0001. (B) Data
shown represent CFU in organs of CD-1 mice that were infected i.v. for 30 minutes with the
indicated strains of bacteria. Data shown are the combination of at least two separate
experiments totaling at least 8 mice per group. A two-tailed P value is reported for each group in
comparison to WT, where * indicates P<0.05, ** indicates P < 0.01, and *** indicates P <
0.0001. (C,D) Strains were grown to mid-exponential phase in BHI, washed with PBS, and
diluted 1:100 into defibrinated sheep or horse blood (Hemostat). Bacteria were plated for CFU at
the indicated times. Data represent means and standard deviations of the mean from at least 3
separate experiments. (D) For bentonite treated blood, blood was treated with 5mg of bentonite
(Sigma) for 30 minutes at 4° immediately prior to inoculation. A two-tailed P value is reported
for the pgdA oatA rli31 (no bentonite) strain in comparison to WT. A two-tailed P value is also
reported for the pgdA oatA rli31 (bentonite) values in comparison to the pgdA oatA rli31 (no-
bentonite) values, where *** indicates P < 0.0001.

We sought to explain the severe loss of virulence of lysozyme-sensitive L.

monocytogenes observed in vivo. Lysozyme concentration varies from organ to organ (168,
169); therefore the defect observed in vivo may be due to killing in a specific organ. However,
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the rli31 mutant phenotype was similar between various organs, ranging from 5 to 20-fold
(Figure 2.11A). We next reasoned that the major bactericidal factor could be macrophages,
neutrophils, or serum, all having been previously implicated in killing lysozyme-sensitive
bacteria (105, 106, 170). Upon infection of bone-marrow derived macrophages, only a small
defect was observed using the pgdA oatA rli31 triple mutant, the most lysozyme-sensitive strain
(Figure 2.11B). Infection of macrophages with other lysozyme-sensitive strains showed even
smaller differences between the mutants and WT bacteria (data not shown).
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Figure 2.11 Examining the in vivo defect of lysozyme-sensitive bacteria
(A) C57BL/6J mice were infected with 10° bacteria at a 1:1 ratio of WT and rli31::Tn mutants.
Organs were harvested from at least 10 mice from 2-4 separate experiments and plated on LB /
LB + erythromycin. Ratios were determined and horizontal bars represent median values.
Statistics were performed using one-sample Wilconox tests assuming a null hypothesis of one. A
P value is reported for each group, where * indicates P < 0.05, ** indicates P < 0.01, and ***
indicates P < 0.0001. (B) Bone marrow-derived macrophages (3 x 10°) were plated onto
coverslips and infected with the indicated strains. Bacteria were washed at 30 minutes post
infection, gentomycin was added at 1h post infection, and bacteria were plated for CFU at the
given intervals.

Next, to test if serum could kill lysozyme-sensitive mutants, infections were performed
I.v. and mice were sacrificed at 30 minutes postinfection, a timepoint when L. monocytogenes
has encountered the blood but neutrophils have not yet migrated to areas of infection (171). For
these infections we chose 3 mutants that varied in lysozyme susceptibility: the rli31 mutant, the
pgdA mutant, and the pgdA oatA rli31 triple mutant. Surprisingly, the pgdA oatA rli31 triple
mutant lost 97% viability after 30 minutes, the pgdA mutant lost 92.5%, and the rli31 mutant lost
a small but significant number of CFU (Figure 2.10B). These data suggested that serum was a
major factor responsible for killing lysozyme-sensitive L. monocytogenes during infection.

To directly test if serum killed lysozyme-sensitive bacteria, the four strains specifically
killed by lysozyme were inoculated into purified blood and plated for CFU over time. The pgdA
mutant lost over 10* CFU and the degU mutant lost over 40-fold CFU after 4 hours (Figure
2.10C). The rli31 mutant was killed fivefold below WT and the pbpX mutant was similar to WT.
Most strikingly, the pgdA oatA rli31 triple mutant lost 10° CFU within 30 minutes and CFU were
barely recoverable after 2 hours (Figure 2.10D). The loss in CFU observed in blood between
various lysozyme-sensitive strains correlated precisely to lysozyme susceptibility and to the
defect observed in vivo. To directly test if lysozyme was the responsible bactericidal factor, the
blood was treated with bentonite, which removes lysozyme activity from serum but leave

26



complement intact (172, 173). Upon bentonite treatment, the pgdA oatA rli31 triple mutant
behaved identically to WT bacteria at all timepoints (Figure 2.10D). Bentonite treatment also
fully rescued killing of the pgdA mutant in blood (data not shown). To assure that the bentonite
treatment did not remove a bactericidal factor other than lysozyme, bentonite treated blood was
supplemented with 10 or 25 pg/ml of chicken egg white lysozyme, which are physiological
concentrations found in the blood (81, 174). Lysozyme addition completely restored the
bactericidal activity of blood (Figure 2.12).

ApgdA AoatA pbpX::Tn
+ Bentonite
107 + Lysozyme
106 =+ 10 pg/ml lysozyme

=+~ 25 ug/ml lysozyme

CFU, in purified blood

Time (h)

Figure 2.12 Addition of lysozyme to bentonite treated blood

The pgdA oatA rli31 mutant was grown to an ODgg 0f 0.5, washed with PBS, and diluted 1:100
into bentonite treated blood that had been supplemented with the indicated concentrations of
lysozyme from chicken egg white. CFU were then monitored at the given intervals.

2.3 Discussion

The results of this study, based on an exhaustive genetic screen, show that L.
monocytogenes uses three enzymes (PgdA, PbpX and OatA) and two regulators to resist the
bactericidal activity of lysozyme. The two regulators, DegU and RIi31, and one of the enzymes,
PbpX, were previously not associated with L. monocytogenes lysozyme resistance. degU and
rli31 mutants were extremely susceptible to lysozyme and were attenuated during in vivo
infection. Both degU and rli31 mutants displayed reduced abundance of pbpX and pgdA mRNA,
and rli31 suppressor mutants upregulated expression of pgdA. These data suggested that DegU
and RIi31 are the major regulators of lysozyme resistance in L. monocytogenes that act by
increasing expression of pgdA and pbpX. Finally, we demonstrated that all of these factors
contributed to L. monocytogenes pathogenesis in mice and were required for surviving exposure
to lysozyme in the blood.

RI1i31 is a 144 nucleotide non-coding RNA that contains a Rho-independent
transcriptional terminator and is predicted to be transcribed by the essential housekeeping
transcription factor SigA (123). A previous study showed that rli31 abundance was relatively
low during growth in broth but upregulated during infection, and that rli31 mutants were
attenuated fivefold in spleens and livers of infected mice (123). In agreement, we also observed
that rli31 mutants were fivefold attenuated in spleens and livers of infected mice, but in contrast
to the previous study, we found that R1i31 was among the most abundant RNAs in L.
monocytogenes. pgdA and pbpX were downregulated in the rli31 mutant, and upregulation of
pgdA restored lysozyme resistance to the rli31 mutant. Lastly, the pgdA pbpX double mutant was
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killed to similar extents as the pgdA pbpX rli31 triple mutant upon lysozyme treatment,
suggesting that the rli31 mutant phenotype was due to regulation of the two major lysozyme
resistance enzymes, pgdA and pbpX. Small non-coding RNAs (sRNASs) have diverse functions
in bacteria, including the regulation of translation, targeting mRNA for degradation, and
modulating protein activity (114). It was therefore possible that RIi31 interacted directly with
the pgdA and pbpX transcripts, leading to mMRNA degradation or to translational repression.
However, both genes contain relatively small 5° UTRs (44 and 26 nucleotides, respectively,
(125)), and neither gene contains any homology to RIi31 by BLAST searches, by target
prediction programs (TargetRNA (127), RNApredator (128)), or by any other method of
measuring homology. In the future we aim to identify the target(s) of R1i31 to explain how RIli31
regulates pgdA and pbpX.

The results of this and three other studies show that L. monocytogenes degU mutants are
considerably attenuated in mice (163, 164, 167). Remarkably, DegU was the only response
regulator required for L. monocytogenes pathogenesis (167). DegU is responsible for expression
of chemotaxis and flagellar genes, but chemotaxis genes are not required for L. monocytogenes
virulence (163, 164, 167, 175). The data presented here suggest that the attenuation of the degU
mutant in vivo is due to lysozyme sensitivity caused by downregulation of pbpX and pgdA. In B.
subtilis, DegU is cotranscribed with its cognate kinase, degS, but L. monocytogenes lacks degS
and it remains unclear how DegU is regulated post-translationally. Future studies will be
required to determine if DegU regulates pgdA and pbpX directly or indirectly and determine
whether this regulation is affected by phosphorylation of DegU.

B. subtilis also encodes pbpX, oatA, and multiple peptidoglycan deacetylases (102, 112,
176), yet B.subtilis is not a pathogen and is significantly more sensitive to lysozyme that L.
monocytogenes. The minimal inhibitory concentration of lysozyme is 6 pug/ml for WT B. subtilis
(112), and 2,000 pg/ml for L. monocytogenes (data not shown). Therefore, there is over a 300-
fold difference between these two species in lysozyme sensitivity despite both encoding highly
related enzymes. Why, then, is L. monocytogenes so lysozyme-resistant? Our data suggests that
L. monocytogenes has not acquired novel enzymes to mediate lysozyme resistance, but rather
utilizes two regulators of gene expression, DegU and RIi31, to regulate expression of common
cell wall modifying enzymes. Therefore, it is the regulation of lysozyme resistance by DegU and
RI1i31 that accounts for the difference in lysozyme resistance between L. monocytogenes and B.
subtilis. Microarray analysis of the degU regulon in B. subtilis did not identify pbpX or a
deacetylase (177), suggesting that L. monocytogenes has evolved lysozyme resistance by
modifying the DegU regulon to include pgdA and pbpX. The conservation of these enzymes
across bacterial species suggests that these enzymes are also required in non-pathogens for
growth and/or for surviving exposure to low concentrations of antibacterial molecules found in
the environment. However, overexpression of these enzymes can convert them into factors
essential for pathogenesis. A similar mechanism was described during the emergence of Yersinia
pestis from Yersinia pseudotuberculosis (178).

Pathogenic staphylococci are lysozyme resistant due to expression of oatA while non-
pathogenic species are often lysozyme-sensitive (89, 93). It was previously suggested that these
non-pathogens lack oatA (93), but simple BLAST searches indicate that genes with high
homology to S. aureus oatA exist in many non-pathogenic, lysozyme-sensitive Staphylococci,
including S. carnosus (76% identity), S. xylosus (77% identity), and S. equorum (62% identity).
Based on the results of our study, we hypothesize that oatA is likely expressed at very low levels
in these organisms and is probably upregulated in pathogenic Staphylococci by uncharacterized
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regulators. Indeed, inducible expression of S. aureus oatA in lysozyme-sensitive S. carnosus led
to increased lysozyme resistance (93). Considering that lysozyme is ubiquitous in the
environment, from animal secretions, to plants, to other bacteria, it is perhaps not surprising that
even non-pathogenic bacteria are slightly lysozyme resistant (68).

Lysozyme resistance clearly represents a common mechanism of bacterial pathogenesis,
as lysozyme-sensitive mutants are severely attenuated in multiple models of infection (92, 104,
179, 180). However, it has been difficult to assign a direct role for lysozyme in vivo since mice
encode two lysozyme genes, LysM and LysP. LysM LysP double mutant mice do not exist to our
knowledge and LysM™ mice still have nearly WT levels of lysozyme in their blood (92, 181).
However, bone marrow-derived macrophages from LysM™ mice lack lysozyme and are therefore
appropriate models to examine the roles of lysozyme during interaction with macrophages (92).
Lysozyme-sensitive L. monocytogenes are more susceptible to killing in bone marrow-derived
macrophages from B6 mice leading to hyper-induction of multiple inflammatory pathways, but
show no differences in LysM” macrophages (92). Therefore, pgdA mutants are clearly more
susceptible to killing by lysozyme in macrophages, resulting in increased inflammation.
However, these phenotypes do not result in a significant loss of CFU during macrophage
infection ((92) and Figure 2.11B). The most striking bactericidal activity observed in vivo
occurred during the first 30 minutes after i.v. infection, where lysozyme-sensitive bacteria lost
over 90% CFU, a phenotype that can be faithfully recapitulated in vitro in blood (Figure 2.10).
These data suggest that serum is a major host factor responsible for killing lysozyme-sensitive
bacteria in vivo, at least upon i.v. infection. During oral infection, L. monocytogenes
disseminates to the liver in blood via the portal vein (14), and a large number of bacteria in the
blood is essential for causing meningitis (8, 182). Therefore, exposure to blood is likely to occur
during human listeriosis, where L. monocytogenes causes meningitis, abortion in pregnant
women, and sepsis (8). The results of this and other studies suggest that the role of lysozyme in
vivo is multifactorial (92, 104, 105, 107, 170), but that serum lysozyme is the major protective
factor against lysozyme-sensitive L. monocytogenes during i.v. infection. The robust killing of
lysozyme-sensitive bacteria in vivo illustrates why pathogens have evolved multiple and novel
regulatory strategies to rewire the expression of essential cell wall processes to become
lysozyme-resistant.
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Strains
Description Strain number Reference
AprsA2 DP-L5751 Zemansky et al., (2009)
Almo2473 DP-L5958 Saueret al., (2010)

ApgdA DP-15188 Rae et al., (2011)

AoatA DP-L5189 Rae etal., (2011)

ApgdAAoatA DP-15220 Rae etal., (2011)

mprf::Himarl DP-L5577 Zemansky et al., (2009)

AdItA DP-L6102 This study
Arli31 DP-L6147 This study
ApgdA, rli31::TN917 DP-L6148 This study
AoatA, rli31::TN917 DP-L6149 This study
ApgdAAoatA, rli31::TN917 DP-L6150 This study
rli31::TN917 DP-L6151 This study
pgdA::Himarl DP-L6152 This study
virS::Himar1 DP-L6153 This study
Imo1746::Himarl DP-L6154 This study
Imo2768::Himarl DP-L6155 This study
Imo2473::Himarl DP-L6156 This study
ditD::Himarl DP-L6157 This study
ditB::Himarl DP-1L6158 This study
pbpX::Himarl DP-1L6159 This study
degU::Himarl DP-L6160 This study
yycl::Himarl DP-L6161 This study
prsA2::Himarl DP-1L6162 This study
virR::Himarl DP-L6163 This study
ApgdA, pbpX::Tn DP-L6180 This study
ApgdA, pbpX ::Himarl, rli31::Tn917 DP-L6181 This study
Arli31, degU::Himarl DP-L6182 This study

Table 2.4 Bacterial strains used in Chapter 2
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Primers

Name:
TB1
TB2
TB3
TB4
TB5
TB6
TB7
TB8
TB9
TB10
TB11
TB12
TB13
TN1
TN2

TN SEQ

ARB1
ARB2

Description
Lmo0540 gPCR F

Lmo0540 qPCR R
PgdA qPCRF
PgdA gPCRR
RIi31qPCRF
RIi31gPCRR

rli31 deletion A

rli31 deletion B

rli31 deletion C

rli31 deletion D

rli31 complementF
rli31 complementR
RIi31 northern probe

TN sequencing
TN sequencing
TN sequencing
TN sequencing
TN sequencing

Nucleotides
GGGTATATGTATGCAAATCGTG
GGTATATACTTCGAAATTGGATC
CAG ATG GACAGA CTAATG AAA
GGCCATTCTATGCTTTTGGTA
TATCCCATAGAGATTGTCA
TAATTATAG CACAGAATCTGGG
AAAGTCGACATCAGGAGAAATATGGATAGCG
ATAATTATAGCACAGAATCTGGGTGGGATAAGTATATCTTACATTACT
AGTAATGTAAGATATACTTATCCCACCCAGATTCTGTGCTATAATTAT
TTTCTGCAGAAAGTCCGAACCATAGAATCAC
ATTACGGCCG GCCAATTCCTCCTATATATAAGAT
ATTAGTCGAC CCTCATTTTCAGAGCATCTCTA
ATATT TCT ATG GGG GAA GTA ATT TAT
GCTTCCAAGGAGCTAAAGAGGTCCCTAGCGCC
CGGGGAATTTGTATCGATAAGGAATAGATTTAAAAATTTCGCTGTTATTTTG
ACAATAAGGATAAATTTGAATACTAGTCTCGAGTGGGG
GGCCACGCGTCGACTAGTACNNNNNNNNNNCTTCT
GGCCACGCGTCGACTAGTAC

Table 2.5 Oligonucleotides used in Chapter 2
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Chapter 3

SpoVG and the abundant non-coding RNA RIi31 are opposing, intimately related
regulators of gene expression in Listeria monocytogenes
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3.1 Summary of results:

Bacterial pathogens must resist high concentrations of antibacterial molecules of the
innate immune system to successfully establish infection. Not surprisingly, bacterial resistance
genes are expressed through complex regulatory processes. Such is the case with Listeria
monocytogenes resistance to lysozyme, a potent antibacterial molecule found ubiquitously in all
animals. Lysozyme resistance is dependent on the highly abundant small non-coding RNA RIi31,
yet the target(s) of RIi31 remain unknown. In this study the spoVG mRNA and the spoVG
proteins are described as molecules that oppose the function of RIi31 in relation to lysozyme
sensitivity and, independently, in relation to regulating a chitobiose import gene. Deletion of the
spoVG operon increased lysozyme resistance of 14 previously described lysozyme-sensitive
mutants, and the data suggested that an uncharacterized mechanism of lysozyme resistance
existed in L. monocytogenes. Curiously, the 5> UTR of the spoVG operon contained 14/14
nucleotides of perfect complementarity to RI1i31, yet the protein was not regulated by the SRNA.
In Gram-negative bacteria, chitobiose import genes are regulated by an abundant SRNA and an
RNA decoy, which appeared analogous to RIi31 and SpoVG. These findings suggested that,
despite over a billion years of divergent evolution and despite non-homologous chitobiose import
proteins, RNA mimicry based gene regulation involving an SRNA may be conserved in L.
monocytogenes. Together, this study characterized RIi31 and SpoVG as intimately related,
opposing regulators of gene expression that may regulate one another.

Introduction

Listeria monocytogenes is an intracellular Gram-positive foodborne pathogen and is the
causative agent of listeriosis, a serious disease in pregnant women and immunocompromised
individuals (8). Pathogenesis of L. monocytogenes requires high resistance to antibacterial
molecules of the immune system, such as cationic antimicrobial peptides (CAMPs) and
lysozyme, which it encounters throughout the course of infection (92, 109). Lysozyme is a
major antibacterial molecule in humans and throughout the animal kingdom, and is found in the
body at concentrations greater than 1 mg/ml (67, 68, 79, 81). Lysozyme degrades the bacterial
cell wall, cleaving the B 1-4 linkage between the N-acetylglucosamine and N-acetylmuramic acid
residues that compose peptidoglycan (78, 86).

The peptidoglycan deacetylase PgdA and the O-acetyltransferase OatA are two major
enzymes responsible for conferring lysozyme resistance to many pathogens, including L.
monocytogenes, Staphyloccocus aureus, Helicobacter pylori, Streptococcus pneumonia, and
Bacillus anthracis (89, 90, 105, 183, 184). By modifying the acetylation state of the cell wall,
these enzymes alter peptidoglycan into a poor lysozyme substrate (89, 91). A third enzyme,
PbpX, is required for lysozyme resistance of L. monocytogenes; however the function of this
enzyme remains unclear (90, 103). Loss of lysozyme resistance in L. monocytogenes and other
pathogens leads to killing in blood, lysis in host cells, and upregulation of proinflammatory
cytokines, resulting in a severe attenuation during in vivo infection (90, 92, 105, 106).

The lysozyme resistance genes pgdA, oatA, and pbpX are also encoded in non-pathogens,
such as B. subtilis, but are upregulated in pathogens to confer high lysozyme resistance (90). In
L. monocytogenes, upregulation of pgdA and pbpX requires the transcription factor DegU and the
abundant small non-coding RNA (sSRNA) RI1i31 (90). Bacterial SRNAs are an emerging class of
gene regulators that function through four principal mechanisms. First, the majority of SRNAs
regulate translation by pairing with a complementary ribosomal binding site (RBS) of a target
gene (114). Secondly, sSRNAs can pair with the coding region of a target mMRNA, directing it to
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RNAse mediated degradation (114). Third, SRNAs can activate gene expression by relieving the
formation of a hairpin in the 5> UTR of an mRNA, which occludes the RBS (114, 115). Lastly,
SRNAs can interact with proteins to either inhibit their function or to act together as a
ribonucleoprotein complex (116, 117, 185). Predicting SRNA targets in silico remains
challenging, as a given SRNA may contain significant complementarity to dozens of potential
target genes (129).

Numerous SRNAs regulate carbohydrate metabolism in bacteria (186). In E. coli and
Salmonella, an abundant, constitutively expressed SRNA, ChiX (MicM), blocks translation of the
chitoporin ChiP (YbfM) to regulate import of chitobiose (130, 131). Chitobiose is a disaccharide
composed of two N-acetylglucosamine sugars and is the breakdown product of chitin. Chitin is
the second most abundant polysaccharide on Earth besides cellulose, and composes the cell walls
of fungi and crustaceans (130, 150). Chitin differs from cellulose because it contains nitrogen,
making it a preferable energy source in environments lacking nitrogen (150). Upon detection of
chitobiose in these Gram-negative bacteria, a second chitobiose import operon is transcribed,
which contains a decoy target for the ChiX sRNA. ChiX is sequestered to this decoy, allowing
for translation of ChiP mRNA (130, 131).

L. monocytogenes encodes over 140 sSRNAs and nearly 100 antisense RNAS, yet very few
bona fide targets of these SRNAs have been characterized to date (123, 124, 126). RIi31 was
originally identified in a screen for lysozyme-sensitive mutants along with 12 other genes
including pgdA and pbpX (90). The majority of these 13 mutants were also killed by cell wall
acting antibiotics and by CAMPs, suggesting that they were not required exclusively for
lysozyme resistance; however, rli31 mutants were uniquely sensitive to lysozyme. This
phenotype was principally due to reduced abundance of pgdA and pbpX transcript and was
complemented by pgdA overexpression. R1i31 contained no detectable complementarity to PgdA
or PbpX transcript, suggesting that this regulation was indirect (90).

spoVG in Bacillus subtilis is a Sigma H dependent gene expressed during sporulation,
where mutants are defective in late stage sporulation (132, 133). spoVG mutants display
pleiotropic phenotypes in a variety of firmicutes, including: asymmetric division defects in B.
subtilis (134), capsule formation defects in Staphylococcus aureus (135), decreased secretion of
extracellular enzymes in S. aureus (136), increased sensitivity to methicillin in S. aureus (137),
and suppressing ppGpp related defects in L. monocytogenes (138). While the mechanism of
SpoVG regulation has remained unknown, one study described it as a site-specific DNA binding
protein (139). Curiously, translation of SpoVG in S. aureus is regulated by a SRNA, SprX (140),
and SpoVG protein abundance is increased in mutants of another SRNA, RsaA (141).

In this study, multiple approaches were undertaken to better characterize R1i31. The
findings suggested that R1i31 and the protein SpoVG coordinately but oppositely regulated gene
expression. An untranslated region of the SpoVG mRNA contained significant complementarity
to the apical loop of RIi31, suggesting that the SpoVG mMRNA may regulate RI1i31 activity by
serving as a decoy RNA. These findings illustrate a complex and intimate relationship between
RI1i31 and SpoVG.

3.2 Results
Secondary structure of RIi31

Secondary structure prediction of R1i31 yielded a 5’ hairpin and a 3’ transcriptional
terminator (187) (Figure 3.1A). To experimentally validate this prediction, R1i31 was cloned into
the site-specific integration vector pPL2 with its endogenous promoter and mutations were
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constructed in the two hairpins and in the 5’ apical loop. These mutants were then introduced
into Arli31 and assayed for lysozyme resistance. Wt RIi31 fully complemented lysozyme
resistance of Arli31, while mutations in either the 5’ hairpin (mutants A and B) or the 3’ hairpin
(mutants C and D) resulted in loss of lysozyme resistance (Figure 3.1B). Mutations in the 5’
apical loop (mutant E) also resulted in loss of lysozyme resistance (Figure 3.1B).
Complementary mutations that rebuilt the 5 hairpin (mutant A+B) or the 3’ transcriptional
terminator (mutant C+D) restored lysozyme resistance to Wt levels (Figure 3.1C). These results
suggested that RIi31 was highly double-stranded, consisting of two long hairpins and a C-rich
apical loop.
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Figure 3.1 Secondary structure of RIi31
A) The secondary structure of Rli31 B,C) The indicated mutations were introduced into
rli31:pPL2 and integrated into Arli31 bacteria. The indicated strains were grown to mid-
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exponential phase and cultures were treated with 1 mg/ml lysozyme. Turbidity was monitored at
10 minute intervals. Data are representative of at least three separate experiments.

Predicted mRNA targets of RIi31

RI1i31 contained a C-rich apical loop, typical of SRNAs that interact with G-rich RBSs
(188, 189). This region had high complementarity to numerous predicted targets using
TargetRNA2, RNApredator, and BLAST (127, 128). The most significant of these targets are
listed in Table 3.1, along with the amount of complementarity between RIi31 and the target.
Between the various predictions, a commonality existed in relation to carbohydrate metabolism.
Imo0901 (chitobiose/cellobiose PTS component), the Imo0301 operon (chitobiose PTS
component), and Imo1883 (chitinase A) were all related to metabolism of the disaccharide
chitobiose. Im02110 (mannose 6-P isomerase) and Imo1254 (alphaphosphotrehalase) were also
related to carbohydrate metabolism. The uncharacterized gene Imo0196 (spoVG) contained the
highest complementarity to Rli31 among all the predicted targets, with 14/14 nucleotides of
perfect complementarity in the 5° UTR of the mRNA, approximately 70 nucleotides upstream of
the RBS; however the function of this protein was unknown.

Although many of the predicted targets were related to carbohydrate metabolism, the
screen for lysozyme-sensitive mutants did not identify any mutants related to metabolism.
Imo1743 was a predicted target, and mutants of the vir two-component system are lysozyme-
sensitive, however these mutants are also killed by cationic peptides and by cell wall antibiotics
while Arli31 was not. Therefore Imo1743 was unlikely to be the lysozyme resistance gene
regulated by RI1i31. Secondly, the complementarity between RIi31 and many of the predicted
targets was either not highly significant (below 12 nucleotides of complementarity) or not at the
RBS. We concluded that none of these predictions were obvious RIi31 targets and a forward
genetic approach utilizing lysozyme sensitivity suppressor mutations was undertaken to identify
the target(s) of RIi31.
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Program Gene Gene description Location of complementarity
TargetRNA2
Imo0901 Chitobiose PTS component IIC AtRBS, 12/12
Imo0335 Small uncharacterized protein 35 nt upstream of TSS, 8/8
Imo01688 Enoyl (acyl carrier protein) reductase AtRBS, 12/13
Imo1883 Chitinase AtRBS, 8/11
Imo1277 Tyrosine recombinase XerC Within ORF, near start codon, 8/9
Imo01336 5-formyltetrahydrofolate cyclo-ligase At RBS, 9/9
Imo0121 Similar to bacteriophage tail protein AtRBS, 7/7
Imo01743 Within Vir operon AtRBS, 8/8
Imo01698 Ribosomal protein, alanine N-acetyltransferase Within ORF, near start codon, 7/7
Im01950 Segregation and condensation protein B AtRBS, 7/7
RNApredator

Intergenic Between Imo0301 and Imo0302 operons Imo0301 operon - chitobiose PTS, 13/13
Im00196 spoVG operon 5'UTR, 70nt from RBS, 14/14
Imo01856 Purine nucleoside phosphorylase Within ORF, 17/18
Imo0901 Chitobiose PTS component AtRBS, 12/12
Imo00282 Uncharacterized hydrolase Within ORF, 10/10
Imo2377 Multidrug efflux pump Within ORF, 17/19
Imo0893 Anti anti sigma factor AtRBS, 13/14
Imo02109 Uncharacterized hydrolase Within ORF, 19/23
Im02110 Mannose 6P isomerase Within ORF, 19/24. Distinct from Im02109
Imo0335 Unknown 35 nt upstream of TSS
Imo1385 Unknown Within ORF, 10/10

BLAST
Imo0196 spoVG operon 5'UTR, 14/14, 70nt from RBS
Intergenic  BetweenImo0149 and Imo0150, unknown proteins Intergenic region, 16/18
Imo0901 Chitobiose PTS component IIC AtRBS, 12/12
Imo1254 Alphaphosphotrehalase Within ORF, 16/17
Imo1176 Ethanolamine lyase Within ORF, 14/15

Table 3.1 Predicted targets of RIi31
Predicted targets of the 5 apical loop of RIi31 using TargetRNA2, RNApredator, and BLAST
(128, 190). Transcriptional start sites are abbreviated as TSS and determined from (125).

Identification of suppressor mutations that increase lysozyme resistance

As originally observed by Alexander Fleming upon his discovery of lysozyme in 1922,
lysozyme-sensitive bacteria can be repeatedly subcultured with lysozyme until the resulting
strain is stably lysozyme-resistant (69, 70). To generate suppressor mutations in L
monocytogenes, the Arli31 strain was repeatedly passaged with increasing concentrations of
lysozyme until the resulting strain was equally resistant to lysozyme as Wt bacteria (Figure
3.2A). This procedure was repeated using ApgdA, the double mutant rli31 pgdA, and the triple
mutant pgdA oatA rli31. Whole-genome sequencing and variant analysis identified single
nucleotide polymorphisms (SNPs) of fourteen individually derived strains. Of the six rli31
suppressor strains, five contained an identical SNP in the promoter of pgdA, twelve nucleotides
upstream of the transcriptional start site. qPCR analysis of these strains revealed a three-fold
increase in pgdA transcript levels (90).
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Lysozyme-resistant Genomic Reference
suppressor strain Location allele Alteration Description of mutation
Arli31 #1 436736 = T 16 nt upstream of pgdA TSS
Arli31#2 436736 - T 16 nt upstream of pgdA TSS
Arli31 #3 436736 = T 16 nt upstream of pgdA TSS
Arli31 #4 193393-195495 Deletion Region 5' of Im00196 (spoVG)
Arli31 #5 436736 = T 16nt upstream of pgdA TSS
2418019 A - Intergenic region, 5' of In02387
436736 - T 16nt upstream of pgdA TSS
Arli31 #6 2244954 T - Frameshift mutation in Im02196 (oppA)
2456579 C G R164G inImo02433 (esterase)
ApgdA #1 307762 G T Imo0287 (walR) - G92Y
194393 T 14 nt5' of IM00196 TSS
ApgdA #2 312197 A G Im00290 (wall) - T220A
1788717 A C Silent mutation, Imo1759
194393 T - 14 nt5' of Imo0196 TSS
ApgdA #3 309675 G A Im00288 (walK) - M430I
2151278-2151294 Insertion Imo02113
194393 T - 14 nt5' of Im00196 TSS
ApgdA ##4 307741 C T Imo0287 (WalR ) - S85F
194393 T - 14 nt5' of Imo0196 TSS
ApgdA #5 307792 C T Im00287 (WalR) - T102M
194393 T - 14 nt5' of Imo0196 TSS
1292872 A ATTC Intergenic, between Imo1305 and Imo1306
ApgdA rli31l: Tn#1 732886-732902 - Insertion Imo0720
1627292-1627308 - Insertion Imo01625
1969473-1969505 - Insertion Im01938
194393 T - 14 nt5' of IM00196 TSS
307741 C T Imo00287 (walR) - S85F
559048 C A Imo0540, in5' UTR
] 622535 C A Imo0600, N82K
ApgdA AoatA i31: Tn #1 1093551 - A Im01079, frameshift
2515523 T - Intergenic, betweenImo2485 and Imo2486
732886-732902 Insertion Imo0720
1627292-1627308 Insertion Im01625
194393 T - 14 nt5' of IM00196 TSS
307741 C T Imo0287 (walR) - S85F
559048 C A Imo0540, in5' UTR
. 622535 C A Imo0600, N82K
ApgdA AoatA i31::Tn #2 1093551 - A Imo1079, frameshift
2442569 - A Imo02416, frameshift
732886-732902 - Insertion Imo0720
1627292-1627308 - Insertion Imo01625

Table 3.2: Variants identified by whole-genome sequencing of lysozyme-resistant strains
The indicated mutations were mapped to the 10403S genome (GenBank accession number
CP002002.1) and SNP/InDel/structural variations were detected (CLC Genomics Workbench,
CLC bio). Variations marked as insertions and deletions were structural or InDel mutations and
the nature of the mutations was not annotated. Transcriptional start site is abbreviated as TSS
and determined from (125).

Seven of the fourteen strains contained single amino acid substitutions in the walRK two-
component system operon, which is considered essential in many bacteria including L.
monocytogenes and upregulates expression of autolysins and other cell wall components (156,
159, 167, 191). Five mutations mapped to the response regulator walR, one mapped to the
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histidine kinase walK, and one mapped to wall, a negative regulator of walRK that is required for
lysozyme resistance in L. monocytogenes (90). Increased lysozyme resistance was likely
conferred through a partial inactivation of WalR, leading to a thicker peptidoglycan layer.
Transmission electron microscopy (TEM) of mutants encoding WalR SNPs confirmed this
hypothesis (Figure 3.2C,D,), while wall mutants had thinner cell walls (Figure 3.2E). Resolution
of the cytosol during electron microscopy varied between strains, likely as a result of the
penetration of the microscopy reagents. These data implicated the WalRK two-component
system as a major contributor to lysozyme sensitivity in L. monocytogenes. However, it was
unlikely that WalRK was related directly to RIi31, as wall mutations led to gross morphological
changes such as susceptibility to CAMPs and antibiotics, while mutation of rli31 did not (90).
Nine of the fourteen strains contained an identical mutation in the promoter of the spoVG
operon, which contained two paralogs (84% identity) of the gene spoVG (Imo0196 and
Imo0197). Because this was the most prevalent mutation identified from the whole-genome
sequencing and because the spoVG 5” UTR contained significant homology to the RI1i31 apical
loop, we chose to focus on understanding the relationship between SpoVG and RI1i31. The
remaining variants identified by whole-genome sequencing were not further characterized.
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Figure 3.2 Characterization of variants that increase lysozyme resistance
A, B) After repeated subculture of Arli31 and ApgdA with lysozyme, the resulting strains were
grown to mid-exponential phase and treated with 1 mg/ml lysozyme along with the parent strain.
Turbidity was monitored at 10 minute intervals and data are representative of at least 3 separate
experiments. C) Transmission electron microscopy of WT (C), wall::Tn (D), and a walR point
mutation that increased lysozyme resistance (E).
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3.2.2 Deletion of the spoVG operon increases lysozyme resistance

The mutation in the promoter of the spoVG operon led to a 27-fold downregulation of
spoVG transcript compared to Wt bacteria, as determined by qPCR (Figure 3.3A). In-frame
deletion of both spoVG genes and the 5 UTR (hereafter referred to as the spoVG mutant)
increased lysozyme resistance of Arli31 back to Wt levels (Figure 3.3B). In-frame deletion of the
spoVG open reading frames (hereafter referred to as the spoVGorr ), which left the UTR and
promoter intact, also restored lysozyme resistance to rli31 mutants and behaved identically to the
spoVG mutant in regards to lysozyme resistance (Figure 3.3B). Introducing stop codons into
each spoVG paralog in the Arli31 background did not alter lysozyme sensitivity of the rli31
mutant, suggesting that the function of the paralogs was redundant and perhaps explained why
suppressor mutations were identified in the promoter of the operon, rather than an ORF (data not
shown). A mutant lacking the spoVG operon in the Wt background was significantly more
lysozyme-resistant than Wt bacteria, while the spoVG rli31 double mutant was similar to Wt
(Figure 3.3C). Deletion of the spoVG operon alone did not affect virulence in mice; however,
deletion of the spoVG operon increased lysozyme resistance and virulence of ApgdA during in
vivo infection by 100-fold and restored in vivo attenuation of the rli31 mutant back to Wt levels
(Figure 3.3D,E).

In summary, deletion of spoVG in an otherwise Wt background increased lysozyme
resistance to be greater than Wt. However, deletion of rli31 in the spoVG mutant background
reduced lysozyme resistance to Wt levels. The rli31 phenotype was similar: deletion of rli31
significantly reduced lysozyme resistance; however, deletion of spoVG in the rli31 mutant
background increased lysozyme resistance to Wt levels. Therefore, the Arli31 phenotype was
dependent on spoVG, and the AspoVG phenotype was dependent on rli31. These observations
indicated that RIi31 and the SpoVG proteins regulated the same target gene in an opposite
manner, and perhaps suggested that R1i31 and SpoVG negatively regulate one another.
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Figure 3.3 Deletion of spoVG increases lysozyme resistance and virulence of Arli31 and
ApgdA

A) gPCR analysis comparing Wt bacteria to suppressor strains with mutations in the spoVG
promoter. Primers were specific for the spoVG mRNA (Imo0196). B,C) The indicated strains
were grown to mid-exponential phase and treated with 1 mg/ml lysozyme, then CFUs were
measured at the indicated times. A two-tailed P value is reported for each strain in comparison
to Wt, where *** indicates P < 0.0001. D,E) Data shown represent CFU in organs of CD-1 mice
that were infected i.v. for 48h. The data are a combination of two separate experiments totaling
at least 8 mice per group, with the exception of AspoVG, in which the data represent one
experiment totaling 5 mice. The dotted line indicates the limit of detection. A two-tailed Mann
Whitney T-test was used for statistical analysis for each group, where * indicates P < 0.05, **
indicates P < 0.01, and *** indicates P < 0.0001.

3.2.3 Characterization of the spoVG mutant cell wall and lysozyme resistance phenotype
Attempts were made to identify the lysozyme resistance enzyme(s) regulated by RIi31
and SpoVG. To determine if SpoVG regulated one of the fourteen previously characterized
lysozyme resistance genes, transposon mutants that conferred lysozyme sensitivity were
transduced into AspoVG and assayed for lysozyme resistance by disk diffusion. Deletion of the
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spoVG operon increased lysozyme resistance of all fourteen previously identified lysozyme-
sensitive mutants (Figure 3.4A)(90). To determine if the spoVG mutant phenotype was specific
for lysozyme resistance or if it was a general cell wall defect, the wall mutant was transduced
into AspoVG and these mutants were assayed for CAMP resistance using CRAMP. Deletion of
spoVG did not alter sensitivity of the wall mutant towards CRAMP (Figure 3.4B). Similar results
were obtained using the CAMP sensitive mprF mutant (data not shown). Finally, to determine if
the regulation by SpoVG was redundant with the major lysozyme resistance genes, the pbpX::Tn
mutation was transduced into ApgdAAspoVG and this strain was assayed for lysozyme
resistance. In this experiment deletion of spoVG significantly increased lysozyme resistance of
the pgdA pbpX double mutant (data not shown). In summary, these data indicated that the spoVG
mutant phenotype was not due to regulation of a previously characterized lysozyme resistance
gene. The same conclusion was previously drawn regarding the rli31 mutant phenotype,
indicating that both SpoVVG and RIi31 regulated an uncharacterized lysozyme resistance gene.

Attempts were then made to characterize the spoVG mutant cell wall. TEM was
performed with Wt and spoVG mutants, which revealed that spoVG mutants retained normal cell
wall thickness but displayed altered cell wall morphology (Figure 3.4C,D). The spoVG mutant
cell wall appeared significantly smoother than Wt bacteria, which displayed a spikier surface.
spoVG mutants in S. aureus are defective for capsule formation (137), suggesting that this
material may be extracellular polysaccharide (EPS). Indeed, spoVG mutants were significantly
more white than Wt bacteria when grown on agar plates containing congo red, a dye that
interacts with -1,4 sugar linkages that is commonly used to measure biofilm abundance (Figure
3.4E) (192, 193). This finding was recapitulated using bacteria grown in liquid culture (Figure
3.4F) and was quantified by fluorescence (Figure 3.4G). rli31 mutants were more red than Wt
bacteria in this assay when grown on congo red plates (Figure 3.4E). Attempts were made to
further characterize this material. Bacteria can produce multiple species of EPS, such as cellulose
(194), poly N-acetylglucosamine (PNAG) (195), or strain-specific EPS (192). Wt bacteria were
treated with cellulase and B-glucanase in conjunction with lysozyme, but these enzymes did not
alter lysozyme sensitivity of Wt bacteria (data not shown). Together, these data suggested that
RI1i31 and SpoVG regulated an unidentified lysozyme resistance gene, which was likely required
for production of a B-1,4 linked sugar modification on the outermost area of the cell wall.
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Figure 3.4 Characterization of the spoVG mutant cell wall and lysozyme resistance
phenotype

A) The indicated strains were spread onto BHI agar and filter disks containing 1 mg of
lysozyme were placed onto the agar, incubated overnight at 37°, and zones of clearance were
measured. Means and standard deviations from at least 3 separate experiments are presented,
where *** indicates P < 0.001. B) The indicated strains were grown in BHI media and treated
with 50 ug/ml CRAMP at mid-exponential phase. Turbidity was monitored at 10 minute
intervals. C) Transmission electron microscopy of the indicated strains. All scale bars represent
100 nm. D) Images shown are representative areas of the cell wall, taken from the images
presented in (C). E) The indicated strains were grown on BHI agarose plates containing 40
ug/ml congo red. F) The indicated strains were grown to exponential phase in BHI media
containing 80 pg/ml congo red, pelleted by centrifugation, washed, and resuspended in water.
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G) Fluorescence intensity was measured from samples shown in (F), excitation/emission spectra
were 496/608 nm. The dotted line indicates the emission spectra of bacteria grown with no congo
red.

RIi31 does not regulate mMRNA or protein abundance of SpoVG

The 5’ apical loop of RIi31 contained fourteen nucleotides of perfect complementarity to
the 5 UTR of SpoVG that included the C-rich motif CCCCC (Figure 3.5A). We hypothesized
that RIi31 regulated SpoVG by either an mRNA degradation mechanism or by inhibiting
translation. However, mRNA abundance of SpoVG was unaltered between Wt and Arli31 L.
monocytogenes (Figure 3.5B). SpoVG protein abundance was analyzed by Western blot using a
SpoVG-specific antibody (134); however no difference existed between Wt and Arli31 (Figure
3.5C). In these assays, a non-specific band that reacted with an antibody to Listeriolysin-O
(LLO) was used as a loading control. Because SpoVG I (Lmo0196) and SpoVG Il (Lmo0197)
were the same molecular weight, these proteins may have overlapped during Western blot
analysis. To determine if RIi31 regulated either paralog, a six-histidine epitope tag was
chromosomally added to SpoVG I, which shifted its molecular weight apart from SpoVG Il. The
rli31::Tn mutant was transduced into this strain and Western blot analysis determined that
neither SpoVG I nor Il was altered by mutation of rli31 (Figure 3.5D). This assay also
determined that SpoVG I was significantly more abundant than SpoVG Il. Lastly, as lysozyme
resistance genes are upregulated in response to lysozyme in B. subtilis and Enterococcus faecalis
(112, 196), we hypothesized that R1i31 regulated SpoVG in response to lysozyme. A time course
of lysozyme treatment revealed that SpoVVG abundance was unaltered between Wt and Arli31
bacteria from zero to thirty minutes post-treatment (Figure 3.5E). These data suggested that
RI1i31 did not alter mRNA nor protein abundance of SpoVG.
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Figure 3.5 Deletion of rli31 does not affect mMRNA nor protein abundance of spoVG
A) The secondary structure of Rli31 and the SpoVG mRNA. The red dotted line indicates
complementarity between the RNAs. B) qPCR analysis of SpoVG mRNA in rli31 mutants, as
compared to Wt. C,D,E) L. monocytogenes lysates were collected from the indicated strains,
separated by gel-electrophoresis, and imaged by Western blot using an antibody specific for
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SpoVG. A non-specific band that reacted with the LLO antibody was used as a loading control.
For E), lysozyme was added at a concentration of 200 pg/ml.

3.2.4 RIi31 and SpoVG regulate the chitobiose import gene Lmo0901

In Escherichia coli and Salmonella, an abundant, constitutively expressed SRNA blocks
translation of the poorly expressed chitobiose import protein ChiP (130, 131, 197). The SRNA is
sequestered by a decoy RNA, which allows for translation of ChiP (130, 131). The RIi31/SpoVG
regulatory system appeared analogous to the decoy mechanism in Gram-negative bacteria
because the SpoVG 5’ UTR contained significant complementarity to R1i31 but SpoVG was not
regulated by RI1i31. Secondly, RIi31 contained significant complementarity to the RBS of the
chitobiose PTS component Lmo0901 (Table 1).

To test if RIi31 regulated translation of Lmo0901, the promoter, 5* UTR, and first 10
amino acids of Imo0901 were fused to GFP, cloned into pPL2, and integrated into L.
monocytogenes. Western blot analysis determined that Imo0901 expression was upregulated in
Arli31 bacteria when compared to Wt (Figure 3.6A). gPCR analysis of Wt and Arli31 bacteria
determined that Lmo0901 transcript was unaltered between these strains (data not shown)
suggesting that R1i31 inhibited Lmo0901 translation by pairing with the Lmo0901 RBS. To test
if the RBS was involved with this regulation, a single nucleotide mutation was introduced to the
Imo0901 RBS, altering it from GGGGG to GGAGG. Abundance of Lmo0901 was reduced to
Wi levels in the rli31 mutant in this assay (Figure 3.6B). The spoVG mutant was also included
in these experiments, and curiously, Lmo0901 abundance was significantly reduced in this
mutant (Figure 3.6A). This phenotype was likely not due to regulation of Rli31, as Lmo0901
protein was also reduced upon mutation of the RBS (Figure 3.6B). These data suggested that
SpoVG regulated protein abundance of Lmo0901 independently of RIi31.

To determine if regulation of Imo0901 was responsible for the lysozyme phenotypes of
the rli31 and spoVG mutants, an in-frame mutant of Imo0901 was generated in the Wt, rli31, and
spoVG backgrounds. Deletion of Imo0901 did not affect lysozyme resistance of Wt or spoVG
mutant bacteria and did not significantly increase lysozyme resistance of the rli31 mutant (Figure
3.6D,E). This finding suggested that the regulation of Lmo0901 by RI1i31 and SpoVG was
independent of their regulation of lysozyme resistance gene(s).
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Figure 3.6 Regulation of Lmo0901 transcript by RI1i31 and SpoVG
A,B) 30 ml of the indicated strains were grown to mid-exponential phase in LB media, collected
by centrifugation, and lysed by bead-beating and boiling in buffer containing SDS. Protein
abundance was normalized to ODggo and soluble proteins were separated by denaturing gel
electrophoresis. Western blot analysis using anti-GFP was performed for a minimum of six
separate experiments in (A) and at least two separate experiments in (B) Abundance of
Lmo0901-GFP in rli31 and spoVG mutants was quantified and is illustrated as a comparison to
Wt in (C). p60 abundance was measured as a loading control. Means and standard deviations are
presented, where *** indicates P < 0.005. D) The indicated strains were grown to mid-
exponential phase in BHI and treated with 1 mg/ml lysozyme, then CFUs were measured at the
indicated times. Data represent the means and standard deviations of at least 3 separate
experiments, where no significant difference was observed between the Imo0901 mutants and
their respective background strains at any time point.
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Figure 3.7 Model of RIi31 and SpoVG regulation

A model is proposed whereby SpoVG and RI1i31 independently regulate Lmo0901 and,
separately, an unidentified lysozyme resistance gene. R1i31 negatively inhibits expression of
Lmo0901 through a base-pairing mechanism at the RBS, while SpoVG regulates this gene by an
unknown mechanism. RIi31 and SpoVG maintain opposite phenotypes in relation to lysozyme
resistance, but deletion of both genes results in a Wt phenotype, suggesting that their phenotypes
are dependent on one another and that these molecules may negatively regulate one another.
MRNA abundance of pgdA and pbpX is reduced in rli31 mutants, suggesting indirect regulation,
as represented by dotted lines. The SpoVG mRNA contained 14/14 nucleotides of perfect
homology to the RIi31 apical loop, but SpoVG translation was not regulated by RI1i31, which
may suggest that this mMRNA functions as a decoy target for RIi31.

3.3 Discussion

This study sought to characterize the abundant non-coding RNA RIi31, and subsequently
understand the relationship between RI1i31 and SpoVG. Both RIli31 and SpoVG regulated
expression of the chitobiose import gene Imo0901, and separately, regulated expression of an
unknown lysozyme resistance gene(s). The lysozyme resistance phenotypes of these mutants
suggest that Rli31 and SpoVG may negatively regulate one another. The secondary structure of
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RI1i31 was determined, and the apical loop contained 14/14 nucleotides of perfect
complementarity to the 5° UTR of the spoVG mRNA, but RIi31 did not regulate protein nor
MRNA abundance of spoVG. Together, these findings suggested a model whereby RIi31 and
SpoVG function as opposing regulators of gene expression in L. monocytogenes, and may also
regulate one another by two separate mechanisms (Figure 3.7).

A complex mechanism involving a SRNA and an RNA decoy in E. coli and Salmonella
for regulating chitobiose import genes appears analogous to RIi31 and SpoVG (130, 131). Both
SRNAs are abundant and constitutively expressed; the target gene is poorly expressed and is a
chitobiose import protein, and an RNA decoy exists on the mRNA of an operon that is involved
with sugar metabolism (130, 131). From these data we conclude that the RNA mimicry
mechanism has been conserved for chitobiose import across billions of years of evolution,
despite no conservation of the required proteins at the amino acid level (198). This conclusion is
surprising given the complexity of the regulatory mechanism. Considering that two SRNAs
regulate expression of SpoVG in the Gram-positive pathogen S. aureus, we hypothesize that
intimate regulatory mechanisms between sRNAs and SpoVG exist in S. aureus and across the
firmicute clade (140, 141).

The original purpose of this study was to identify the lysozyme resistance gene(s)
regulated by RI1i31. Instead, another regulator of gene expression was identified that was also
not epistatic with any of the 14 previously described lysozyme-sensitive mutants. These data
suggested that a previously uncharacterized mechanism of lysozyme resistance existed in L.
monocytogenes and was regulated by RIi31 and SpoVG. We sought to characterize this
phenotype and observed morphological differences between the spoVG mutant cell wall and W.
The AspoVG cell surface appeared to lack a outer cell wall modification, and because the spoVG
mutant bound significantly less congo red than Wt, we hypothesize that this material is a $-1,4
linked sugar, likely either peptidoglycan or EPS. In Streptococcus suis, strains producing less
capsule due to mutation of a glycosyltransferase had increased resistance to lysozyme (96). We
hypothesize that the unknown gene is either a glycosyltransferase responsible for EPS production
or a carboxypeptidase responsible for cell wall cross-linking. The production of capsule in other
organism such as Staphylococcus aureus has been well appreciated, yet the discovery of EPS
production in L. monocytogenes remains relatively recent (192, 193). Future studies aim to
identify this gene and to better understand the role that EPS production plays in terms of L.
monocytogenes pathogenesis.

It remains unclear how pgdA and pbpX are downregulated in the rli31 mutant, which is
responsible for its lysozyme sensitivity phenotype (90). Because no homology exists between
RI1i31 and the PgdA/PbpX mRNAs, it is unlikely that RIi31 regulates these genes directly.
Rather, pgdA and pbpX are likely regulated in response to signals relating to cell wall
homeostasis, and thus the downregulation of pgdA and pbpX in Arli31 may be an indirect
consequence relating to the abundance of certain sugars used as peptidoglycan precursors or to
the expression of the unknown cell wall modifying enzyme.

These findings suggest that RIi31 regulates at least two genes in L. monocytogenes and
we speculate that it regulates many more. Among the other predicted targets of R1i31, many are
involved with carbohydrate metabolism. The intergenic region between the Imo0301 and
Imo0302 operons is predicted to be the best R1i31 target by RNApredator. Curiously, the
Imo0301 operon is another chitobiose PTS operon, and expression of the Imo0302 operon is
controlled by another SRNA, LhrA, which also controls expression of the chitinase ChiA (199).
The multitude of putative targets relating to sugar metabolism may suggest that RIi31 is either
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controlled by multiple decoy RNAs, or alternatively, that RIi31 controls expression of many of
these genes. The idea that RNA sponges are prevalent in bacteria has been proposed previously
(129, 130, 149, 200); however, limited examples exist. Future endeavors in the field of SRNA
mediated gene regulation in bacteria will help understand what distinguishes between a bona fide
target of an SRNA vs. a decoy.
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Table 3.3 - L. monocytogenes strains used in this
chapter

Wt 10403S

Arli3l

Arli31 + pPL2:rli31

Arli31 + pPL2:rli31 Mutant A

Arli31 + pPL2:rli31 Mutant B

Arli3l + pPL2:rli31 Mutant A+B

Arli31 + pPL2:rli31 Mutant C

Arli31 + pPL2:rli31 Mutant D

Arli3l + pPL2:rli31 Mutant C+D

Arli3l + pPL2:rli31 Mutant E

Arli31 suppressor #1

Arli31 suppressor #2

Arli31 suppressor #3

Arli31 suppressor #4

Arli31 suppressor #5

Arli31 suppressor #6

ApgdA

ApgdA suppressor #1

ApgdA suppressor #2

ApgdA suppressor #3

ApgdA suppressor #4

ApgdA suppressor #5

ApgdA, rli31::Tn

ApgdA, rli31::Tn suppressor #1

ApgdA AoatA, rli31::Tn

ApgdA AoatA, rli31::Tn suppressor #1

ApgdA AoatA, rli31::Tn suppressor #2

AspoVG

AspoVG-ORF

Arli31 + stop codon in spoVG |

Arli31 + stop codon in spoVG I

Arli31 AspoVG

AspoVG ApgdA

rli31::TN917

pgdA::Himarl

virS::Himarl

Imo1746::Himarl

Imo2768::Himarl

Imo2473::Himarl
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ditD::Himarl

dItB::Himar1

pbpX::Himarl

degU::Himarl

yycl::Himarl

prsA2::Himarl

virR::Himarl

oatA::Tn

AspoVG + rli31::TN917

AspoVG + pgdA::Himarl

AspoVG + virS::Himarl

AspoVG + Imol746::Himarl

AspoVG + Imo2768::Himarl

AspoVG + Imo2473::Himarl

AspoVG + ditD::Himarl

AspoVG + ditB::Himarl

AspoVG + pbpX::Himarl

AspoVG + degU::Himarl

AspoVG + yycel::Himarl

AspoVG + prsA2::Himarl

AspoVG + virR::Himarl

AspoVG + oatA::Tn

10403S, chromosomal spoVG I:6His

Chromosomal spoVG I:6His + rli31::Tn

WT + pPL2:Imo0901-GFP fusion

Arli31 + pPL2:Imo0901-GFP fusion
AspoVG + pPL2:Imo0901-GFP fusion
WT + pPL2:Imo0901-GFP fusion, with GGAGG RBS
Arli31 + pPL2:Imo0901-GFP fusion, with GGAGG RBS

AspoVG + pPL2:Imo0901-GFP fusion, with GGAGG
RBS
Almo0901

Arli31 Almo0901

AspoVG Almo0901
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Table 3.4 Oligonucleotides used in Chapter 3

TB14 RIi31 Mutant A Forward

cccatagagattgtcaggggaaataagctaattgaaaataaa

TB15, RIi31 mutant A Reverse

tttattttcaattagcttatttcccctgacaatctctatggg

TB16, Rli31 mutant B Forward

Cttaattgcttatttcccctaaacactcctttaagatag

TB17, RIi31 mutant B Reverse

ctatcttaaaggagtgtttaggggaaataagcaattaag

TB18, Mutant D Forward

gatagttgtagcacCCaatttcccagattGGg

TB19, Mutant D Reverse

cCCaatctgggaaattGGgtgctacaactatc

TB20 Mutant C Forward

cagaatttcccagattgggtgctataattatgtagaaatag

TB21 Mutant C Reverse

ctatttctacataattatagcacccaatctgggaaattctg

TB22 Mutant E Forward

gaaaataaattactttttccatagaaatattcttaattgcttatttc

TB23 Mutant E Reverse

gaaataagcaattaagaatatttctatggaaaaagtaatttattttc

TB140: rli31 promoter Forward with
Eagl

attaCGGCCG gccaattcctectatatataagat

TB141: rli31 Reverse with Sall

attaGTCGAC cctcattttcagagcatctcta

TB211: Imo0196/7 deletion A - Forward
-BamHI

tca ggatcc gaataactgcaggaaccattatattctcct

TB212: Imo0196/7 deletion B - Reverse

tgaaaattttaaattattcagcagaaacggtattcacgtaaaattcttccctat
gaaca

TB213: Imo0196/7 deletion C -Forward

tgttcatagggaagaattttacgtgaataccgtttctgctgaataatttaaaat
tttca

TB214: Imo0196/7 deletion D - Reverse
- Sall

gta gtcgac ctacaatgcctaggtcatcacgagataac

TB248: Imo00196/7 Forw from UTR with
BamHl, for stop codons

tca ggatcc agggaagaattttacgtgaatattgctt

TB249: Imo0196/7 Rev from TT, with
Sall, for pKSV7

gta gtcgac catagccaaaatagaagaccaaggc

TB274: SpoVG Rev from stop, to add his
tag

gttttcttctacaatactttcgtctgce

TB275: SpoVG For from stop, with his
tag

catcatcatcatcatcat taaaaaaatcctcggttagggagaacy

TB281: SpoVG | Stop, Forward

C gta gct atg cct agt TAA cgt acg ccg gat ggt gag ttt
ag

TB282: SpoVG | Stop Reverse

ctaaactcaccatccggegtacg T TAactaggcatagctacg

TB283: SpoVG Il Stop Forward

C gta gct atg cca agt TAA cgt ggt gtt gac ggt gaa ttc
cg

TB284: SpoVG Il Stop Reverse

cggaattcaccgtcaacaccacgT T Aacttggcatagctacg

TB508: Imo0901 delete A, Kpnl,
forward

GTACA GGTACC
TGATGAATATATTACCCAAGCGCC

TB313: Imo0901 deletion B, Forw, with
tail for SOE

AACGTTTTCTTTTTAGAAAAATATCATGTT
AGAGAATCAGAGGCGGCTATCAAATAAGTT

TB314: Imo0901 deletion C, Reverse, for
SOE

AACATGATATTTTTCTAAAAAGAAAACG

TB509: Imo0901 delete D,Sall, reverse

AATTC GTCGAC
AATTTGTAAACCGGTTGATCTGC
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TB584: A forward for Imo0901 SOE,
with Eagl

atcg cggecg
CTCGGAAATTACAAGCATTCAAAAGGC

TB585: B, reverse, for Imo0901 SOE

agttcttctectttgctagcTTCCCCAAGTAACTCCATAA
ACTTATTCAC

TB586: SOE forward, for Imo0901 GFP
SOE

TTTATGGAGTTACTTGGGGAA(gctagcaaaggagaa
gaacttttcact

TB304: GFP Reverse , for Imo0901 SOE

ctat ctgcag tcaccgacaaacaacagataaaacy

TB604: Imo0901 qPCR , try2 Forward

GATGCATTCATGTTGGCATTTCC

TB605: Imo0901 qPCR try2 Reverse

ACAGTCATAATACTCATCGTGGC

TB607: Imo0901 RBS from GGGGG to
GGAGG, Forward

GGAAGTAAAGTGAATAAGTTTATGG

TB608: Imo0901 RBS mutation, Reverse

TCCAAACATGATATTTTTCT

TB216: Imo0196 Forward, for gPCR

gtgagattacgacgtgttgagaca

TB217: Imo0196 Reverse, for gPCR

ggatgagcgatatctctaaactcac
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Chapter 4

SpoVG is a methylated RNA-binding protein required for swarming motility of Listeria
monocytogenes
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4.1 Summary:

Listeria monocytogenes is a Gram-positive bacterial pathogen that encodes over 100
small non-coding RNAs (SRNAs) and Hfg, an RNA chaperone protein that mediates
MRNA:SRNA interactions. Mutants of hfg in proteobacteria often display severe, pleiotropic
phenotypes, while hfg mutants in firmicutes are viable and display few phenotypes for unknown
reasons. In this study mutants of the uncharacterized gene regulator spoVG were observed to be
non-motile in semisolid agar, and suppressor mutations that increased swarming motility mapped
to RNAse J1, Rho, and NusG. We hypothesized that SpoVG interacted directly with nucleic
acid, and indeed purified SpoVVG bound with high affinity and specificity to multiple SRNAs in
vitro. SpoVG did not bind to the 6S RNA or the SRP RNA, which have known protein partners.
Analysis of the SpoVG crystal structure revealed two positively charged grooves that may be
responsible for nucleotide binding, suggesting a model by which SpoVG binds RNA. From these
findings and from numerous other studies describing spoVG mutant phenotypes across the
firmicute clade, we propose that SpoVG represents a new class of RNA-binding proteins in
Gram-positive bacteria, whose function may be analogous to, or an alternative to, Hfq in Gram-
negative bacteria.

Introduction

L. monocytogenes is a Gram-positive bacterial foodborne pathogen that causes listeriosis,
one of the most fatal bacterial diseases contracted by humans (8). The organism is ubiquitous in
the environment and lives on decaying plant matter, environmental water sources, and in soil (1,
2). Due to its genetic manipulability, fast growth rate, and well-understood intracellular lifecycle,
L. monocytogenes has served as a useful model bacterial organism (53). Several studies have
contributed to identifying over 200 non-coding RNAs in the bacteria, yet only a handful have
been studied individually and even fewer have known targets (120, 122-125, 199, 201-204).

Bacterial SRNAs are an emerging class of gene regulators that function through four
principal mechanisms. First, the majority of SRNASs regulate translation by pairing with a
complementary ribosomal binding site (RBS) of a target gene (114). Secondly, SRNAs can pair
with the coding region of a target mRNA, directing it to RNAse mediated degradation (114).
Alternatively, SRNAs can activate gene expression by relieving the formation of RBS-occluding
hairpins in the 5 UTR of an mRNA (114, 115). Lastly, SRNAs can interact with proteins to
either inhibit their function or to act together as a ribonucleoprotein complex (116, 117, 185).
Predicting SRNA targets in silico remains challenging, as a given SRNA may contain significant
complementarity to dozens or perhaps hundreds of potential target genes (129).

In proteobacteria such as Escherichia coli and Salmonella, the proteinaceous RNA
chaperone Hfq often mediates SRNA:MRNA interactions by serving as a platform for RNA
binding. Hfq has a multitude of regulatory roles involving SRNAs, including: protecting RNA
from RNAse E mediated degradation (118, 205), leading to RNA degradation by RNAse E
(118), and interacting with Rho to inhibit transcriptional termination (206). Not surprisingly, hfq
mutants in proteobacteria display severe pleiotropic phenotypes, such as attenuated virulence,
loss of motility, and an inability to form biofilms (119). Hfq in the firmicute clade, however, is
less necessary for sSRNA:mRNA interactions . Few interactions have been reported between
sRNAs and Hfg in Gram-positive organisms, and hfq mutants display few remarkable
phenotypes (119-121). Mutants of hfqg in S. aureus displayed no growth defect, no defect in stress
tolerance, no defect in secreted proteins, and high-throughput phenotypic analysis did not detect
any hfq mutant phenotype among ~2,000 tested phenotypes (121). Mutants of hfqg in L.
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monocytogenes are viable and are sensitive towards certain stresses, such as high concentrations
of ethanol and salt, and are 10-fold attenuated in vivo (207). Co-immunoprecipitation
experiments with Hfq in L. monocytogenes identified 3 interacting RNAs (120). In contrast, co-
immunoprecipitation experiments with Hfg in the Gram-negative Salmonella identified over 700
MRNA and over 60 SRNA interactors (208).

RI1i31 is one of the most abundant L. monocytogenes SRNAs and is required for resistance
to lysozyme, a cell wall degrading enzyme of the host innate immune system. RIi31 has a
complex relationship with the protein SpoVG, as both molecules regulated lysozyme resistance
genes and independently regulate a chitobiose import gene. The SpoVG mRNA contains 14/14
nucleotides of perfect complementarity in its 5 UTR to the apical loop of RIi31, yet Rli31 does
not regulate SpoVG translation. This complementarity may serve as a decoy that regulates R1i31
expression; however the role of SpoVG UTR remains unclear.

spoVG in Bacillus subtilis is a Sigma H dependent gene expressed during sporulation,
where mutants are defective in late stage sporulation (132, 133). spoVG mutants display
pleiotropic phenotypes in a variety of firmicutes, including: asymmetric division defects in B.
subtilis (134), capsule formation defects in Staphylococcus aureus (135), decreased secretion of
extracellular enzymes in S. aureus (136), increased sensitivity to methicillin in S. aureus (137),
and increased resistance to lysozyme in L. monocytogenes (Figure 3.3). The mechanism of
SpoVG regulation has remained unknown and SpoVG contains no detectable homology to any
protein of known function; however one study described it as a site-specific DNA binding
protein (139). Translation of SpoVG in S. aureus is regulated by an SRNA, SprX (140), and
SpoVG protein abundance is increased in mutants of another SRNA, RsaA (141). The spoVG
operon in many bacteria resides within a cluster of genes relating to purine metabolism,
including prs and purR, and deletion of spoVG rescues phenotypes related to ppGpp deficiencies
in L. monocytogenes (138).

This study sought to better characterize SpoVG and determined that it is an RNA binding
protein that is required for swarming motility in L. monocytogenes. These findings and others
indicate that SpoVG and Hfg have many features in common, and we conclude that SpoVG may
serve a similar function in the firmicutes as Hfq serves in proteobacteria.

4.2 Results:
4.2.1 SpoVG is required for swarming motility of L. monocytogenes

spoVG mutants in L. monocytogenes were more resistant to lysozyme than Wt bacteria,
and spoVG mutants in S. aureus were defective for secretion of extracellular enzymes (136).
These data suggested that an extracellular enzyme required for lysozyme resistance may be
differentially secreted in the L. monocytogenes spoVG mutant. To assess secreted proteins,
supernatants from exponentially growing bacteria were precipitated, separated by
electrophoresis, and visualized by coomassie staining (Figure 4.1A). One band appeared in Wt
precipitates that was lost in AspoVG, and mass spectrometry identified this protein as flagellin
(FlaA). In-frame deletion of flaA in L. monocytogenes did not alter lysozyme resistance (data
not shown); however these data suggested that spoVG may be required for proper expression of
motility genes.

To determine if spoVG mutants displayed reduced swarming motility, 30° C stationary
phase cultures were stab inoculated into semisolid agar plates and grown for three days at 30° C.
Compared to Wt bacteria, spoVG mutants appeared rough, densely populating the original zone
of inoculation, and displayed a significant reduction in swarming motility (Figure 4.1B). This
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phenotype was consistent between spoVG mutants lacking both copies of spoVG and the 5> UTR
of this operon (herafter referred to as the spoVG mutant) and mutants lacking only the open
reading frames of the spoVG paralogs (the spoVGogrr mutant). Observation using light
microscopy of spoVG mutants in liquid culture determined that the bacteria appeared motile and
did not chain, suggesting that this phenotype was specific to swarming motility in semi-solid
media.

gPCR analysis of spoVG mutants determined that transcripts of genes within the major
flagellar operon (fliN, fliP and gmaR) were similar to Wt bacteria. Transcript levels of the
regulators of flagellar expression (degU and mogR) were also similar to Wt; however transcript
levels of flaA were reduced 10-fold below Wt (Figure 4.1D). These data suggested that the
spoVG proteins were required for swarming motility through regulation of flaA, and that a small
amount of flaA expression was likely sufficient to appear motile in broth, but was not sufficient
for motility in semisolid media.
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Figure 4.1 spoVG mutant bacteria are non-motile in semisolid agar

A) Precipitated supernatants of Wt and spoVG mutant bacteria were purified, separated by
denaturing gel-electrophoresis, and visualized by coomassie staining. B) 30° C stationary phase
cultures of Wt and AspoVG bacteria were stab-inoculated into 0.35% agar BHI plates and
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incubated for 3-5 days at 30°C. The arrow indicates motile revertants starting to swarm away
from the original colony. C) Motility revertants that were isolated from AspoVG parental
colonies were isolated, grown to stationary phase, and grown as in (B). D) qPCR analysis of
spoVG mutant bacteria and motility revertants. Primers were specific to MogR, FIiN, GmaR, and
FlaA. Data are presented as fold compared to Wt bacteria and were normalized to BglA
transcript and 5S RNA. Data are representative of at least two separate experiments, where *
indicates P<0.05, ** indicates P<0.01, and *** indicates P < 0.001.

4.2.2 Suppressor mutations restore swarming motility to spoVG mutants

Prolonged incubation of spoVG mutants in semisolid 0.35% agar led to spontaneous
mutants that migrated away from the original colony (Figure 4.1B). Isolation of these bacteria
and re-inoculation into semisolid agar determined that these mutants formed a larger swarming
radius than the parental spoVG strain, and the smooth morphology of these swarming mutants
appeared similar to Wt bacteria (Figure 4.1C). Six swarming mutants were chosen for whole-
genome sequencing.

Whole-genome sequencing and variant detection identified mutations in each suppressor
strain. Four of the six strains contained point mutations that led to single amino acid substitutions
in RNAse J1 (Table 4.1). One strain contained a point mutation in the transcription termination
factor Rho, while another strain contained a mutation in the transcription elongation/termination
factor NusG. Lastly, two strains contained intergenic single nucleotide insertions between the
mogR and fliN operons. gPCR analysis of these strains determined that the intergenic mutation
between mogR and and the fliN operon did not alter expression of mogR, but led to a 9.2-fold
upregulation over Wt of the fliN operon (Figure 1D). Suppressor mutants also had increased
expression of gmaR and flaA as compared to spoVG mutant bacteria (Figure 1D).

Intergenic, between RNAse
_ Rho mogR and fliP NusG J1 Other mutations
AspoVG R90S 130nt 5' of fliP start
Swarmer 1 codon
AspoVG V132F | H364Y
Swarmer 2
AspoVG E19V Imo2588 deletion
Swarmer 3
AspoVG 130nt 5' of fliP start Imo0562 inversion,
Swarmer 4 codon Imo1885 inversion
AspoVG N198T Imo02586 V120M
Swarmer 5
ASpOVG G391C
Swarmer 6

Table 4.1 Mutations identified in AspoVG swarming mutants
High-throughput DNA sequencing data was assembled and aligned to the 10403S genome
(GenBank accession number CP002002.1) and SNP/InDel/structural variations were detected
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(CLC Genomics Workbench, CLC bio). Variations marked as inversions or deletions were
structural or InDel mutations and the nature of the mutations was not annotated.

Swarming suppressor mutations do not alter lysozyme resistance phenotypes of the spoVG
mutant

To determine if the identified mutations affected other spoVG phenotypes, the pgdA::Tn
mutation was transduced into the spoVG suppressor strains and assayed for lysozyme resistance.
Despite the swarming suppressor mutations, mutation of spoVG still increased lysozyme
sensitivity of the pgdA mutant (Figure 4.2). This finding suggested that the spoVG swarming
and lysozyme resistance phenotypes could be dissected, and indicated that RNAse J1/Rho/NusG
were not exclusive downstream interactors of SpoVG.
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Figure 4.2 Swarming mutations did not alter lysozyme resistance phenotype of AspoVG. The
pgdA::Tn mutation was phage-transduced into AspoVG and into the described AspoVG swarming
suppressor strains. Bacteria were grown to stationary phase, spread onto BHI-agar plates, a filter-
disk containing 1 mg of lysozyme was added to the plate, and zones of clearance were measured.
Means and standard deviations from at least 3 separate experiments are presented, where ***
indicates P < 0.001 and (ns) signifies no significant difference between the swarming strains and
AspoVG, pgdA::Tn.

SpoVG weakly interacts with single-stranded DNA and does not interact with double-
stranded DNA

It remained unclear how SpoVG regulated gene expression, yet multiple lines of evidence
suggested that it was involved with nucleotide regulation. SpoVG was described as a site-
specific DNA binding protein (139), and the following indirect data suggested that SpoVG may
be involved with RNA regulation. First, SpoVG is regulated by multiple SRNAs in S. aureus and
co-regulates genes with R1i31 in L. monocytogenes. Second, mutation of spoVG resulted in loss
of Imo0901 expression, which was not due to transcriptional changes. Lastly, the swarming
suppressor mutations described in this study suggested a relationship between SpoVG and RNA
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regulatory proteins. Based on these data, we hypothesized that SpoVVG was either a DNA or an
RNA binding protein.

To assess DNA binding, SpoVG (Lmo0196) was purified to high concentrations and
homogeneity from Escherichia coli BL21 (ADE3) containing a pLysS vector (Figure 4.3A).
Electrophoretic Mobility Shift Assays (EMSAs) were performed using the Cap41 promoter from
S. aureus and the pgdA promoter from L. monocytogenes as DNA probes (139). Binding
affinities for Cap41 were greater than 3 uM for single stranded DNA and no binding was
observed for double stranded DNA (Figure 4.3B). SpoVG bound to various pgdA promoter
probes with equal affinity to Cap41 and also bound to a probe corresponding to the pgdA ORF
(Figure 4.3C). These results suggested that DNA binding was not specific, and indeed SpoVG
bound to various scrambled DNA probes with equal affinity as the Cap41 and pgdA probes
(Figure 4.3C).
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Figure 4.3 SpoVG binds non-specifically to single-stranded DNA and does not bind to
double-stranded DNA

A) SpoVG-6His was purified from E. coli using Ni-affinity resin and eluted with five increasing
concentrations of imidazole. Fractions 3-5 were pooled and concentrated for use in EMSAS.
B,C) The indicated concentrations of SpoVG were incubated with 250 ng of the indicated **P
labeled oligonucleotides for 30 minutes, as described in Materials and Methods, and separated by
non-denaturing gel electrophoresis. For double stranded DNA, complementary capl
oligonucleotides were heated to 95° C and slowly cooled for 1h to allow for annealing.
Oligonucleotide sequences are described in Table 4.3.
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4.2.3 SpoVG interacts with multiple RNAs in vitro, including R1i31

To assess RNA binding, EMSAs were performed using a variety of L. monocytogenes
RNAs that had well established 5° and 3’ ends and were between 100-300 nucleotides in length,
which was a sufficient size to observe gel-shifts (123, 125). These probes were: 6S, RIi31,
RI1i32, SRP RNA, RIil, and R1i109. Two of these molecules, 6S RNA and SRP RNA, are well-
described RNAs with known protein binding partners. The 6S RNA interacts with RNA
polymerase (116) and SRP RNA forms a highly conserved ribonucleoprotein complex termed
the signal recognition particle (SRP) (185). RIi32, Rlil, and RIi109 are uncharacterized SRNAs in
L. monocytogenes that are abundantly expressed and of similar size to RIi31 (125). All EMSAs
were performed with non-specific DNA, RNA, and protein competitors as described in Materials
and Methods.

The described RNAs were in vitro transcribed, EMSAs were performed, and gel-shifts
were observed with binding constants of approximately 260 nM for R1i31 (Figure 4.4A). No
gel-shifts were observed with 6S or SRP, the RNAs with known protein binding partners.
SpoVG displayed extremely weak binding to Rlil, bound with similar affinity to R1i32 as RIi31,
and bound to RI1i109 two-fold stronger than RIi31 (kD of 130 nM). Small migration differences
between RNAs in lanes with high concentrations of SpoVG are typical of EMSA reactions and
were likely due to non-specific complex formation and dissociation (163).

RNA binding was competed away using 65:1 molar ratio of cold RNA competitor, while
750:1 molar ratio of cold DNA competitor did not affect RNA binding (Figure 4.4B). To assess
where SpoVG bound RIi31, RIi31 mutants were assayed for binding. Mutation of the R1i31
hairpin (Mutants A and B) did not affect binding, while mutation of the apical loop (Mutant E)
resulted in 2-4 fold loss of binding (Figure 4.4C). These results suggested that L. monocytogenes
SpoVG is a site-specific RNA binding protein that interacts with the R1i31 5° apical loop in vitro.
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Figure 4.4 SpoVG interacts with RNA in vitro

A,B,C) EMSAs were performed using the indicated *?P labeled, in vitro transcribed RNA as
probes. SpoVG concentrations are represented by triangles and dashes represent no SpoVG. A)
SpoVG concentrations for the RIi31, 6S, and R1i32 EMSAs were: 4.1, 2.1, 1.0, 0.52, 0.26, 0.13,
0.65 uM, and 0. SpoVG concentrations for the SRP RNA, Rlil, and R1i109 EMSAs were 2.1,
1.0, 0.52, 0.26, 0.13uM, and 0. Each reaction contained 250 ng RNA B) 60 ng of R1i109 was
incubated with 0.26 pM SpoVG for thirty minutes with the indicated molar ratio of competitor
RNA (RIi109) or DNA (Capl). The fifth and tenth lanes contained no SpoVG and no
competitor. C) EMSA reactions were performed with 250 ng of Wt RIi31 and the indicated
RI1i31 mutants, where the SpoVG concentrations were: 2.1, 1.0, 0.52, 0.26, 0.13 uM, and 0.

4.2.4 Purification of SpoVG and identification of SpoVG post-translational modifications
To better understand how SpoVG bound RNA, we sought to identify proteins that
interacted with SpoVG in L. monocytogenes, to identify SpoVG-RNA interactions in L.
monocytogenes, and to confirm SpoVG post-translational modifications (144). Attempts were
made to clone SpoVG with a 6-His epitope tag into the site specific integration vector pPL2;
however, leaky expression of SpoVG was toxic to E. coli (data not shown). To circumvent this, a
6His epitope was chromosomally fused the C-terminus of spoVG I at the gene’s native locus, and
the protein was affinity purified from L. monocytogenes lysate. Eluates were concentrated,
separated by gel-electrophoresis, and visualized by coomassie staining (Figure 4.5). Purification
of SpoVG revealed that only one other protein co-eluted with SpoVG I, which was identified by
mass-spectrometry as SpoVG Il. This suggested that the two SpoVG paralogs interact in L.
monocytogenes. High resolution mass spectrometry of these peptides confirmed previous data
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that serine 66 was phosphorylated and additionally identified 5 methyl glutamate modifications
on residues 2, 12, 41, 56, and 74.

Attempts were made to isolate RNA that co-purified with SpoVG from L. monocytogenes
lysates. These studies are ongoing, as the procedure is complicated by 1) the sonication required
to lyse high numbers of the bacteria, which shears nucleotides, 2) the impurity obtained from the
resin (Figure 4.5), and 3) the inability to easily clone other affinity epitope tags onto SpoVG.
Attempts are currently being made to chromosomally add other epitope tags to SpoVG in an
effort to obtain more pure elutions to identify interacting RNAs.
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Figure 4.5 Purification of SpoVG and identification of post-translational modifications

A 6-histidine epitope was chromosomally added to SpoVG | and bacterial lysates were collected
from mid-exponential phase bacteria in BHI. Wt bacteria were grown alongside SpoVG I:6His
bacteria. Lysates were passed over Ni-affinity resin, eluted with imidazole, concentrated,
separated by denaturing gel electrophoresis, and stained with coomassie R-250. Arrows indicate
SpoVG I:6His (top arrow) and SpoVG Il (bottom arrow), as identified by mass spectrometry.

Identification of putative RNA-binding grooves on SpoVG by modeling charged residues

Phosphorylation of serine results in a negatively charged species, while methylation of
glutamate alters the negatively charged residue to a neutral charge (209). To understand how
charges were dispersed around the protein, the positive and negative charged residues were
modeled onto the SpoVG structure from B. subtilis (PDB entry 21A9 (142)), as determined by X-
ray crystallography. Based on the modeling of negatively charged residues, two grooves were
apparent that lacked any negative charges (Figure 4.6A). Annotation of the positively charged
residues determined that the grooves were highly positively charged (Figure 4.6B).
Measurements of the positively charged grooves’ widths varied from approximately 8 to 16A°
(Figure 4.6C). Given that the diameter of single-stranded RNA is approximately 10 A° (210),
these findings are in-line with a model whereby SpoVG binds single-stranded RNA. Similar
results were obtained upon modeling charges onto the SpoVG structure from Staphylococcus
epidermidis (PDB entry 219X, data not shown (143)).
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Figure 4.6 Two positively-charged grooves in the SpoVG dimer

A,B,C) The crystal structure of SpoVG, chains A and B, from B. subtilis (PDB entry 21A9), with
the peptide chain annotated in green. A) Negatively charged side-chains are annotated and
colored red. B) Positively charged side-chains are annotated and colored in orange. (C) All side-
chains are annotated and colored in green. Dotted lines are representative measurements in A° of
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the two positively-charged grooves, and read 13.7 (top left), 8.0 (top right), 7.7 (bottom left), and
17.1 (bottom right).

4.3 Discussion

This study sought to better characterize SpoVG in L. monocytogenes and determined that
it was a methylated, RNA-binding protein required for swarming motility. SpoVVG bound with
high affinity to multiple SRNAs in vitro and did not interact with SRNAs that have known protein
binding partners. The data suggest that SpoVG may represent a class of RNA-binding proteins
that function analogously to, or alternatively to, Hfg. The following discussion aims to compare
and contrast the similarities and dissimilarities between the two proteins in terms of their mutant
phenotypes, their structural characteristics, and their intimate relationships with SRNAs. We
conclude that the Gram-negative Hfq may share more functional similarities to SpoVG than it
does to the actual Hfg homolog in Gram-positive bacteria.

hfg mutants in Gram-negative bacteria often display pleiotropic phenotypes, which are
surprisingly similar to spoVG mutants phenotypes observed in firmicutes. hfq mutants of
Burkholderia cepacia are defective for capsule formation (211), and hfgq mutants in E. coli are
less prone to form biofilms (212). spoVG mutants in S. aureus are defective for capsule
formation (135) and mutants in L. monocytogenes bind poorly to congo red, suggesting a defect
in biofilm formation (Figure 3.4). hfg mutants have reduced motility in a number of Gram-
negative organisms, including E.coli (212), Pseudomonas (213), and Salmonella (214), and this
study reports that spoVG mutants are non-motile (Figure 4.1). Hfq is required for sSRNA
mediated regulation of central metabolism genes, including carbohydrate metabolism genes
(186), and purine/pyrimidine metabolism (119). SpoVG was shown in this study to regulate the
chitobiose import gene Imo0901 (Figure 3.6), and spoVG mutants rescue ppGpp-related defects
in L. monocytogenes (138). In B. subtilis, deletion of isocitrate dehydrogenase arrests
sporulation, and deletion of spoVG restores sporulation (134). Given the abundance of defects
exhibited by the spoVG mutant, however, the mutant displayed no detectable virulence defect
(Figure 3.3D) and was viable in nutrient-limiting growth mediums (data not shown).

SpoVG shares many structural features with Hfq but may differ from Hfq in its
oligomerization state. SpoVVG from L. monocytogenes and Hfg from E. coli are both exactly 102
amino acids in length and both contain a single terminal a-helix that is overlaid by 4-5 B-strands
(215, 216). Hfq oligomerizes into a homohexamer, while SpoVVG oligomerizes into a dimer
(217) that may then heterooligomerize into a tetramer (139, 217) or possibly a hexamer (142).
The RNA binding surface of SpoVG likely varies from Hfq, as the Hfq p-strands form the core
of the protein, while the loops and a-helices interact with RNA (218). Modeling charges on
SpoVG led us to predict that RNA binding is principally mediated by residues located in the f3-
strands of the protein (Figure 4.6). Further investigation is needed to better understand the
oligomerization state of SpoVG and determine if it forms a ring-shaped oligomer similar to Hfqg.

SpoVG and Hfq both appear intricately related to SRNAs, to RNAses, and to the
transcription termination machinery. Hfg has been well-established as a mediator of
SRNA:mRNA interactions and also functions with RNAse E to target RNAs for degradation.
Hfq can also protect RNA from RNAse mediated degradation (118). Hfq directly interacts with
Rho to inhibit Rho-dependent transcription termination, yet addition of NusG displaced
antitermination by Hfg (206). The data presented here and elsewhere suggest that SpoVG may
share all of these characteristics with Hfg. SpoVG is intimately related to R1i31, as these SRNAs
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regulate the same target genes, interact in vitro, and the SpoVG mRNA contains 14/14
nucleotides of perfect complementarity to the apical loop of RI1i31, suggesting that the SpoVG
MRNA may regulate RIi31. SpoVG is translationally regulated by the SRNA SprX in S. aureus
(140), and SpoVG protein abundance is increased in mutants of rsaA, another SRNA (141).
SpoVG interacted with numerous SRNAs in vitro but did not interact with SRNAs that have
known protein binding partners, perhaps suggesting specificity for unstructured or single-
stranded RNA. spoVG mutants were non-motile in semisolid agar and mutation of RNAse J1,
Rho, and NusG restored mRNA abundance of flagellar genes and restored motility. This data
suggests that some form of cross-talk exists between SpoVG and the major RNA regulatory
machinery, and that SpoVG may protect flagellar mMRNAs from RNAse mediated degradation.

Mutation of Rho, NusG, and RNAse J1 restored swarming motility to spoVG mutants yet
did not alter the AspoVG lysozyme resistance phenotype (Figure 4.2). This suggested that two
spoVG mutant phenotypes could be dissected, whereby one was rescued by Rho/NusG/RNAse
J1, while another was not. Similarly, some hfq phenotypes are dependent on RNAse E, while
others are not (118, 119, 205). This data may suggest that SpoVG retains multiple functionalities,
such as protecting RNA from degradation and, separately, regulating SRNAs.

Multiple methyl-glutamate residues were identified on SpoVVG, and methylation of
glutamate is well-described in bacteria as a mechanism to regulate chemotaxis. Methyl-accepting
chemotaxis proteins (MCPs) are methylated on glutamates in response to certain stimuli, such as
detection of extracellular sugars, and methylation signals for flagellar rotation and swarming
motility (219-222). Multiple similarities exist between MCPs and SpoVG, which regulates
expression of the sugar import gene Imo0901, is required for motility in soft agar, and contains
multiple methyl glutamate modifications. The similarities between SpoVG and MCPs may be
coincidental, or perhaps protein methylation plays a universal role in regulating motility in
response to environmental stimuli.

In conclusion, SpoVG is a methylated RNA binding protein required for flagellar
motility, which has many similarities to Hfq, as described in Gram-negative bacteria. Further
investigation of the biochemical and functional properties of SpoVG are required to determine
what RNAs it interacts with and how it regulates their activities in L. monocytogenes.
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Table 4.2, bacterial strains used in Chapter 4
L. monocytogenes 10403S, AspoVG
AspoVG swarmer #1
AspoVG swarmer #2
AspoVG swarmer #3
AspoVG swarmer #4
AspoVG swarmer #5
AspoVG swarmer #6
AspoVG swarmer #1 + pgdA::Tn
AspoVG swarmer #2 + pgdA::Tn
AspoVG swarmer #3 + pgdA::Tn
AspoVG swarmer #4 + pgdA::Tn
AspoVG swarmer #5 + pgdA::Tn
AspoVG swarmer #6 + pgdA::Tn
ApgdA
AspoVG + pgdA::Tn
Chromosomal spoVG I: 6-His
E. coli - BL21, pLysS - SpoVG C-terminal 6His

Table 4.3, oligonucleotides used in Chapter 4

TB122, DegU qPCR F gaggcgcgtatattcatccacgtgta

TB123, DegU gPCR R: aagaagttgcaatacctcgcactctc

TB471: FliN gPCR F Gaaaaacaagcaagcgaatc

TB472: FliN qPCR Rev Gtaattctcggaaaagtgcttc

TB473: FliP gPCR F Tttcgttggttgttttttggcec

TB474: FliP gPCR Rev ggacgataatacagtaggtaaag

TB475: GmaR gPCR F agcgattgatgcagatgaatgtt

TB476: GmaR gPCR Rev Gaagcaaattgtgccgtcatt

TB477: FlaA gPCR F GCAAGAACGTTTAGCATCTGGT

TB478: FlaA qPCR Rev TGACGCATACGTTGCAAGATTG

TB463: mogR gPCR F Atccaagtagaagatattccg

TB464: mogR gPCR R Caaccaggtttttttcgcgtgat

TB379: pgdA promoter 1 F, for acaaaaactagaaacttgccttttttcatgtataattgttttataagaa
EMSASs

TB381: pgdA promoter 2 F, for tttgttaagaaatcgttggtccttttttcctattttagtacaaaaacta
EMSASs

TB383: pgdA promoter 3 F, for cggtaaaagctcccactttatccgtgtcttttttgtgacatttgttaag
EMSASs

TB389: pgdA ORF, F, for EMSAs | gtcgcgcaacaaagtaataatgcagatggacagactaatgaaagaccag
TB391: scrambled 1 F, for EMSAs | AATTCGATATATGATTTTGAAAATGAATTTCATA
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ACTTTTAAATTGCGT

TB393: scrambled 2 F, for EMSAs | GCCGAGCGGGTACGCCGTGCGGTATGGGCCCAC
GCTCCGTGGCGTGCCG

TB395: Scrambled 3 F, for EMSAs | ATTTTTTAGCGCTATAAAAAAGCTATTTTTTAAA
AAAGTACTTTTTTGA

TB377: capl probe F, for EMSAS GAGTATAATTATTTTTAATTTACATATAAATAAA
AAGGCGAAAATAATGCGGTTTAAAAGTAATTAA
T

TB378: capl probe Rev, for EMSAs | ATTAATTACTTTTAAACCGCATTATTTTCGCCTTT
TTATTTATATGTAAATTAAAAATAATTATACTC

TB149: rli31 F with T7 promoter for | Ccaagtaatacgactcactata gg tatcccatagagattgtcatttgaaataag

VT

TB150: rli31 R, no rest site, for IVT | taattatagcacagaatctgggaaattctg

TB403: 6S RNA, with T7, for IVT Ccaagtaatacgactcactata gg gaaaagaaaccctaatgtattcg

TB404: 6S RNA, Reverse, for IVT caaaaaagaaaccccaatcgtaccg

TB401: rli32 F with T7 promoter for | Ccaagtaatacgactcactata gg gtggagagctttcatttttccc

VT

TB402: rli32 R, for IVT Caaaaaaataaccgcaccagggg

TB413: RIi31 Forward with T7 and | Ccaagtaatacgactcactata gg tatcccatagagattgtcaGGG

mut9 mutation

TB455: SRP, Forw, with T7 for IVT

Ccaagtaatacgactcactata gg ttgtcgtgctagacggggaggta

TB456: SRP Rev, for IVT

ttagtgtcgcgeacctcacatcga

TB457: RIi109, Forw, with T7 for
VT

Ccaagtaatacgactcactata gg gcagtggaattaaaggcatctaag

TB458: R1i109, Rev for IVT

tgtcactcgcaaaagcattgc

TB447: Rlil, with T7, Forward, for
VT

Ccaagtaatacgactcactata gg tgagatgacatgtttcttttgaatg

TBA448: Rlil, reverse, for IVT

ttttttcagacaacaaaaaagcg

TB254, SpoVG | F w Ndel for
pET20b

GCGC CATATG atggagattacagatgtgagattacgac

TB255, SpoVG | R w Xhol, no stop,
for pET20b

tata ctcgag gttttcttctacaatactttcgtctgce

TB274: SpoVG Rev from stop, to
add His tag

gttttcttctacaatactttcgtctge

TB275: SpoVG For from stop, with
His tag

catcatcatcatcatcat taaaaaaatcctcggttagggagaacy

TB258: Im00196/7 Forw from mid |
with BamHI, for pKSV7

tcat ggatcc gggattgttcgtagctatgectagtaa

TB259: Imo0196/7 Rev from mid I,
with Sall, for pKSV7

gttac gtcgac cggaattaattgggtgagcegatatcac
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Chapter 5

Conclusions and future perspectives
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5.1 Summary of results and conclusions

This study defined the molecules required for lysozyme resistance of L. monocytogenes
and subsequently sought to characterize how these molecules regulated one another. In total, 14
genes were required for lysozyme resistance in this organism, including many cell wall enzymes,
multiple two-component systems, and many regulators of gene expression. The screen for
lysozyme-sensitive mutants provided an answer for a question originally proposed by Fleming
nearly 100 years ago, which was: how are pathogens so lysozyme-resistant? The answer is not
merely via the acquisition of pgdA or oatA genes, as previously suggested (89, 93), because these
enzymes are found ubiquitously among bacteria. Instead, our data suggests that lysozyme
resistance of pathogens is achieved via upregulation of common cell wall modifying enzymes.
This logic provides an alternative example of how virulence phenotypes are acquired by bacteria,
many of which are thought to originate via horizontal gene transfer (56). We propose that
pathogen-specific regulation of broadly distributed genes represents another mechanism by
which pathogens acquire virulence.

Subsequent investigations sought to better characterize the abundant non-coding RNA
RI1i31. It was determined that RIi31 maintains a complex, multifaceted, and still poorly
understood relationship with the SpoVG mRNA and protein. The data suggest that Rli31 and
SpoVG independently and oppositely regulate expression of the same target genes, and that they
may regulate one another by two separate mechanisms. SpoVG was characterized as an RNA
binding protein, and we propose that this molecule may function similarly to, or as an alternative
to, the RNA chaperone Hfg. While the original goal of these investigations to identify the
lysozyme resistance gene regulated by RIi31 has not yet been realized, many other aspects of L.
monocytogenes physiology and pathogenesis have been discovered. As Alexander Fleming
famously once wrote, “One sometimes finds what one is not looking for” (71).

5.2 Remaining questions and future directions

Lysozyme resistance

The major remaining question in regards to lysozyme resistance in L. monocytogenes is:
what is the lysozyme resistance protein regulated by RIi31 and SpoVG? Despite exhaustive
attempts to identify the lysozyme resistance gene(s) regulated by RI1i31, we are only left with
clues as to its identity. We predict that the gene will be oppositely regulated in rli31/spoVG
mutants and will remain at Wt levels of expression in the rli31 spoVG double mutant. Based on
the TEM and congo red data, this gene is likely either a glycosyltransferase responsible for EPS
production or a peptidoglycan carboxypeptidase responsible for peptide cross-linking of the cell
wall. As we were unable to identify this gene by genetic approaches (either forward screening or
suppressor analysis), this may signify that the gene is either essential for viability or possibly
redundantly expressed. At this point, the best method to identify this gene will be to identify
SpoVG interacting RNAS or to comprehensively mutate genes with predicted complementarity
to RI1i31.

It is satisfying to reflect on the screen for lysozyme-sensitive mutants, knowing that one
major gquestion was answered, yet this screen has raised an abundance of questions that we have
not even begun to explore. A few of these questions are: how does PbpX modify the cell wall
and how does this confer lysozyme resistance? What are the functions of Imo2473 and Imo2768?
Does DegU bind the pgdA promoter directly and how is DegU regulated post-translationally?
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Does post-translational regulation of DegU reduce expression of flagellar genes inside cells, and
if so, does it reduce lysozyme resistance inside cells? What lysozyme resistance genes does the
vir operon regulate and is this phenotype dependent on pgdA? Why is the dItA mutant lysozyme-
resistant and CAMP sensitive, while dItB and ditD mutants are sensitive to both CAMPs and
lysozyme? Is lysozyme resistance detrimental to fitness in lysozyme-free environments? Are
CAMP-resistance genes regulated by such complex mechanisms as lysozyme resistance genes?

SpoVG

The relationship between SpoVG and RIi31 remains unclear. If the RIi31/SpoVG
regulatory system functions analogously to ChiP/ChiX, we would hypothesize that chitobiose or
another sugar stimulates transcription of SpoVG mRNA, yet we did not observe any such
upregulation (data not shown). We are convinced that the 5> UTR of SpoVG functions as a
decoy that regulates RIi31 activity, but it remains unclear when this decoy is active, and what
stimulates its transcription. Once the expression of the spoVG UTR is better understood, it will
be intriguing to observe whether this is sufficient to reduce lysozyme resistance. It also remains
unclear how sugar import genes are connected to lysozyme resistance. Given that chitobiose
directly inhibits lysozyme activity by serving as a competitive inhibitor (223), it seems unlikely
that the sugar import and lysozyme resistance phenotypes are coincidental.

Finally and perhaps most obviously, a multitude of questions remain in regards to
SpoVG. Mainly, what RNA does it interact with in L. monocytogenes? Future experiments using
purified SpoVG:RNA complexes and high-throughput sequencing will determine if SpoVG
interacts with SRNAs, which would solidify our hypothesis that this protein is functionally
similar to Hfg. This approach may determine whether SpoVG has a characteristic RNA binding
motif, which may lend insight into its target RNAs in other bacteria. Secondly, the
oligomerization state of SpoVG remains unclear. It will be worthwhile to understand how this
protein forms a tetramer/hexamer in solution and how this affects RNA-binding. Lastly, it
remains unclear how SpoVG exerts gene regulation upon RNA binding. As indicated by the
mutations identified in RNAse J1, perhaps SpoVG protects mRNA from degradation.

5.3 Speculation into the future

The future of lysozyme resistance

My predictions for future endeavors into the field of lysozyme resistance are rather
pessimistic, and are in fact aligned with Alexander Fleming himself, who wrote the following
introduction to his Presidential Address to the Royal Society of Medicine in 1932 (68):

I choose lysozyme as the subject for this address for two reasons,
firstly because | have a fatherly interest in the name, and,
secondly, because its importance in connection with natural
immunity does not seem to be generally appreciated.

To date, it appears that Fleming’s words have remained accurate. It was not until this
study that we were able to provide a conclusive explanation to answer Fleming’s original
observation in the 1920s that pathogens were more lysozyme-resistant than non-pathogens.
Despite being absolutely essential for pathogenesis of all bacteria, lysozyme resistance remains a
remarkably underappreciated phenomenon. Only 3 genes (pgdA, oatA, and prsA2) were
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previously observed to confer lysozyme resistance to L. monocytogenes (92, 154), yet this
organism was probably the best studied of all bacteria in terms of lysozyme resistance. Given the
history of disinterest that Fleming and | both seem to observe, | foresee a slow rate of progress in
this field despite the innumerable questions that remain to be answered. It would be exciting to
screen for lysozyme-sensitive mutants in other organisms, especially S. aureus, where oatA has
been well studied. Will a similarly complex mechanism of regulation be identified? What
transcription factor or SRNA is responsible for upregulation of oatA in pathogenic S. aureus?
Are spoVG mutants in S. aureus (which have reduced capsule formation (135)) more lysozyme-
resistant than Wt bacteria? | am excited to follow this field throughout the course of my career
and am curious to observe whether important questions relating to lysozyme resistance will
continue to be asked.

The future of SRNAs and SpoVG

My pessimism of the lysozyme resistance field is mirrored by a hopeful optimism
regarding SpoVG, as non-coding RNA biology has become more appreciated than ever. Over the
past six years, numerous studies have comprehensively identified the SRNAs in L.
monocytogenes (123-125, 201, 224), and the first wave of characterizing these RNAs has begun
over the past few years (123, 199, 202-204). Over the next decade we will certainly learn many
new mechanisms by which sSRNAs can regulate gene expression and we may learn that these
gene regulators play a much more significant role in bacterial physiology and pathogenesis than
previously imagined. Indeed, the interest in bacterial SRNAs led to the revolutionary discovery
of Cas9 as a gene-editing tool (225, 226).

The future of Listeria monocytogenes biology

| feel fortunate to have been at ground-zero for a number of exciting discoveries in the
field of L. monocytogenes biology over the past six years. From the discovery of c-di-AMP as
the IFN-p stimulatory molecule (17), to the discovery that glutathione is an allosteric regulator of
PrfA (55), to the exciting work being done at Aduro Biotech in Berkeley, where L.
monocytogenes is being used as an anti-cancer therapy (35) and, where c-di-nucleotides are
being applied as anti-tumor therapies (227).

The use of attenuated L. monocytogenes and c-di-nucleotides as successful cancer
therapies would bring much attention to the use of bacterial pathogens as tools to cure disease.
Indeed, if the results from mouse studies (227) are recapitulated in humans, these tools would
undoubtedly be considered by many as a long-sought magical anti-cancer drug. If true, these
discoveries would surely be deserving of international recognition and credit. Whether or not this
prediction becomes reality, the studies on L. monocytogenes biology over the past two decades
has provided a textbook example for how basic biology can be translated into medicinal benefit.

The Golden Age of molecular biology

During the course of human history we have experience many golden ages. From the
golden age of exploration, when the Americas were discovered, to the golden age of painting in
the Dutch Republic in the 17" century, to the golden age of piracy in the 18" century. In
retrospect, we look back on these times and deem them golden ages, but at the time the people in
these eras may not have recognized their fortune.

Over the past twenty years, molecular biology has transformed from an era where DNA
sequencing gels were analyzed by hand, to a time where ribosome profiling can use millions of
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nucleotide reads to examine the activities of an entire cell. Whereas twenty years ago, histology
and light microscopy were fundamental techniques to assess the cell types found in an organ,
today flow cytometry coupled with dozens of fluorescently tagged antibodies can assess the
cellular landscape of an entire organism. Thirty years ago, we did not even know that bacterial
pathogens induced interferon. Today, the ligands, receptors, host factors, and bacterial enzymes
for producing interferon and nearly every other PAMP are mostly known and characterized.
These remarkable advances, and many more, have provided the knowledge and the tools to build
powerful drugs and to combat disease. Without a doubt, we are currently living in the golden age
of molecular biology.

What discoveries await us in the future? Perhaps we will develop cheap, effective
vaccines and treatments for infectious diseases such as tuberculosis and HIV. Perhaps we will be
able to diagnose and prevent genetic diseases, and develop effective therapies for cancer. What
advances will science make in the future? Perhaps we will chemically recreate a cell or
synthetically create human organs. The current rate of progress suggests that these discoveries
may occur sooner rather than later. | cannot help but speculate on how long our golden age will
last. It is hard to imagine the advancement of technology will slow down, but history would
suggest that all golden ages must end. If molecular biology is anything like piracy, our age may
only last another 60 years. | wonder what the field of molecular biology will look like in 40 years
(when 1I’m hopefully still around) or in 1,000 years (when humanity will hopefully still be
around). | hope that our knowledge produces fruitful results and useful technology that advance
health and science for the ages to come.
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Materials and Methods

Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. All
protocols were reviewed and approved by the Animal Care and Use Committee at the
University of California, Berkeley (MAUP# R235-0815B).

Bacterial strains

All strains of L. monocytogenes used in this study were in the 10403S background and
cultured in brain heart infusion media (BHI), unless otherwise noted. Construction of Arli31 was
performed by amplifying neighboring regions of rli31 with oligonucleotide pairs TB7 and TB8,
and TB9 and TB10, then combining them via splice overlap extension PCR. This product was
then introduced into L. monocytogenes by allelic exchange using pKSV7 (59). A similar process
was performed to construct ASpoVG and AlImo0901, using their respective oligonucleotides.
Constructs in pPL2 or pAM401 were cloned by amplifying the indicated region with primers
found in oligonucleotides Tables, digested with the respective nuclease, and ligated into the
respective plasmid as described (58, 228).

Transductions were performed using U153 phage as previously described (229). Briefly,
10’ phage were grown in the donor strain, incubated with 10° recipient bacteria, and selected for
on BHI erythromycin plates. For construction of the pgdA pbpX rli31 triple mutant, the
rli31::Tn917 transposon was transduced into ApgdA pbpX::Tn and selected for on BHI
chloramphenicol plates.

Lysozyme assays

Hen egg-white lysozyme (Sigma) was used for all lysozyme assays. For measurements
by CFU, bacteria were grown in 15 ml volumes shaking at 37° C in BHI until an ODgg 0f 0.5
and lysozyme was added to the indicated concentration. For assays measuring ODggo, bacteria
were grown in 200 pl volume in BHI at 37° shaking in a 96-well plate reader 340PC (Molecular
Devices). For disk diffusion assays, 10° bacteria were spread on BHI agar plates and lysozyme
disks containing 1 mg lysozyme were added. Plates were incubated at 37° for 12 h and zones of
clearance were measured.

In vivo infections and assays in blood

All in vivo infections in Chapter 2 were performed with Crl:CD1(ICR) (CD-1) or
C57BL/6J (B6) mice from Charles River and The Jackson Laboratory, respectively. All in vivo
infections performed in Chapter 3 used CD-1 mice. Mice were infected i.v. with 10°
logarithmically growing bacteria and indicated organs were harvested at 48 hours/30 minutes
postinfection. Organs were homogenized with 0.1% NP-40 and indicated dilutions were plated
onto LB-agar. For competitive index experiments, 10° total bacteria at a 1:1 ratio of each mutant
was used for infection and organ homogenates were plated onto both LB and LB containing
erythromycin to determine ratios between the two strains.

For assays in blood, strains were grown to mid-exponential phase in BHI, washed with
PBS, and diluted 1:100 into defibrinated sheep or horse blood (Hemostat). For assays using
bentonite treated blood, 5 mg of bentonite (Sigma) was added to 1ml of blood and incubated at
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4° for 30 minutes. Bentonite was then removed from blood by two centrifugation steps, at 5,000
rpm and then 12,000 rpm.

Northern blots and qPCR

RNA was purified from 20 ml of logarithmically grown bacteria by phenol/chloroform
extraction and ethanol precipitation. 20 ug per sample was then loaded onto a 6% urea-
polyacyrlamide gel and separated by electrophoresis. Gels were stained with a 1:10,000 dilution
of SYBR Gold (Invitrogen) and imaged using Typhoon (GE). For northern analysis, nucleotides
were transferred to a nylon membrane, probed using *?P labeled oligonucleotides, and imaged
with Typhoon. For gPCR analysis, 4.4 ug of RNA was DNAse treated and reverse transcribed
with iScript (BioRad). cDNA levels were measured using SYBR Fast (KAPA) and DNA
oligonucleotides specific for the target gene (listed in Tables above).

Sequencing of transposon insertions

Flanking regions of transposon insertions were amplified using two rounds of PCR and a
hot-start polymerase (Takara). For each colony, a small amount of bacteria was resuspended in
100 ul water and 1ul was used for the first PCR reaction. This reaction amplified the flanking
regions of the Himarl transposon by using the TN1 primer that was specific to the transposon
and the Arb1 primer that contained random nucleotides (Table 2.5). The second reaction used 1.5
ul of the previous PCR reaction and primers TN2 and Arb2, which were specific to the
previously amplified PCR product. The product of this reaction was then treated with 5 ul of
ExXoSAP-IT (Affymetrix) and sequenced using primer TNSEQ.

Intracellular growth curves

Bone marrow-derived macrophages (3 x 10°) from B6 mice were plated onto TC
coverslips, incubated for at least 12h, and infected with the indicated strains at time zero.
Bacteria were washed at 30 minutes postinfection, gentomycin was added at 1h post infection,
and bacteria were plated for CFU on LB agar at the given intervals.

Whole genome sequencing

Genomic DNA was isolated from stationary phase cultures of L.monocytogenes grown in
BHI broth using the MasterPure DNA purification kit (Epicentre). DNA was then fragmented
using Covaris S22 (Covaris Inc.), libraries were constructed using Apollo 324 (IntegenX Inc.),
PCR amplified, and multiplexed at the QB3 Functional Genomics Laboratory at UC Berkeley
(http://gb3.berkeley.edu/qb3/fgl/). The resulting libraries were sequenced using single-end reads
with a Hiseq 2000 Illumina platform. Sequence data were aligned to the L.monocytogenes
10403S reference genome CP002002.1 using Bowtie 2 (230) and SNPs were identified using
SAMtools (231) and CLC Genomics Workbench (CLC bio). Approximately 93% of all reads
aligned to the reference, resulting in an average of greater than 50-fold coverage of the genome.
Annotated mutations were identified in >80% of all reads.

Cell wall purification and muropeptide analysis

Peptidoglycan was purified from mid-exponential phase cultures as described previously
(232). For extracted cell walls, incubation in 48% hydrofluoric acid was omitted to retain the
wall teichoic acids. Chromatograms corresponded to previously published data (105); however,
muropeptide identity assignments were further confirmed by mass spectrometry (MS). MS
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analysis was carried out by the Unité de Spectrométrie de Masse Structurale et Protéomique at
Institut Pasteur.

Precipitation of secreted proteins

Wt and spoVG mutant bacteria were grown to mid-exponential phase in BHI and bacteria
were removed by centrifugation. Supernatants were treated with 10% TCA for 1h on ice.
Precipitated proteins were then pelleted by centrifugation at 13,000 RPM for 30 minutes at 4° C.
Pellets were washed with acetone and resuspended in loading buffer. Proteins were then
separated by denaturing gel electrophoresis, stained with coomassie R-250, and the appropriate
band was gel-excised and identified by mass spectrometry, as described below.

Electron microscopy

Bacteria were high pressure frozen in a Bal-Tec HPM 010 (Bal-Tec AG, Liechenstein)
high pressure freezer and freeze substituted in 1% osmium tetroxide and 0.1% uranyl acetate in
acetone over a period of 2 hours by the SQFS method of McDonald and Webb [45]. Infiltration
of Epon epoxy resin was carried out by 15 minute incubations in 25, 50, and 75% acetone-resin
mixtures on a rocker, then three 15 minute incubations in pure resin. Polymerization of resin was
for 2 hours in a 100°C oven (233). Sections of 70 nm thickness were post-stained with aqueous
2% uranyl acetate for 4 minutes and lead citrate for 2 minutes. Images were viewed on a Tecnai
12 (FEI Inc., Hillsboro, OR, USA) transmission electron microscope operating at 120 kV, and
images recorded with a Gatan Ultrascan 1000 CCD camera (Gatan Inc., Pleasanton, CA, USA).
Electron microscopy was performed at the Electron Microscope Lab at UC Berkeley.

Purification of SpoVG from E. coli

spoVG | was amplified using primers TB254 and TB255, digested, ligated into pET20b,
and transformed into BL21 cells containing pLysS. 1.4L of bacteria was grown shaking at 37°C
until an g0OD of 0.4, and production of SpoVG was induced with 1 mM IPTG (Sigma) for 2h.
Bacteria were then concentrated by centrifugation, flash frozen, and eventually lysed by
sonication in buffer A (300 mM NaCl, 50 mM Tris, 25 mM imidazole, 0.5 mM TCEP, 20%
glycerol, pH 8.0). Cell wall debris was removed by centrifugation and the resulting lysate was
incubated with Ni-affinity resin (Thermo Scientific). The resin was washed with a minimum of
40 mL NiA followed by elution with increasing concentrations of imidazole (50, 75, 100, 125,
300 mM). Elutions 3-5 were pooled dialyzed into the following buffer overnight (100mM DTT,
50 mM Tris-HCI, 25 mM KCI, 2 mM MgCl,, 10% glycerol, 0.01% tween-20, 1 mM PMSF, pH
8.0)(139). Proteins were then concentrated using spin concentrators (Millipore) to a final
concentration of 500 pug/ml, as determine by Bradford assay (Bio-Rad).

Purification of SpoVG from L. monocytogenes

A truncation of the SpoVG operon was amplified using primers TB258 and TB259,
digested, and ligated into pKSV7. Inverse PCR was then used with primers TB274 and TB275 to
add a 6His epitope tag to the C-terminus of SpoVG I. Colonies that underwent homologous
recombination were screened for losing the pKSV7 plasmid and by sequencing to confirm
integration of the 6His epitope tag. 2.8 L of this strain was then grown alongside Wt L.
monocytogenes
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EMSAs and preparation of nucleotide probes

EMSA reactions were performed with the indicated amounts of SpoVG in either 25 or 30
ul volume. Unless otherwise stated, between 250 and 500 ng of **P labeled DNA/RNA was used
for each reaction. All reactions contained 2X EMSA buffer (40 mM Tris HCI, 2 mM MgCl,,
20% glycerol, 300 MM NaCl, 5 mM DTT, pH 8.0), 5 ug yeast tRNA, 1 ug BSA, and 100 ng dlI-
dC. Reactions were incubated at room-temperature for 30 minutes upon addition of protein
before being separated by 6% native-PAGE.

For in vitro transcription reactions, the indicated RNAs were amplified by primers listed
in Table 4.3 containing T7 promoters and in vitro transcribed using a->*P ATP (Perkin Elmer)
and a MEGAscript T7 transcription kit (Life Technologies). In vitro transcribed RNAs were
diluted in TE buffer and purified using MicroSpin G-25 columns (GE Life Sciences). 3P
labeling of DNA oligonucleotides was performed using T4 PNK kinase (NEB) and y-32P ATP
(Perkin Elmer).

Motility assays

Motility assays were performed as previously described (234). Briefly, bacterial cultures
were grown to stationary phase overnight at 30° C and 1 ul (approximately 10 bacteria) was
inoculated into semisolid BHI agar plates contained 0.35% agarose. Plates were incubated at 30°
C for between 3 and 5 days before imaging.

Western blot analysis

For GFP Western blot analysis, 30 ml of the indicated strains were grown to mid-
exponential phase shaking at 37° C in LB media, collected by centrifugation, and lysed by bead-
beating and boiling in buffer containing SDS. Protein abundance was normalized to ODgg and
soluble proteins were separated by denaturing gel electrophoresis. Membranes were probed using
anti-GFP (Roche), washed, probed using the appropriate secondary antibodies (LI-COR), and
fluorescence was visualized using an Odyssey imaging system (LI-COR). For SpoVG Western
blot analysis, 10 ml of bacteria growing in BHI at 37° C were collected and analyzed similarly
but used a SpoVG specific antibody generated against B. subtilis SpoVG (a generous gift from
Linc Sonenshein, Tufts University) and anti-LLO as a loading control.

Mass spectrometry

Purified SpoVG protein was in-gel digested with Trypsin Gold (Promega), peptides were
extracted, and mass spectrometry was performed as described (235). Briefly, peptides were
analyzed using a Thermo Dionex UltiMate3000 RSLCnano liquid chromatograph that was
connected in-line with a Thermo LTQ-Orbitrap-XL mass spectrometer equipped with a
nanoelectrospray ionization source. This instrument is located in the QB3/Chemistry Mass
Spectrometry Facility at UC Berkeley.

Modeling of SpoVG

SpoVG from B. subtilis (PDB Accession 21A9) was manipulated using PyMol (The
PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.) to annotate positively
charged residues (R/K/H) and negatively charged residues (E/D).
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